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I this overview we summarize the main results of the Top Quark Physics and QCD
working group which are presented below as individual contriburions. The aim of this
working group was to supplement and o add some new features to the top quark and
QCD studies whick were made during the previous European workshops oo 27 ¢~ linear
colliders (1. Several new issues were addressed under the following provisos: (a) option of
longitudinally polarized electron beam, (b} a substantially higher 1mtegrated luminosity
than the 10 b~ fyear which was previously assumed for a 500 G\’ collider. {c) the eme™
c.m. energy will eventually be exzended into the Te\ range.

The extremley high precision on the top mass, its width and its couplings which
can be reached by experimental studies in the threshold region must be martched by the
corresponding theoretical analysis. The basic aspects of top production have been detailed
in the reparts of the previous working groups [1]. The remnants of toponium merge into
2 sharply rising threshold enhancement. The precise prediction and combined analysis of
the production cross section. the momentur and angular distribution and its polarization
will constitute the basis for any precision measurement of .. ¢., and the efect of Higgs
exchange on of production. The following topics have been studied and were presented
in the course of the workshop: Close 1o threshold sizable longitudinal quark polarization
along the electron beam is predicted, abour -0.4 for unpolarized beams and +1 for fully
polarized (right handed) electrons. Small deviations from chis prediction are present as
2 consequence of 3-P-wave interference and rescatierinz which are studied in {2l The
former are present also for stable quarks. the latter are a consequence of the interplay
between 10p production and decay due to the large width of the wop quatk. It is shown
that the deviations from the lowsst order predictions are aegligible after integration over
the angular distribution. The small angular dependent compozents of the polarization
perpendicular to the beam direction are weil under comtzol. Their study mayv serve 1o
obtain additional infermatien and to further constrain the QCD potential in close analogy

with the study of the forward backward asvrimenry. Rescat tering corréctions and S-°.
wave intezference are equally important. The former have been ralenlated up to now
entirely au the basis of a pureiy perturbative one-giuon exchangs poteminl. However. in
the spinit of rescattering corrections witl vanishing energy (but not momentum! 1 wransfer
this approximation can be unproved by choosing the full QCD wwo leop potential inste
The resulzing implications are also presented in [2].

Rescattenng corrections are also studied and reviewed in (3 OF particular impor-
tance are the forma! proof thar Ofe, ! corrections to the toral cross section vamish aad
the explici: formulas for the influence of rescatiering on the momentum distribution. It
is shown [3] that these effects are indeed relevant for precision studies close o threshcld
and that they can. in conrrast. be safelv iznored in the continuem region.

Ancther fundamental issus is cthe precise computation of the # cross section at very
high c.m. energies. QCD corrections to the eross section of order o, iacluding the full
mass and energy dependence, are presented in ref. [<]. These resulws. which are for the
moment still limited 1o vector current induced part. allow to predict enambiguously the
cress section in the region above thresheld where mass effects are still importans.

In ref. [5] the weak corrections to the inclusive H cross section and its behaviour at
large /5 is investizated. The virtual corrections (witheut QED corrections) to #1 produc-
tion become large and negative: for instance at F = 2 Te\' the corrections amount 1o
about 22 7 of the Born cross section. On the other hand the Bremssirzhlung processes
£7e” = X, X = Z. H grow with increzsing ¢.m. energv. and in the inclusive sum the
cross sections of these channels compensate to a large extent the negative virtual correc-
tions to #. The authors of ref. [3] conclude that in the 1 - 10 TeV energv range the
electroweak corrections to the inclusive ¢t cross sectien are small. whereas the inclusive 5
forward backward asymmetry deviates markedly from the Born resuls

Exotic decays of the top quark with porentially sizable branching fractions are pre-
dicted by the Minimal Supersymmetric Extension of the Standard Model (MS3M ). In ref.
(6] the decay modes t — bH™ and t — { ~ neutraling are analvzed within the MSSML
A scan of the parameter space of the model was made. taking into account various phe-
nomenclogical constraints. A new aspect of the analvsis of (6] is the use of the full set of
radiative corrections to the charged Higes mase. The authors find that even if no super-
symmetsic signal would be found at LEP2 the MS3)M can still accomadare a branching
ratio B{t — bH~ > 0.1 for my- < 130 GeV.

Top quark production. and decav may zisa be probed for non-standard CP violasi:

l
carnres of the investigation of

bv means of appropriate angular correlations. The new
[T}, as compared to previous worksbop coptributions. are: the use of optimized obsery-
ables for c.m:. energies up 1o the Te\' pange ineluding the pessibility of longitedinal beam
polasizazior. On the basis of & model-independent computation of optimized correlations
caused bv CP- ng eleciric IEDM) wnd weak (WDM dipole form factors of the top
quark sensitivity esumazes for these plings” zre given for 5 = 300 and 300 Ge\’
The sensitivity 16 Red] and to Imd? drastically increases witk beam polarization. This
amalvsis is more spe

¢ than the one made in [, whers & <
Standard Model (SM) production angular distriburion was

4 ~'Z anomalous magnetic momen: and an EDM/WDM of

leviation from the expec
. which could be dus

top quark  As te models
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of CP viclation: H a Higgs boson with mass below 200 Ge\ and sizable CP-violating
couplings (l.e.. somewhat larger than the SM Yukawa coupling) ro top quarks exasts then.
with 30 fb'. there is a chance 10 see a signal above the t threshold Furthermore the
“Compton collider™ option was considered. toe. and the prospects of probing Higgs sector
CP wviolation in unpolarized =~ — # was investigated. Cmce a Higgs boson = will have
heon discovered a = collider could be tuped to resonantly produce 2. It turns out that
the - Anal state 1s a promising channe! for studving the CP properties of Hizgs bosons
i the mass range between 300 GeVand 300 GeV

Diuring the 1985 workshop. several studies oo the experimental feasibility of various
measurements have been undertakes.

Ir an extension of the analysis initiated in 1991 and continued in 1923, the physics of
the top-antitop threshold has been extensively studied (8] for 2 top mass of 180 GeV (130
Ge\V' in the 1993 study) and including the efect of beamstrahlung and beam epergy spread
for the latest TESLA zccelerator design. A new variable. the forward-backward charge
asymmetry. has been added to the tetal cross section and the peax of the 1op momenturm
distribution. studied previously. It has been fourd that & fit of the three quantities in &
nine-point centre-ci-mass energy scan around 360 GeV leads te a determination of the
top mass acd &,(Mz) with overall uncertainties of 200 MeV and 0.005 respectively, for
an overall integrated luminosity of 30 b~

Under the same circumsrtancss, a ope-parameter fit to the vop quark width would
result in its determinaticn with an 18% precision. And a fit with onlv the top quark
Yukawa coupling as 2 free parameter would measure it to within 30% of its value. for
2 Higgs mess of 100 GeV. A low-beamstrahlung accelerator design hes also been tried
leading to very similar results: the gain from having less beamstrahlung is compensated
by the subsequent loss in luminosity.

An extensive study of the determination of top production and decay form-factors
has been attempred for the frst time, inciuding realistic assumptions about experimental
acceptance, resolution and backgrounds [%], The analvsis of the ¢ production vertex using
a log-likelihcod fit to the top quark production angle at /§ = 500 GeV gives 2 precision
of about 4% in the anomalous magnetic moment of the top quark, assuming 30 fo~! of
data.

As for the decay parameters, a study has been made measuring the amount of V+4+A
structure present in the top decay vertex. In previous analvses only the energy spectrum
of charged leptons in semileptonic top quark decays had been analvsed. It has been shown
that the use of the angular distribution of the charged leptons and the energy and angle
of the neutrino (obtained through the missing momentum vector) improve the sensitivity
1o VA couplings by about a facter wwo. to about 2% for 30 fb™ at /5 = 362 GeV.

Finally. the possible direct determination of the top quark Yulawa coupling by the
detection of the eTe™ — tiH process has been analysed [10]. This process should provide
the best wav of determining directlv such 2 coupling for 2 “light Higes” (my < 2my).
The dominant signature for this process. if the Higgs mass is below the WW threshold.
consists in events with & jets out of which 4 would be originated by b quarks. Assuming
& “perfect detector” the signal should be distinctive enough to have large efficiency and
purity and. in this case, an expected precision of AA; /A ~ 0.1 could be obtained with an
integrated luminosity of 30 fb™* running 2t centre-of-mass energies of about 750 GeV.

Nevertheless. it is clear that several detector performance characteristics may limit

3

thus sensitivicy. For instance. by taking a sample of events simulated zccording to
LEP detector performances. and assuming an almoest ideal b-tagging capability. effic
smaller than 307 with 2 signal over background ratic below two are obtzined, Therefo
this messuremen: seems to be at the limit of being possible and. if taken as a beng
process for the detector design. it would impose strong constraints in several detector
performances, vary specially in inveriant mass resolutioz and b taggms.

As for the QCD studies, ref. (117 concentrated on three main issues: (1) the separation
of pure QCD events from the production aad decav of W pairs and ¢ pairs. (i) the fea-
sibility of precise measurements of &, at /s = 2 Te\ and (421 the detector specifications
needed ta accomplish the above. Point /1) is of interest because. contrary to what happens
ar 300 Ge\'. the final states of 1~ or r-pair production are highly collimated. acd hardly
distinguishable from the bulk of the e”e™ — ¢ events. The standard techpiques used o
extract che value of a, from the structure of the hadronic fnal states cannot be therefore
applied at 2 TeV in a straightforward menner. Measuring the value of @, at this high
energy, an the other hand, is one of the fundamental tasks of the QCD studies. because of
the powerful lever arm which could allow te detect possible deviations from the SN QCD
running. Measurements of &, at the level of 3% of statistical accuracy should be possible
The extent to which the separation of QCD and W/t events will be possible will largely
depend on the characteristics of the detectors. This will also be true of studies suck as
fragmentation functions, for both light and heavy quarks. Features like calorimeter gran-
ularity, tracking momentum resolution and tracking efficiency inside collimated jets. as
well as the specifics of the micro-vertex detectors, will significantly influence tihe scope
of QCD studies at 2 2 TeV collider. In [11] some considerations and some suggestions
are made for further exploration to be carried out by the groups developing the detector
designs.
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Abstract

Top quark polarizatien n e™e™ asaihilstion ioro ¢f is caleulated for linearly
polarized brams. The Green function formalism is applied to this reaction
near threshold. S-P-wave interference contributes to all compenents of the top
quark polanzatien vecter. Rescattering of the decay products is aiso considered.
The mear. velues (nf) of the charged lepron four-momentum projections on ap-
propriately chosen four-vectors 7 in sernileptonit top decays are experimentally
observable quantities sensitive 1o top quark polacization. It is demonstrated
taar for the longitudinally polarized electron beam a highly polarized sample
of top quarks tar be produced.

“Work: supperied = part by the Polisk Stare
5. by Gradwentenkoller “Elementarteiichenpy
CRAG3PI6! and by EEC contract ERBCIPDCT 940016

Committee for Scencific Research (KBN) graass
ik an Besehleunigermn” and BMBF under

1 Introduction

The analvsis of polarized tap quarks and their decays has recently attracted consider~
able attention’. For nonrelativistic top quarks the polarization studies are free from
hadron:zation ambiguities. This is due to the short lifetime of the top quark which
competes fzvorably with the formation time of top mesons and toponium resonances
Threshold production of top guarks at a future electron-pesizran collider will allow 1o
study their properties with extremely high precision. The analvsis of =he total cross
section combined with the top quark momentum distribunion will determine its mass
me with an accuracy of at least 300 MeV and its width T, to about 1057

Additional constraints on these parameters can be derived from the forward-
backward asvmmerry of top quarks and from measurements of the top quark spin
Close to threshold, for £ = /5 — 27 <& m.. the total cross section and similarly
the momentum distribution of the quarks are essentiallv governed by the S-wave
amplitude. with P-waves suppressed ~ ¥ ~ /E? +T7/m, = 107% The forward-
backward asymmetry and, likewise, the trensverse component of the top quark spin
originate from the interferencs between S- and Frwave amplitedes and are. therefore,
of order J & 1077 aven close w0 threshold. Note that the expectation value of the
rmomenturt is always different from zere as & consequence of the large top widch and
the uncertainty principle, evern for £ = 0.

The Green function rechrigue is particularlvy suited 1o calculare the sotal cross
section and the top quark momentum distribution in the threshold region®. A further
generalization then leads to the inclusion of P-waves and. as a consequence, allows
to predict the forward-backward asymmetny. As long 2s finel state rescattering is
neglected the same function 2, p. £) which results from the 5-P-wave interference
governs the dynamical behaviour of the forward-backward asymmetry as well zs the
angular dependence of the tracsverse part of the top quark polarizaricn. The cinse
relation between this result and the tree level prediction. expanded up to linear rerms
iz J. has been emphasized. The relative importance of Z versus = and of axial versus
vectar couplings depend on the electron (and/or pesitron) beam polerization. All
predictions can. therafore, be further tested by exploiting ther dependence on beam
polarization. In fact ihe reaction £7e” — #f with longirudinally polasized beams is
the most efficient and flexible source of polarized top quarks. At the same time the
longitudinal polarization of the electron beam is an obvious aption for 2 future linear
collider

In this contribution which 1s largely based on (47 predic s for the polarization
dependen: angular 2né momentum distributions of top quarks are presented and the
results of (3] are @xpanded in thres directions:

L. Normel polarization. The caleulation of the polanization normal 1o the pradue-

*For a recent review and an extens:
series of DESY worlshops [3]

List of refsrences sec ez {1, 2! and earlier pagers in cthis

‘4 comprehensive list of seferences can be found in [4]

g




=D TR LT TR e TR

rion plane is basec on the same nonrelativistic Green function asin 5, iavelving.
however. tl-.e imaginary part of the inrerference term 2, p. £). A component of - - bl iy %
the top quark polanzation normal to the production plane may alse be induced : g - Tais can b" also convenient Irom: 1a¢ eXper

,} -ime 1’&'-'&'1’53‘5 2dd COmMPOnents of the -4-. or 2-4, ‘J;}lﬂ:ﬁ' with an electiric ras ."'. :.)OI.'-.. of view because thers s 1o ‘:".'!.l..":-,]ﬂg ene:'l_‘_- -:FIC"('.'('..\!.IIL for the

g em., From the theoretical pame of view the direction of ©

s advantageous since it 18 equivelent to the top quark polariz

41 po 2 moment as most prominen: example. Such an effect would be a clear sig-
il

nal for phvsics bevond the standard model. The relative sign of particle versus

a:.n;:»anicie polarizations is opposite for the QCD-induced and the T-odd terms SERCATMIING S abs_ent and rm‘"“:': d?i:""c.l e afr.er_b? Tescatienis = -_n:luc‘led‘

respectively which allows to diseriminate betwesn the two effects. Nevertheless HD“W"F’T the senu-‘ana}.}‘uc calcula .Gl this ,EEECE 12 difficulz QEEANSPrIGaCs

it iz clear that a complete understanding of the QCD-induced component is tion'and decay mechanisins are coupled. 12 this article moments of expexument-

mandazory for & convincing analvsis of the T-cdd contribution. ally e reble distributions are proposed which are less dificult to calculate

B = . but still retain the important information on top quark polarizaticn. These mo-

2. Rescattering of decay products. Both t quark and © antiquark are unstable and ments, the mean values (nf) of the charged lepton four-momentum p'-:rgect’or..
decay into Wb and W5, respectively. Neither b nor 5 can be considered as in semilentonic top decays are caleulated including S-P-wave interferance an

freely propagating particles. Rescattering in the th and &f svstems affects not Ola, ) rescatering corrections.
only the momenta of the decay products bur also the polarization of the top
quark. Moreover. in the latier case. when the top querk decays first and its
colared decay product b is rescattered in 2 Coulomb-like chromostatic potential
of the spectator f. the top polarization is not & well defined quantity. Instead
one can consider other observables. like the anguler momentum of the W sub-
system, which coincides with the spin of top quark if rescattering is abs bsent.
Rescattering corrections are suppressed by a,. The resulting modifications

[ 8]

Green functions. angular distributions and quark
polarization

2.1 Top production in electron positron annihilation

the momentum distribution are. therefore. minor and as far as the total cross The differential cross section. summed over polarizations of nuarks and including
o
SECtiOn 15 ¢oncerned can even be shown to vanish In contrast the fC."‘-‘w‘&."é- S-wave anad S-P-interierence mnﬂ:‘:bu ns. IS g‘l--.: D'V

backward asymmetry as well as the transverse and normal parts of the top

quark spin are suppressed bv & factor ~ . Hence thev are relauvely more 3—5 = 3al, 1-P P

sensitive towards rescattering corrections. e samy )

The lifetirne of the #f system is about (21,7 At the time of the decay of —lay=yes) (1= (1

the Arst constituent the typical potential energv of 5 [or bf) is about af m, ~ )

oy, Tl : where the approximate identity between the Two guantities is a nu- whers the coeflicients ay,. ..ay are defined through

merical coincidence velid for m. of about 180 Ge\' At the time of the second

spectator) decay the mean separation of b and & has increased to [. and the 2y = gogf =10 = ginfd? = 2g.q.uud

corresponding potential energy is reguced to @, [, Thus. rescattering in the 85 27 = 2t.0.t7d = 2gqavd

svstem is less irmporrant and will be neglected. 2 = Augoed - 25,5.0,0.d (2}
5. Moments of the lepton anguiar distribution. The direction of the charged lepton a = 2uf +adinad® + 2gqvead

n sernileptonic decays is optimally suited to analvze the polarization of the top e 1 s

guark (2. The reason is that in the top quark zest frame the double differential T 16sin®fwcostoy 5 = ME

energv-angular distribution of the charged lepton is a product of the energy .

end the angular dependent factors. The anguler dependence is of the form vy =2y - gy sin® By, ;= J‘- (3]

.I ~ Pcoc#), where P denotes the top quark pelarization and 9 is the angle P. denotes the longitudinal electron/positron polarization and x = (P - P_)/il —
::_:zween the polarization three-vector and the direction of the charged lepton. P_F_) can be interpreted as effective longitudinal polarization of the virmual iater-
Gluon radiarion and virtual correcuons in the 0p guerk decav practically do mediate photon or £ beson.

.,E_ 1 these welcome properties. [t is therefore quite natural to perform

=~}



The 3+ and Fowave Green's functions G end F are the soiutions of *he inspral

— q'ir;\. : " .
Gip. £ = Guip.E -Gy p. Elf ,)_‘31 p—kRIGE E) 4
Fip. EY = 3
where
lt:'

- & il

and 1'(pl is the chromostatic potentizl.
The vertex corrections from hard gluon exchange for S-wave and P-wave amp-
livudes are mcluded in. eq.(1]. It leads to the following forward-backward asvmmerr:

.-1;.‘3[}2\. E) :CFB‘:U ;K\‘;.E". 7
with
. 1as+ X4y =
Cralx) =3 E
2oy +yes
< = Rey.and
p. B = L de/37) p Fip. E)
cp Bl = S = 8
(1= 80,37 m; GYp.E
Ths erential in the rop quark momentum. Replacing oip. £ by

o5« U md/37) Frdp X Fip E'IG_r—"-EJ_ %

(1= 8a:/37] [P~ dpp® |Gip. EIf ‘
cne chrains the integrated forward-beckward asvmmetrv. The cutoff T TRUSL D
mtroduced to eliminate the logarithmic divergence of the integral One may sither
chanse a cutoff of order m, or replace the norrelativistic phase space element pdp/m,
by pép/y m? = 5. In practical apphications 2 cutoff will be introduced by the exper-
imental procedure used to define fi-events.

2.2 Polarization

To deseribe top quark production in the threshold TeZ0N It IS convenient to align the
reference svstem with the beam direction and to define

S) = - Sn= (Re- X Iyl 0. 2oy, S, = Sy XS (11}

In the Hewt of small 3 she quack spin is essentially aligned with the beam direction
apart from sinall corrections proportionai to 3. whickh deperd on the production angle,

The differential criss section for production of a top quark of three-momen zm P
and spin projection =12 on directinn s_ reads

Po(p,s. 1 . &
- = =1=P. s, — 3
dee 2 Fofod (1)

The three-vector P characterizes the polarization of the top quark. Its components
D' zan be obtained from the formuia

o fd"’c%‘p.sf dPafp, —sl) j; | &e(p.s2) L&
[ dg? dp® Jf |7

. 113

where s°' = 5. 5. and sy Incleéing the QTD potential one obtains for the thres
components of the pelarization

Pip.Ex] = Clix)+Cltx) alp. E) cosvt 14}
Fop£xl = Cux)9(p E)sind (15)
Peip-E.x] = Cyixlelp.E sind. 16
o 3~ X foa\ @a@y — Mdg
)= 2 X Chix= (1= 2) Bt
' Ap=ie YT e+ xe)” .
1 ag + xa; o 1as+xye, ) (17
Il = == 5 o EE el M. S SPCR o ST
alX EG:"‘\_GQ Cf\ X 23;-:-'10.3 raiX)

with 2 =Imo. and op. B as defined in (9], The momentum integrated quantities
are obtainad by the replacement 2/p, £ — €. E). The case of non-interacting stable
quarks is recovered by the replacement & — 3. an obvious consequencs of (107

Let us emphasize the main qualitative feasures of the result:

» Top quarks in the threshold region are highly polarized. Even for unpolarized
beams the longitudinal polarization amonnts 10 about —0.41 and reaches =1 for
fullv polarized electron beams. This later feature is of purely kinemarical origin
and independent of the structure of top quark couplings. Precision studies of
polarzed top decays are therefare feasibie.

e Cerrections tc this idealized picture arise from the small admixtire of Powaves.
The transverse and the normal components of the polarization are of arder 1057,
The anguler dependent part of the parallel polarization 18 sven more suppressed
Mereover, as & consequence of the angular dependence itz contriburion vaniches
upon apgular integration.

¢ The QCD dynamics is solely contained m the functions - or 9 whick ic the
same for the angular distribution and the various compenente of rhe polariza-
tion. [However. this “universality” is affected by the rescatiering correciions as

A




discussed in Sect. 3. These functions which avide:
ics can thus be studied in a variety of ways.

¢ The relative importance of F-waves increases with energy. ® ~ /E/m.. This
is. expected from the close analogy between $p = Red and 5. In fact, the order
of magnizude of the various compenents of the polarization above, but close to
threshold. can be estimared by replacing dp — o, m..

The C, are displayed in Fig. 1 as Functions of the variable ¥ isinSyw = 0.2317.
e = 180 GeV'. As discussed before, C] assumes its maxmal valie =]l for v ==
anc the coefficient C 15 small throughout. The coefficient C varies between —0.7 and
—0.5 whereas Cy is typically around —0.3. The dynamical factors § are around 0.1
or larger. such that the P-wave induced effects should be observable experimentally
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Figure 1: The coefficients 117} for /5/2 = m, = 180 GeV.

The normal component of the polarization whieh s propersional w0 2, has beer pre-

cicted for stable quarks in the framework of perturbative QCD

= 2 1-d0,/3% -
AP Er = za . iis
31 = B, 37

The companent of the polarization normal to the production plane is thus approxim-

ately independent of £ and essenually messtres the strong coupling constant. In fact
O Can argue that this i & unique way 1o get a handle on the scartering of heavy
quarks through the QCD potental.

3 Rescattering corrections to the differential cross
section

Close to threshold. the velocity J of the top quark is of the same order of magnitude
as the strong coupling. To include only the O 3! contributions to the diferential cross
section and polanzation and discard rescartte corrections is thus inconsistent. To
obtain reliable predictions for the obsarvables it is mandatory o caleulaze the Olay)
corrections, Some of these can be implemented without much efort as they are
known since severzl vears. and in fact they have already been taker inte account in
the preceding formule:

v
T

e the modification of the $IV and #1.4 verticss due 1o transverse gluen exchange
e corrections to f or £ decay through the full 1-loop result for I

The differential ¢ross section and polarization are affected through the diagrams
shown in Figs 2z and 2b (and a third diagrem with glton exchange between the two
bquarks, which can. however. be neglected). i.e. corrsctions caused by interzctions
berweer. the decay oroducts of one of the top quarks witk the second top. They will
also be called rescattering corTections

AR W

b ~ W
w1 =
A, w 5
1 b

Figure 2 Lowest order rescattering dlagrams

he momentum distribution is affected by rescattenng i the following wav:
T distrib Fected by ttering fol £ wa

del® dotV g

where

e lGi'b.,E areran - :
\ L Gp. £l k-pl

It follows chat at order @, the tomal cross section ftor rf

rescallering Corr=(t ions

20

am

production i unafecred by

1
(3



4 Moments of the lepton spectrum
The

analy

imel way to axperimentally determine top quark polarization is based on the
of the charged jepron distribution in the process
£TeT — 1 — BuBll T,
In [4) moments of this distributions have been proposed as measurable quantities
which contain important information on top quark polarization.
Let [ be che four-momentum of the charged lepton and = derote one of the fol-
lowing four-vectors. whickh in the f7 rest frame read. e (11}

2= (s, no=(0s_ ). nx=(0sg). (21

The moments are defined as the average values of the scalar products (nf). One can
consider the moments {nl} for & fixed three-momenturm of the top quark.

, &g -ty do{e~e™ ~ blyblh—

) = [ — [ AR — e (n! (232)
dpdQ,/ dpd),dLdE:
or. integrating over the direction of the op quark. the moments
) sdav-1 o, do(eme — blubW' =)
() = () / Edtndg, S “ (nl) 23)
\do
L3

dpdi ddE,

or. finally the moments ({{n})) integrated also over p. Analvtic sesults for these
moments have been obtained in [4):

Lol =3F . m, . ] e
inl) = BRIt — il o - i‘:.'? —T.‘}‘p-f-T‘.'rﬁ'p‘ i24)
‘ 41=2y) | 3 3 ]
miy o
Y= m—— =y, 25
4 P i P,
The complete differential eross section as given by
do de'® 1 % it £)) 1+24rs(p. Elcos 26
T =l iDL | —— 1
dpéfl,, dp "P-2, 4= ‘

with
2 oo o
Araip. E) =C';~B;R'_p.Ei——_.,—m‘:rR:p.E\ (37)
stould be used as normelization. P P, and Py correspond 1o S- P-wave interference
end are given by eqs. 14)-(16). Tae components of ¢F are due 10 the rescattering
corrections. It is remarkable that

Py =0 281

such that the normal component of the polarization vector is unaSected by rescatter-
ing corrections. The formules describing the influence of rescattering corrections on
the forward-backward asvmmerry in the presence of longitudinally polanzed beams

<al

2 also be found mn 4]

] | 2s0F
Isz 2 —— Es30Gev ] | ® m. = 180 GeV
; . Ea 00GeV | yk .
s B E:-z.arsc‘-' .?Dc;r : by w0128
x --- Eze50Gav s )
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800 i 5
.\ . !
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Figure 31 (2} pGi{p.E)° and (b) the S-P-interference term PPy -
Re(Gip. £) F*(p. £7) for my = 180 GeV'. @, = 0.125 and four different energies.

where the solid Ene corresponds to the enecgy of the 15-Peak.

5 Numerical results

The QCD porential used in the numerical analysis has been described in [3]. If not
stated otherwise oy M3) = 0.125 is adopred. For the top mass 2 value of 180 GeV
is used and. correspondingly. [ =1.35 GeV' [6).

Momentum distribution

In Fig. 3 the squared S-wave Green function multiplied by 37 and the $- P-inrerference
term are displayed for four differen: energies. The former characterizes the shepe of

. the memencum distribution de/dp. the latter is responsible for the forward-backward

asymmetry and angular dependent spin effects. neglecting of course rescattering. The
shift towards larger momenta and the narrowing of the distribution with increasing
energy are clear]y visibie. as is the strong growth of the P-wave contribution.

In Fig. 4 we display real and imaginary parts of the function . which is essantially
given by the ration between S-P-interference and the squared S-wave. In the iimis
of non-interacting quarks this cerresponds to p/m.. Fig. 5 shows ©
rescattering correction on the momentum distribution as given in (191, The attractive
furce of the ¢ spectator on the decay products from the primery decay leads 1o a shift
owards smaller momenta. The cashed line corresponds o the Born result. Fiz
the other two include rescattering, implemented. however. in different ways  The
solid line wes calculated using the full potential, For the dotted line. which is Derdly
distinguisheble from the solid curve. a pure Coulomb potential with fixed couphing
constant &, = 0.187 was used. i

e nfiuenes of the
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Figure 5: Modification of the momentur distribution through rescattering. Dashed
line: no rescatzering corrections included: Solid line: rescattering contribution with
full potential included: dotted lime: rescatteriag contribution with pure Coulomb
potential and @, = 0.137 included.

Forward-backward asymmetry

lemosing rescattering corrections for the moment the forward-backward zsvmmetry
s gover'ued by the relative magnitude of P- wversus Sowave amplitudes. Tae ratio
wen the corresponding wwo distrivutions is shown o Fig. 4. For nomnteracting
steble quacks <(p. £ =p/m. 2nd thic behaviour persiste even in the presence of the
QCD potential. The energy dependence of . is mot very sirong even in the praseace
of the potential, and most of the energy variation of ® visible in Fig. 6 is criven D¥
the energy dependence of the Graen function which through the averaging procedure
samples different momentum regions.

It should be stressed that the rate and chus the expérimertal sensitivity varies
steongly as a function of p see Fig. 3' and thus onlv & limire¢ momentum Tang
i1l be explored for any miven energy. In fact. given limited statistcs only integra
guantities will be meesured in & drst round. These are characterized by the function
&1 F) whose real and imagimary parts are shown in Fig. €. The result deper.ds slightly
on the cutof procedure — in a real measurement the cutoff prescription will be
dictated by experimental considerations. For definiteness all subsequent results will
he given for the “relatd ¢ cuzoff prescription where p/m, is replaced by p/E

The ensrgy dependence of doth the real and the imeginary parts of ¢ can be
understood as follows: Above threshold the interaction is of minor importance and
&g increases just lke pime = E/m. It reaches is minimum roughly in the regior
of the would-be-1S-resonance where the § wave i still fairly promisent anc the
Powave is nearly absent. For lower energies @ siarts 10 inerease. agaln roughly x
v/ |El/my, & consequence of the treertainty principle (see aleo (7)), The maginaey
part of & which will induce the nermal component of the top quark polarization
levels off at a constant value of around 0.0%, well consistent witk the perturbative
prediction ®7 = 2a,(p) /3 with p* = m,y E* = T{. It venishes rapidly velew E =0
real intermediate fi-stares are ne longer accessible. rescattering is absent and the
imaginasy part vanishes. Throughout most of the threshold region real and imaginary
part of & are of comparable magnitude, 2né 5o are normal end transverse polarization.

The a, dependence of ¢ 15 displayed in Fig 7. Above threshold the real part is
sractically independent of o, and entirely determined by the kinematic relation. The
inimum of the curve is lowered and shifted towards lower values of £, reflecting the
decrease of the 18 peak and the larger separation between the “would be” 5- and
P.wave resonance. The imaginary part of ¢ is essentially proportional ro 4., a result
obvious frem (18]

The influence of Higgs exchange on these predietions hes also been studied in
‘8], The modification of the cross section is quite sizeable, the influence on angular
distribution and top polarization s negligbie.

The forward-backward asvmmesry Agp depends on the beam polarization . the
< energy £ and the top quark momentum p. The predicuions without (dashed
tine) and with isolid line) rescarzering are displaved in Fig. 8. The relavive size and
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igure 5: The integrated function ${E), (2] real past, (b} imaginary part. The
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the highest curve for p., = 2m,. For the dashed lines in (2] and 'b) the relativistic
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Figure & Rescartering corrections to the forward-backward asymmerry. Dashed line:
S-P—wave interference contribution: solid line: fiill result. The little arrows indicate
the position of the peak in the momentum distribution

sign of the rescattenng contribution also depend on momentum, enerey 2né beam
polarization. For precision studies rescattering may become important. in particular

for polarized beams below the nominal thresheld.

Top quark polarization

Three remarks are important regarding the effect of rescattering on the top quark
pelarization. First. what will be discussed in the following is the guanusy that can
be measured by the moments of the lepton spectrum, which should be understocd
a8 2 practical way of defining top quark polanzation. Second. an extremely use
ful result is thar the normel comaponent Py is not afected bv rescattering and can
thus be obrained i

El~=t0

As s rule of thumb one pradicts
noe see egs.(141-161 of
ous spin components arising from S-P-interference zewms <o be spoilt by re ering
However, the part of the correction moditving the angular dependence is alwavs rul-
ziplied by & numerically small facror. Hence the form of the angular dependence for
the lenmitudingl and transverse polerization remains essenually anchar genct

In contrast. the infiuence of rescasrening on the |

-~
Fxl

P. e vari-

verse (Fig. 10) components of the “pelanzation vector’ it dramatic.
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Figure 3 Sub Lad. of the longudinal component of the polarization vector for
o=

f I id line shows the complete result {or unpolarized beams, the dotted line
the S-P—mte srepce contribution. The dash-dotted line shows the complete reaulr
for fully polarized beams, where the S-P-wave contribution vanishes, The arrows
indicate the position of the peak iz the momentum distribution

piece of the longitudinal polarization. ie. the coefiicient of cos¥, is dominated by
rescatter "mg‘ essentizlly because the S-P-interference contribunion is proportional to
+he small quantity C* and even vanishes for |y = 1. a consequence of the normaliz-
ation cordition for the polarization vector. This condition does no longer hold once
rescatiering corrections are taken into account by calculating moments of the lepton
spectrurn. The dominant piece of the longitudinal polarization which is given by &7
remains however unaffected and the subleading tenm which is shown i.r: Fig. 9 variches

after integration over the top direction. The transverse component is also dominated
by the ering term. From Figs. Iand 4 it is evident that S-F-interference alone

wonld |ead o a negetive result for non-negative Y.

To summarize: Cur analysis has shown that the forwerd-backward asvmmetry
and the normal componert of the pelarization vecior are (relatively) stzble against
rescattering corrections. They determine the top couplings ay and e vie Crz (or
possibly :ome birts on non-standard CP-violeting interactions) and both the real
auc iraginary part of the funcrion ¢ that contains important information on I’y |and
thus on new physies or the existence ¢f 2 fourth generation) and the strong coupling
constant o, The longitudinal component of the polarization vector is split into twe
parts, The leading piece CF is independent of the production angle and measures
the couplings @; and a.. The subleading angular dependent part and the transverse
component are small. They are sensitive to rescattering but vanish after anguler
integration,

e S o e |
01, IR B X et
0.2 0.2 -
0 30 20 30 40 50 60 7O 80 C-‘IOZC‘SOAOSCGG?GBJ
p(Gev] o(Gev:

a) E=-3GeV b E=3G=V

Figure 10: Transverse component of the polarizetion vector. for ¥ = 7/2. The solid
and dotted lines correspond to unpolarized beams. the dash-dorted end dasned lines
to fully polarized beams. The upper two curves show the full result. the lower two
the S-P-interference contsibution. The arrows indiczte the position of the peak in
the momenturn distribuuoen.
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Radiative Interference Effects in the Top production.
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Introduction— When we discuss preduction of unstable particles we use
to think in terms of ¢ nerrow width approzimation. This approximation meens

that tae process of the production of 2 resonance and subsequent decay of the

T

re independent. Hence the distribution over invariant mass of the

described by she well known Breit- Wigner formulas:

gl gam ml . -
e R . BeR S X (1)
3 = m? = mp)t 4+ mi? ' '

Hese 1m: i the mass of the resonance. oy is the op-shell cross section of the
wie7 uce preduction and Br B — X} is « branching ratic of 3 particnlar decay

¢ .tne of the resonance A. As a consequence we have a simple formula for the

inclusive cross section (negiecting cotrections of the order I'/mg):
o= golmgl- BriR = X\ {2

In & similar way when we study radiative corrections we ealeulate them sepa-
rately 1o the production cross-section oy totel widht I and the branching ratis
BriR — AN and then rewrite the eq.{l} through these one-logp quantities. For
example, both QD and electroweak corrsctions te the top preduction cross-
section o7 e” — 7 and 1c the top decay width Tt — W) are known [1]. [2]. The

gquestion we address here is: do these corrections provide a complete set of the

cortections necessars to describe the process e”e™ — 1f = WHW = 2

T see that this guestion is pot trivial. we emphasize that o caleulating radia-

Tive sorrctions we most the graphs which connect production and decay stages

z1

fir complete processes. Cousequently we nave to take inio account rediefive
eresferener ¢fects which are z pecullarity of the phyvsics of wastedle pertecies,
From the phenomenologica! poing of view this problem is tmportant for a precise

me

surement of the parameters of the top guark at the Next Linear Collider
anc for the study of she W-hoson at the LEP-2. In this talk we review reces:
developments is this Jeld

I our apinion. the most impostant results here are:

e tlhe theorem about the absence of the interference efects in the totg! cross

sectron |3, 4. 5k

results for the Ola, | corrections o the differential cress section for the

production of 1wo unstable particles far from the threshold 181;

o resulns for the N e, | corrections to the distribution over the three momenta

of the top quark for the process of the top guarks threshold production [7, §).

L what follows we consider reaction €7e™ = of = W™W ™5 as a basis for

shecussion. In the last section we alee discuss the simplified model which

ights some special features of the processes with the unstable particles,
General features of the radiative interference effects in the produc-
tion of two top guarks in the electron—positron collision— The basic Jea-
tures of this process in the threshold region were discussed in the non-relativistic
approximation long age [3). The lowest order total cross-section reads:

cEl=meleTe - T

- ImG{0,0|E L., 3]

s — 2m..

Here Giz y|£) is the gon-relativistic Green- function for the Lop quark svstem

which is defined through:

S ‘ 1 ! T
GirylEi =< zj= —lv> H==—
H=FE—il, T

[
ra




There are several sources of the QUD radiative corrections 1o the eq.(3):

fard corrections to the +47 verten (100 (#) corrections 1o the QUID poteatial

Vie 11} ) corrections o the top quark decay width T, 12]

'his corrections can be absorbed to the “master equation” (3 by substituting
the one-loop quantities instead of the Bom ones.
But there is also ap additional source of the radiative corrections. We present

them in the fig.l. Usually these corrections are called non-factorizable. It is

een irom the picture that production and decey chains of the two tops

are now connected and hence there can be sormething in the final result which has
1o be atiributed to the joint action of the whole system. Below we concentrate
on the analyses of the contribution of the graphs in the fig.l 19 the total and

differential cross-sections.

Figure 1: Non-facterizable comributions.

The basic observation concerning evaluation of this graphs is the following
one: as we are interested in the &, correction it is 1mevitable to consider virtual
clucn momenta which are smaller than the width of the unstable particle. Larger
values of the momentum shift the resonance propagator far rom the pole. Hence
the contributions of such moments regions are suppressed as [, /m.. Note here
that this also sets the scale for the coupling constant @, and hence makes pertur-
bative calculations sensible. General analvses of the corresponding problem was
presented in Refs.[3-6].

The conclusion is: there s no radictive corrections from the graphs of the fig.]
to the torel cross seciton in grier fr, wizen virtuel as well os real corrections are

taten inte eccount. The level of the suppresston ts

de T, .

= gy, 154

o my L
23

re for the particular reaction tals con

Betny presentad usion holds 1a zon

eral |3, Note that the level of suppressioz (5 is sufficiently high to ne

these contributions in the total cross seciion.

O the other hand, the level of suppression erucizlly depends on the inclusive
news of the studied quantity. Hence. it 18 not evident that this Jevel of suppression
helds when one study differential distributions for the reaction in question.

Differential cross-section for ¢7¢~ — tf = W~ W ") — The motivation
to study differentizl distributions is twofold. First they are interesting on their
own grounds as an additional check of the conmistency of the theorenical predic-
tions. Second. the study of ar appropriate distribution can help to improve the
accuracy of the determination of the basic parameters of the theory. For instance
the meassurement of the distribusion in the three-momentum of the top-quark
i1 three-motmentum of W) considerably improves the aceuracy of the determi-

aaticon of my. [, and @, when combined with the measurement of the total cross

section tr the threshold region |

The lowest order cross section for this differential distribution reads:
2
rn2.2 P v ; 2 7
—=N.0: 'n—‘l'.{GnlE - :1‘,'[ . Y
LLLs4

Hete Gip|E = iT.1 = [d®z Glz.y = 0]F = iT,) 7.

The question is how this result is modified due tc the coniribution of the
graphs shown in Fig.l. The details of the approach are describec elsewhere
3. 7. 3. Here we present the final result.

The next to leading order differential cross section reads:

rdey ey 2% ':'C.-’-'Q.-
()= NG T AR 7)
ap/ N my 37

where the function Fig) is defined as following:




iR R

Fi s ratie | de/dplnie J{d7 dpizo as a function of the top guark three-
momentem 15 in GeV . E = 5 =2m,. £ = 0. o, = 0.1: A-m.=165 Ge\':
B-m, =173 GeV'

The quantities 2. and z_ are defined through:

w=lp—el. ze=lptql.

RR—

On the base of tke eq.iT) we perform numerical integration. The appropriate

culating Green fuaction GiplE — iy} cac be found in the li-

shifts the position of the peak of the distribution to

. In the region where the leading order distrib-

5 .afge the magnituae of the correction is ne more thac 10 percents.
Resuits for the simple model— So far we huve discussed experimentally
seaavl: stuation However from the theoretical point of view. the threshold

tor complicated 1o

ed as a clean laboratory for various effacts
rested Uoothe isteraction of unstable particles with the sofi massless quanta.
presenl some results for the simplest possibie model /8

ritending of bow corresponding behavieur of an amplitude i

25

A

1 Eallzed

We consider a model progess ¢7e”

the stable i- and the unstal

sark We are interested in the distsibution aver invariant mass of the i=quark.

cribe it with the help of the parameter é,:

where m. is the pole mass of the top quark and p.* = m*® iz the invarient mass of

the final Wb system. The Bora graph and nen-factorizable carrections are shown

in the fig.3.

been mentjoned the soft momentum region is the only one which gives Ola, 1 cor-

withous additional power suppression [6). The differential cross-section

«d due to the contribution of the graphs is the fg.3 and the corresponding

ence terms in the real emission can be written as:

7 TpiTrts ) .'r.Ll', -"1 e ;-c‘hg\:i\ .l. 100
dms = 5 = re}d . smdF2 L = Skl J,“ LAy
bl m fm ms} mil; N 7

The quantity 7 reads:

4 (1=3r . I, 4m:
M=, ————— =

3

23

t s dnstructive to see how this correction disappears when we proceed to the

: integrating previous equation over the ranre of the lop

quark irvarian! masses we get

r::gfl—O(asﬂ——]‘ 12}




the arctg & /1) is the odd function of the off-shellaess while the usual Bre:st-

Wizeer is the ever one. Therefore their convolutior is zeto

Howewver. this correction influences differential distmibutions in the invaciant
mass of the resonance eq.[10%. We mention here two impertan! points concerning
ago 10 and eq (11,

Fizst. if the total energy grows the n-factor goes to zero very quickly. Hence.

inr from the thresheld, this correction i pot Important even for the differential
Hernibgtions,
Second. 1he pesition ¢f the maximum of the distribution is changed. The

asition of the new maximum is appreximately:
Minge — ™y = =g .. 113

Ceonclusion— We have briefly discussed the final state interaction iz the

zactions with the unstable particles. The cffect is negligible for the total csoss
sections, For the differential cross sections the effect appears to be on the level of
the other radiative corrections in the energy regicn slightly sbove threshold. We

did nar discuss here the inficence of the badronization on the precise measurement

of the top quark line shape. We ozly note that the discussion of this important
issue can be found in the ref [14].
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Abstract

The cross-secticn for the production of #f pairs in ¢™e -annihiletion vie a vire
photon is determined up to order a. For the cm-energies of interest the effect of thy
top mass may 2ot be considered as small parameter and the full mass depe1d-=nz:-=-
ust be included.
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Guark mass effects can often be considered as small perturbations in the analy
the rotz! cross sections for hadron production 1 £ ¢~ -znnihilation. The approximation
m, = 0, supplemented by “mass corrections” of order mZ s is adequate for most purposes
and has lead to rehable predictions inciuding terms of order o (1. The sitwation
drastically different for top quark production at a linear collider, where 2 M, and E = 5
will be of comparable magnitude througheut. With this r-*cum:nn in mind the QCD
corrections to the wvector current correlator have been calculated in 2. 2. 4 up 10 Qo)
including the full quark mass dependence. Since the corrr..pcndmg resulrs for the axial
v&C10r current are not vet available, the subsequent discussion is strictly applicable for the
production through the virtual photon only. The resulis presented below shouid therefore
nat be considered as absolute predictions but rather as indicative for the magnizude and
importance of the second order corrections. Our notation and conventions are based on 13,
The cross-section normalized to the point cross-section can be cast into the following form.

5 Gl

FieTe" — AT — 1t

R =
Tymne
27 a (M2
= QRO - (2E £) ) Ce R
, \ oy . )
(M} (c; o Cp O BE = Co T B -C;.—TR“)
. -
AN = =pa
- ¥ Qcig—’—‘—'—i CrTRY. (1)
r:u::.c.v N = ,

M, derotes the top guark pole mass and a,( 42} the TlS-renormalized strong coupling
constant at the scale M: with ny = 3 light favours. The abelian and nen-abelizn parss R
and R\ 4B taken © r:om [3.. where the Padé approximation method has been em:-!o‘ ed.
whereas R, and RY ! originate from massless and top quark losop insertions. respectively,
into the glnon propagator and are given in closed analvtcal form in (2. The last werm.
R originates from gluon splitting into ¢ and bes been calculated in (3] To fix our
notation explicitely we note in passing that

A =
e =
(2
where
1= ) M? N
P = — d=gll=-d— ()
l=0 )
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0.8496 |
12375 | 1383
00051 | 0.0208
-13.50(2) | -18.35(2} |
1376  1.382
1.380 1.385
1.
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7
I

R‘:.,ﬂu:'.'.w |

Rlos =0.120)

—
f]
i
5% Ko

| ‘q- a,=0.123)

; : . T o 1.4
Table 1: Results for the different contributions to B for M. = 179 Ge\ and the cm- 5
energies Ean = 400, 300, §00. 700 GeV. The total cross-section via photon exchange is 1.2
given for the three different values of a,iM?) cormesponding 0 a,(M2) = 0.113,0.120 1

and 0.125. 0.8
0.6
0.4

a top mass value of 173 GeV. The error indicated for R and R, originates from 0.2
the passible choice of different Padé approximants. As R®. RZ and RY are known 0
analvticelly no error is specified in this case. R dengtes the sum of all second arder

correction functions. To arrive at the prediction for R. the correction functions have 10 1.4
be multiplied by the quark charge and the corresponding power of the strong coupling 1.35
constant evaluated &t the scale M. For a,iM3) =0.115, 0.120 and 0.125 this corresponds B!
w0 a,(M?) = 0.105, 0.109 and 0.113. respectively, The complete predictions for the three 1.3

3 is the velocity of one of the produced top quarks in the #7 cm frame. The result for
the different contributions R are presented in Table 1 for various energies. adopting

N
]_“l_nluuh

n-innlnr'l'nn'nlll

| ’ e T o i - ) o ) 1 15 P i O.J.\[%I =0.115
values of &, are also presented in Table 1. 1n Fig. la R is plotted against o/ including oo / NE2)= 0120
2 s : i : o . - - - cMzi=0.1
successively higher orders in 2,. The dependence on the choice of o,0M3) is shown in 1.2 VL
| Fig. 1b. 1.1% :.J{}' ..... cﬂﬂy:o.ll‘

=T
~

1.1
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Figure 1: R as funciion of T In fgure ‘o) the Olaj) prediction to R is plotted for

awces of . (Mz

| 2 AHE Hoeng JH Kihnead T, Teubrer. Nucl Phye B 452 (1993) 173, different



Top pair production in e” e~ collisions with virtual
and real electroweak radiative corrections.
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Abstract

The effect of vi
tion processes e”e” — 1TZ,0H to the inclusive top pair producticn cross section and lorwarc-
backward asymmerry are discassed in the high energy regime.

.ual electraweak correctians 16 ¢Te” —  and the contribution of the radia-

For an zceurate prediction of tap pair production cross sections at 3 high enesgy e7e”
coliider, various types of higher-order effects howve to be tzken into account:
o the QCD corrections. which are treated perturbatively far from the threshold regon.

But Teguire reficements on threshold and finite width effects close to the production
threshold 1.

e the slectromagoetic bremestrablung corrections (QED corrections] with ezl and
virtual photons inserted in the Born diagrams. They are complete at the 1-loop level
in the virtual and soft photon part 2! as well as in the hard photen contmbution 3,

e the gepuine electroweak comrections, which consist of all electraweak 1-loop contri-

butions te e~ — tf, witheut virtual photons in the external charged fermion self
energies and vertex corrscions. These are alsc available as & complete set of 1-loop
contribution {2, 4. 5.
An importan: feature of the electzowsnk corrections is that they are large and negative
at high energies far above the #£ threshold. asd thes lead to a sizeable reduetion of the
production cross-section. AL very high energies, on the other hand. thereaz= also radiation
processes besides the conventional phetan radiation which coneribute to mnclusive top pair
production ¥+~ — t{X: The radiation of Z besons (Fig. 1) and the radiatien of Higgs
bosons (Fig. 2.
In prew:

work [T, 81t

ese radiation processes were studied wish emphasis o2 searches
for Higgs brsons and on iavestigating the Yukawz interaction. They may, howevar. also be
considered ns comtributions to the (inclusive] tf cross section at [-locp orden. Since they
constitute 2 positive consributiaz, they increase the production rate of £ pairs according
2o e”e” — ti(X) and hence compersate at least partially the negative terms from the
virtual corTections.

In this aste we present the influence of the virtual electro

sroweak 1-loop cerrections on top
pair preduction and the contribution ef e”e™ — £22, tHF to the inclusive cross section and

forward-backward asymmerry, In a frst subsection the structure and size of the virtual

3

\ - e LA
G T L B
;w‘.-,w Caeneso

# \ e @ 4 ,
e ST N I Y 4 o= v T

Figure 2 Dhagrems for e7e” — tIF

conteibutions are discussed. Subsequently. we include the Z and H radiation processes
ané show that the large and negative virtual coatributions are sizeably compensated by

including the Z_ & bremssrrahlung processes.

Virtual contributions
The integrated cross section and the forward-backward asymmetry for the process &% (1) =

e=(1) — t{z) = t[p2) with purely clectroweak virtual zorrections caz be written iz the
1

where

With IT;, = [I° — 1L, we denote the
femem s
photon vacuum polarization ¢

Hp o Qlat)




thase cneloop correcuions wiich can be mesrmorated in effective photon-fermion 2 i Z- rogether with the VoA form fnerors B o1 the vertex correcticns (real past).
fermicn couplings, ke, the seli-energies and the verleX cormections o the V, A couphngs. radiative correction 1o the Fermi cou? i the an-shell scheme. The expl
The remmeining terms, the top veriex corrections oot of V. A structure and the contribution expressions can be found iz 2.6
foom the WW and ZZ box diagrams. we collocted in As and Ag' for the symmetric and The Born cross section o8 caa be sbtained fram the formulae above by setzing al
the antisymImetTic CTO8S seCLiCn. the self-encrgies. vertex correciions, ¢ A’ and Arin Egs. (48] equal to zera, )
The 7, can be written in the following way: The oFect of the virtzel elestrowenk corrections 0a the cross section for e7e” — I
- (Q¥*- Q“‘! Q-.': displaved in Fig 3. whese the relative deviation from the "Born” cross section is shows
FOE L e )0 Nete that "Beorn” already inciudes the QED running of the effective charge in the ~-
- 2{QIV. - QA Qi Vi- ! exchange amplitude. The results in Fig. 3 ere thus the residual corrections which are
) o specific for the slectroweak standard model.

+ (2 a) v

K

s—M2]

” - =
e = QPQF = e
Ve Al 4 $ e k: TR -
_?-Q, 1’:Q;-”-:s_jg . \M“\{ -
£ o - - f S \2 o \" =
V24 A 2 -~ -
N £) 4 l\s - .'I’!'}r} ~
s / & 2 o ks -
s = 2QVef Aa—--——-"l’,‘»‘.-'-....{————) . : ~ -
ﬂ.J Q' Q- A‘ =5 - .‘l{% : : : \5 - “'.Ig. '3| —_— \--\‘-, —_—
i L b -
The effective conpling constants in these formulue awe ([ = &) L S e
5 . B o o -
Qr = Q:li- I () ~ FF(a), ) )
L - - s >, L e
QF = —Fie), . ST
Y = et Bl ~ls - NS
| Ay = ap=Fi(s) i4) e ¥ N
with v -of
| = \ 1 L=l
> - Ry N e
| 3 = [”'G","." | #28
¢ \ 4mals] / . . P S e B
‘ e A Figure 3: Relatve electroweck corrections to ee” —+ tt for Mg = 100 GeV (sohd lene)
A 7 P e . e L
[ gy = ("_:‘E:_‘.‘:.\ 5t f.-":i’ - 2Q.8% (3 and Mg = 1600 GeV (dashed hine,.
aTals) [

‘ .
| They contwn the propagater COmmeCiiond

5 o= 1-ar-0%s), Real contributions

e o N e =2 TP s R . for tf oroduetic in msEoon y SR -

\ # = s —swow IT%(s) (5) ‘\-:xt:t: comsider the inclusive cross section {of tl_?ruduc.zun ssgociation 'w:an Higgs

[ and Z bremsstrailung. We theredy resinet our diseussion to Higgs masses below Zm..
2 - R 1 L . . R s i ; . 5

| ith the self-cpergies repormalbized according 1o Ths on-shell scheme cuch that real Higgs production with subsequent decay ot ¢f canmot oecus. The latter

‘ o cuse would be of specific interest for investigating the Higes Yukaws interaction, and was

L, £2() ? . g

| I = Re——ar= explicitly studied in ref. (7.

I b R ﬂi{z T ' . = =5 5 . . xi

| P, The bremsstrahlung processes are of higher ordes in the couplng constante than the

! % = Re= v () 9 — 2 process. The cross section at energes suficiently above the threshold reach 0%
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wnd more of the lowest order s1oss secticn Their concributiorn

becomes of the same order as tae virtual electroweak corTed

ns
s8s sections corresponding o the amplizudes i Figs. |
gs has been chosen:

= i
For the computation of ths

and 2 the following set of cour

2 ff - dmels) v Qs
Z2rf N2G My iz - 2Q L)~ faasl
'_',f-f b EGbm:v

EzZz - Ja2G. . MI Mz
Far &% the approximate sxpression
—
1 1 malMz) _

V4 V26, ME T

12311 (8)

15 uged

In Fig. 4 we put together the integrated cross section foreme” —tiZand e7e” — il
s function of the snergy /3 The dominating contribution to the inclusive final state for
V&> 1TeV is from the " Z-strahlung”. as can be seen from Fig 4

({131

e
1
F
|

Figure 4 [ntegrated cross section for «7e” — HZ and oo — A,

\We now can defins an inclusive cross section for tf prodection in the following wey

de, - delttH) . drittZ) )
& - f “rs Odes [ 55 G, (@)

where d0 = dcosé do is the solid angle of the cusgeing top. and 6, the scattermg

angle between ¢ and ¢ doy denotes the Z-particle firal states including the virtuel
cent=ibutions, and ps is the phase space element for B and Z, respectivelv.

I
1

The integrated cross section is obtained as
g = oyith ~ eie™e” — iH} = ole7e” — ttZ) (19

The forward-backward asymmetty Apg s gven by

1 : deltf) ¢, deizi)
App o= = (f dees 8, ey -—f deosé, d———:;g; ] {11
i e tos b, -3 )

with
de(tt) _ 4 dz
deos 8, .—’n ut i
The results ace displayed in Figs 5. €. As one can see from Fig. 5. the virtzal and
ceal comributions to the integrated cross section cancel each other o a lasge exteat. For
Agp. however, the situation is different. Fig 6 contains App m Born order, with virtual
correcticns, and after including the real comtributions. For Agg. the torally inclusive i
asvmmesry deviates more from the Born resuls than the one with only virtual corrections
o eTe” — i

§23) {12)

o

1|.||l

1
(S )

Figure 5: Integrated cross ssction ftarnes 5. The dotted bme shows the Born cross szchon

$ S20

% the dashed line contains il electrowesk 1-foop wirtug! corrections. the dosh-detred
line depicts the real contmibulions fromeTe” —2tH enéeTeT — tZ . and the solid bne
shows the nclusive cross $ECom ©.
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Figurs 6 Forward-backward asymmetry, The dotted hne show the Born prediction, the
dached line contains also oll electrowsak l-lsop virtual corrections, and the solid fine de-
picts the result for the tmclusive production.

Thereby, Arp in Boro approximaticn is sbrained Tom Eq. (1) with expressions (3-€),
where all self energies, vertex corrections, Ar and Ae Ag are put to zerc
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ABSTRACT

9 owithin tne Mimmal Supersymimateic Stasdard Mode
the =lectroweak sector. We discuss their detectab:lity az presens zad 12 the
mmetry 1s nat discovered az LEPIL

We analyze the two decays 1 — 5 Th ¢ =1
with radiative breaking

eventuality that supers)

1. Problem and Inputs

I: is well known that in supeérsymmetsic models the top v at the
iree-level into & charged Higgs plus a bottom quesk. ¢ — §+8, and into = stop §; plus the
lghtest neutraline 7], ¢ — @ I} (see for example [1] and referemces therein|. Both decays

czn heve sizable rates: t— AThcan easily -eac:.. th’ 10-30% e vel for ia:g. Le_n.?: Y
[1l.

The agreemen: between the top production cross section messuread at the TEVA-
TRON I?.j end that which is predicted by the Standard Model (SM) etill ellows such
lazge rates. Moreovar. the measurement of the top mass (M:) based oz electron and
muon lagging is not sensitive 1o these decay modes. For very large values of tand which
mive large t — F7b rates. § cecavs into third generation leptons ru.  more than $3% of
the times). whereas. in generel. the decay nto the lightes: c':z::.rgino (%2 and nevtsalize.
Ho— an' may dominate. In the second mode t — 8.7}, % can decay as T, — b and
g —c¥t. In 2l these channels, 2 la:ger amourt of missing enersy than in the standerd
t — WE i produced, which leads 1o sofier spectra for the \barz-*c leprons.

By phase space suppression, the shovementioned rates can be progressively reduced
1o the level of “rare” ones when the masses of F~. ;. and 37 increase. The question
to be answered. therefore, is whether the Minimal Supersymmetric Staadard Model
{MSSM ) can sull support these twa decay channels (and at which level]. once 2!l con-
sirzints cc:nﬂg fom experiments are imposed. Independently, one saould also oons::l-*-
kow much information can be extracted for possible extensions of MS

obsemation {or non-oosesvetion| of these dcc.a" modes. I this contribution we provide
an apswer only to the Brst of these two questione,

The MSSM studied here is the most mintmal realization of & supessyim
of the SM. with breaking of the electro-wezk sector radiativels
the universal boundary condizlons are miven near the grand-unife
GeV'. We do not make any assumptions "Cé,c'.‘.._CJ" £ the details of th
scale and we do not assume £—- uniScation. which is affected &
fix the QCD coupling constant o ite average value o, Mz1 =1

4z




=+ LBC Geb
i Mzt b malVz) = 3GV e el il
o 5 i 5% i 10 g - = E - -_
W include tadiative corre to the Higgs potential folloy & i - 3 : :
jztive breaking of the electrowe tor. We find L i ‘ R 4
» Higgs mass parameters caloulated ~ormalizasion - 07 ".‘1. /J - F
$ pres-level sum sules is glightly heavier nich is described = E Sl 11
ectinns wore not nciuded, 7 [ ! g L :
o R o = 10".[-\.' ~' - K 3 s
Turthermore, we ovaluate the mass-shifts for &7 induced by these correcizons az £ : 3 . 167 _51‘
We co..,narv: .I‘.":‘Sr' results with those abtained c.m"-ng orher caleulations whick 5 E il 1 = [ <oT ] T3
(6], of the dingremmaric approch 8] and of the effective potenuial method !S. 17 L J je~ L . .
zl. 2 ruther rood 4grec:!'.‘>‘u ‘after repizeiag b with —& in (5d) e 10 40 50 ) 100 128 150 175

and {3e3 of [101):
for large left-nigt
{'this last possibi
tion, however, af
the corrected masses

UPeTSyImmes 155 models these mass corrections can be lazge
+he squark mass matrices and can be positive and nega
el ')b_,m#cfo-gm_l velues of tan3 . I our MSSM simula- Figure 1: Rases for t — H75n a generic model with SLUSY
heesking of the electroweak ; sector ic impased. we 8ad that
eviate f-om those obtained using the tree-level sum rules,

mp- (GeV]

voe of Higgs-couplings and im the M3SM

bownds ‘14 fin Ge:\‘ o> 200, m= =~ > 200, mp
3 &y .83

13
We co:n- now 1o diseuss the euts imposed 10 the region of parameter space which g > 40, mye > 8. Mz, > 49, We assume that the TE\ ATROXN limits on SQIAckS 20
we study, It is known thes the decay # — v "cs..nc;. the ratio ¢ = tand1GeV) my. to be gluiro masses will not anrra.se more than 50GeV. [n the following we T
£05in modﬂk contmining 1wo Higgs doubless with couplings of rpe Il to the fecrnions ices of bounds as SET 1and SET I
(see [11] and relzted referen wevein . .-“.l'tha-.:g relevant for r.1 els of global realiza- Finally, we impose the constraints set by the CLEQ Colle boration 02 & — s9: 1 1074<
f"'mf "'{ BPEEYEEICEY and/or extensions of the MSSM 12, tais decay s compietely 2R — 1< 42 10-+ ';., . 'I:x eveluation of BR(Y ~ a7} is in accordance to [16): the un-
ineSective in our case. As we shall see, the exper imental lower bounds on supersym- ceﬁa_ atv pssociatsd to the theoretical prediction (due primarely o the ambi cuity in
:,nc::ic masses and the sonstrainss coming Fom the reguirement of radiative breaking R :enérmaix*'-“'n -c¢-..lr.> 2nd to the expe*:mcm:,l smrors on parameters entering in the
the elestrowezk gauge group push already my- to be larger than tand {in GeV).

=

caleularion | is estimated according o [17].

@

r‘.n

(

Similarly. the -:c-'“b-'wo imit mg.-tand tecently set by CDF (3 by "'.ﬂ_-::u.nns: e

getic jets co:r_::‘.g: from b— 13.. ks 2nd hadronically decaying ~'s lonly the mode #7 v 2. Results: phase spaces and widths
iz considered ). does not affect the regions of perameter space iich we ob.:u.. in our

MSSM stmulation.

Asin (1), also in this analysis. the cely effective experimental bounds are those 50 - _ R TTeal, v
ming from direct searches of supersymumetric parucles and from the decay b= < _‘_,f" . a ve %
L / =~ 75T 5
‘ In agreement with results coming Fom LEP L LEPLS [13], and the TEVATROX, 0 b i = [ s !
the cuts which we apply 10 the masses of gluinos §. chargines ¥~ nautr'ﬁi':oc £°. charged tgf 30 - 4 (I : . 3
l and newtral sleptons . 5. up- and dowz-squasks . & and neutral Higgses (with kS the P i = °r
‘ lightest of the two CP-even states, & the CP-odd state and E= the charged Higgs) aze 20 - 3 z : x%
{in GeVy: 130, me >4, me. >80, my > 45, My > 45, my TAT. g > 20 5 SN 25t "
| mit on the mass of the stop-squark we sely on searches at 19 ey ;j.}'j : e 5 o }
disfavouzed at the TEVATRON. The limit " My ] i T ¥
| nig h»r :han tbe one obizined a: LEP. is naturally induced 50 75 18C 128 150 175 12 & 10 20 50
| Finaily, the inclusion of radiative corrections T (GeV) gf
sx.mec"e.t modification. of the tree-level sum sules for ‘ _ . ‘ ) .
‘ ose indimidual lowsr bounds for all Higegs par Figure 2: Allowsd phasespace fort — #= b apd braashing ratics BT et
| re Nex: Linear eme™ Collider may h'ﬂ'ﬁ o f- ce .z sup'-:sw TRret- We presear in the following Lbe rﬁsults '-v':ﬁcb we obta.in ir_ '.he bt { for the two
4 isrove t LEP 1l car be mumi decey modes t — F~F and ¢ — HiF; vs are ncluded
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=
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Figuee 3: Region of paameter space where £ — T s knematically accessible and selative rates

The shape of the phase space obtained hes nor beer. drastically affected by the in-
clusion of radiative corrections 1o the Higgs potential. with respect to the phase space
shown iz (1. 7). The reduction in the size of this arez 1= due to the increase of the exper-
imental lower bounds imposed in this search and ¢ the slightly heavier spectrum of the
Higgs-mass parameters used here. As in (1] we fnd that the largest rates are obtained
for the lacgest values of tand where also the lightest ¥+ are ‘ound. Tke second frame
of Fig. 2 shows the branching satics for the two possible decey modes of the produced
5=. The mode rw. saturates the totzl width for £~ only for very latge 1and,

vhere the decay : — 5, %0 15 kinemarically zceessible. They correspond to
togather with the relative widths. In
of the region. the decay of &; into an on-shell chargine is still possible.
viable points in this figure is disjoin: from that wheze 1— H=} is aliowed,
rresponding velues of my. in the peints of Fig. 3 are larze. in general above
werefore. the non-abservation of one of the two decay maodes. in general. does
lity of observing the other one,

aot affect the poss

Wes g. 4 wha is left for the rates of the two decays once we impose that the
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Figute 4 Rates sull reachaple after the present expenmental copstzaint on b— s% is impased

lower theoresical estimate of BR(b — sy) is <4.2.107* azd that the highest one is> 1 1074
for each point of the MSSM paremeter space (see for example discussion iz [18]). This
Spre summarizes our prediction for these rates in the MSSM when all experimental
comstraints existing at present are imposed. We should warn the reader. however. that
of the two. the prediction for ¢ — E*3 is the mos: “siable”, It does not change very
ueh i the baad of allowed ~ulues for b — sy is slightly resticied (see for example the
band obtained at 35% c.l. Fom the meesurement BR(F — ) = (2.322057=0.35) 107 | 13
when adding statistic and systematic erTorsin quadrature). whereas the allowed region
for t — ;%% tends to shrink.

Chus zesults for 1 — £~ are in qualitetive agresment with those obrained in [18]
where. however, milder lower bounds oz supersymmerric particles are imposed.

3. Discussion and Future Prospects
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the MSSM at the moment. The largest values for Tit — Z78),/Fir = %, %7 may turn
1o be excluded in futere <ca:chcs at the TEVATRON. More precision in the exper:-
I measurement and in the theorstical caleulation of BRib — ) ';hmugh the in

of NLO QCD corrections) maey co::*.p'teﬁel\ close
Sa

me :‘tec can be induced by an increase in the lower hou:u:_ on su-»e.
cz LEP II and the TEVATRON will be zble to put
are derected In the meantime. We show in Fig.

when the lower bounds SET Il are imposed. .ogeu::

wa

We conciude noticing that the conseguences of the non-observe
not be drastic for the MSSM (since the regions of parameter space where my- < M. arc
indeed not very large). whereas they may tura out to be interesting for models where
the strong correlations of the MSSM parameter space zre absent.
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CP Nonconservation in Top Quark Production
' Un) Polarized €7¢~ and ~~ Collisions
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Abstract:
We report or an inves:igat"on of CP viclation in ;umpolarized £T¢™ — £t resulting from
an exienced neusral Ehgz\ sector or from the minimal SUSY extension of the Standard
Model (SM1. We consider c.m. energies from the 7 threshold to the Te\’ range. o
addition sensitivity estimates for CP-vislating form factors of the top quark are made.
Further we discuss the prospects of probing Higgs seetor CP violation m ~~ — ft,

1 Introduction and Summary

In recent vears quite 4 number of proposals have been made on how Top gquarks can serve as
probes of CP-violating interactions bevond the Kobavashi-Maskawa (KM mncuamsm (L-
17}, Model-independent analvses in terms of form factars caa be found in | 0.2.57 8
10.12). Here we report on the results of an investigation of CP-violating interactions from
an extended ¢ Lgcs sector and from the munimal supersymmetric extension of the SM and
heir effects on It production (and decay) at 2 linear collider. Firs: we consider e™s~ — .
The new features of this study. as compared to previous work [L. 3]. are: we take into
account the possibility of longitudinally polarized electron beams which enhance some of
the effects. and we propose and study optimized observables with maximal sensitivity to
\_F cﬁerr« for "semnileptonic” # events. For the Higgs model we find: (a) The highest
reached somewhat above the @ threshoid. (b} Loagitudinal electron
poiarization would be an asset: ver the sensitivity of our best observable d-*p-«nd_s onlv
weakiy on the electron polarization. In the above models the eSects in«=e~ — = are due
te non-resonant racdiative corrections and are therefore not casy to detect, I£a light Higgs
soson & with mass m o < 200 GeV oand sizable CP-violating couplings to top quarks ex

then there 1¢ & chance to see a signal at a collider with 30 H—* integrated luminosity. It
would obviously be more promising 1o check for CP violation directly in - decays [14. 15,
Effects In of production due to a CP phase in gluino exchange are too small to produce
statistically significant signals.

In addi":» we have also Investizated how well one could measvre in the reaerions | 1).12%,
{3) below the CP-violating f-arm factors of the top quark with our optimized obsesvables,
Results

ziven insection 2. Of course. the sensitivity to the dimensionitl| form feetors

4c

increases considerably with the cm. energy and with the availability of bearn pelarization.
(See also [1. 127}

High energetic photon-photsn ollisions 121]. which are discussed in the context of a linear
collider. may provide. among other things. an interesting possiblity to produce neut m‘
Higes bosons and study their quastum aumbers. In the framework of 1-.-.0-ng3- doubl
extensions we have investigated CP violation in unpolarized ~~ — fz which in LiL,jlr\

resonant Higgs boson production and decay into fr. Hers the effects can be much larzer
than in e"¢-znnihilation. If one or more Hizgs besons of intermediare mass 300 GeV

Sm% 300 Ge\ exist we find that v» — ¢ — & would be & promising chaane! to studs
its/their CP properties. Sensitivity estimates will be given in section 3 For a derailed

exposition of our studies and further references see 6, 177,

2 T =1t

In this section we consider the production of a top quark pair via the collisicn of an

unpolarized positron beam and 2 longitudinally pola::zed electron heam:
eTie ) —eTie_.pl = k. =ik (11

Here p 1s the longitudinal pelarizazion of the electron beam (2 = | refers to right handed
electrons). For cur purposes the most interestin g fnal states are those from semilepronic
¢ decav and no-ieptonic ¥ decav and vice versa:

— gl =h = Xl

e - Naaalgs) =7 lqo i = i + b

o

where the 3-comenta in 2gs. i1 - (3) refer <o the «~¢~ o frame.

CP-violating interactions can afect the & production and decay vertices. Quintum re-
chanical irterference of the CP-even and -0dd parts of the ampiitudes for the above
reactions then lead to the c:m'e"at ons which we are afrer. For CP-nonconserving neurral
Higgs bosan -oupizrgs and for CP-nonconserviag gluine-quark-squark couplings it has
besn sho"cn [5 tha these interactions lead to larger offects in 7t production thaa in ¢
{and ? deca::. Therefore we consider observables which are pmdom"na::ti_v sensitive 1o
Cp eEef.'ts in the production amplituce which. in rthese :-.\l p\:enslum arise a1 I-I\JL','J
through induced electric and weak _dipole form factors
generate 2 difference in the t dnd ¢ polarizations onl:'
reaction (1), whereas non-zera absorprive parts. T"”.t; &
polarizations along the tap direction of fight.
10 trace these spip-momentum correlations in the & produc
momepnturs correlations: From the hadronic momenturs in | noreconstruct
the T and * momentum. respectively and hence the mest frames of These quarks T"-> R
tremely shory life time of the top quark 13LpLe~ that the wop pelarization is
undisturbed b, h‘_drcmuau on efiects znd can be ana i
decay ! — b~ W7, which we assume to be the dominen: d
lepion from semilepronic 1ap e
spin [181. There

T.'.'e reai p..n-' E

i tﬂ" t --.ui
= h.l-;!l.-j.‘ suited
igf final state

1 by T. paritv-vio
Furcher. the

is kagwn to be by

Tore aur abservables are chasern o be fur

i
(]




¢ system ‘rom zop decay. of the charged lepron momentum. of the positron beam
and of the cam. energy & I3 order to increase the statisucal seasitivity of
rvables we shall use the lepron umit momenta gL in the correspending top rest
pich are directly accessibie in the processes ‘1), 13

The CP “asymmetries’ which we discuss are differences of expectation values

A = (O_ls.q.a0.8) = (OLis. & ax.e-!) . &)
where 1he mean values refer to events 2. (3] respectively. For instance, O. = g

{1y €. The obsenvable O. is dedned ta be the CP image of O-. It is obtained from
O. by the substitetions qg — —=Qx. q. = —gL. é_ — e_. The ratio

O = (0. .
AQ. =
is % measure of the statisticel sensitivity of &, Here A0 = /(0% - (O

| e

'O and AQ. =~ AQ.. The signal-te-naise

For the ob-
servables used in this paper we have A0 =
tatio of A is given by 51 = 7]V N gene/ v Where Noyemr Is the number of events of tvpe
[2) 0z (3).

Iz ‘6] explicit expressions are given for two observables O_(1). O (2] with optimized sen-
sitivity 7. and these observables pick up dispersive (Red] | and absorptive Imd; %) CP
efects. respectively. In addition to the functional dependence exhibited in (4] thev de-
pend also on the =lactron beam polarization p. As the expressions are somewhar lenghy
we do not reproduce them here. Schematically an oprimized observable is construcred as
follows: Consider a differentizl cross section which is of the form do = dog = Ade: where A
is a small parameter. Oge can show (&, 18 that the observabdle with the highest statistical
sensitivicy s given by O = de, /den.

WWe shall consider phase space cuts which ar2 CP-svmmetric. When the €”¢™ beams are
unpolarized (or transversely polanzed) the asymmetries (4) can be classified as being odd
under 2 CP transformation. This means that contribwtions to {O.) from CP-invaniant
interactions cancel in the difference. 17 the eleciron beam is longitudinglly polarized the
initial e7¢ " state is no longer CP-symmerric in its c.m. frame and the CP classification no
longer applies. Contributions from CP-conserving interactions can, in principle. contami-
nate A if p £ 0. However, in practice, this is not a problem becauss it can be argued that
SN imteracrions induce contaminations zt the per mill level [6). On the other hend only
ratios v >0.01 have a chance to be detectable even at a high luminosity linear coliider.

We aow recall the salient features of neutral Higes sector CP violation. For definiteness
we consider two-doublet extensions of the SM with explicic CP violation in the Yukawa
couplings (which leads to the Kobayashi-Maskawa phase) and in the Higgs potential. Asz
consequence the three physical neutral Higgs boson states oy o7 are in general states witl
indefinite CP parity; ie. they couple both to scalar and pseudoscalar quark and lepton
currents with strength @, pme/v and d,ymy/v. respectively. where my is the fermion mass
and v == 248 GeV'. For the top quark we have g, = di,/ $in 3. @y = ~—dz; cot 3. where
tan 3 = /vy is the ratio of the modull of the vacuum axpectation values of the two
doublers. and d,. da, are the matrix <lements of 2 3% 3 orthogonal matrix which describes
the mixing of the neutral Higgs states of definite CP parity. Ouly the CP=-1 components
of the mass eigenstates s, couple to the W, Z. and charged Higgs bosons at the Bom
ievel. (For notaticn and details. see 311,

w
=

CP viciation requizes thar the neutral Higgs bosons are not mass

one of the basons. s&v & light then there 154 nee thart effects are &

in £7e” — fr. For the evaluation of the retios » shown in Figs.l we have pat m. =100
Ge\' and have assumed that m.., >> m, . Then the effect of /o5 an the dipole form

factors is negligible. The EDM form facter and, to & good approximation [3i. the WD)
{orm factor of the 1op are proportional 10 vep = —@ &y, Which is & measure of the strenzrh
of CP violation induced by .-, »xchange. One may assume maxtmal CP viclanon in the
neutral Higgs sector by putting dy = 1/v3(1 = 1.2.31. The product ~pp increases with
Gecreasing zan 3. Phenomenclogically the experimental upper bounds on the neutron and
electron EDMs give the rough upper bound (vcp|$5. Nevertheless it would be interesting
o obtain from the top system direct information on ~cp.

In Figs.l we bave plotted the ratios ryo for the optimized dispersive and absorptive ah-
servables O=(1). O=(2) defined in [6]. We have put m. = 180 GeV\. m, = 100 Gel. and
~cp = 1. The ratios = » are directly proportional 1o ¢p
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Fig 1:  Ratics r [left fgure) and ry (right Bgure’ for the optimized dispersive and
absorptive cbservables Q=11 ¢ = 1,2 defined in [§ for m, = 180 GeV. m, = 100 GeV.
and vop = 1.

Figs.l show that the absorptive asvmmerry has the highest sensitivizy to vee and tha:
it depends oaly weakly on the beam polanizetion. The maximal sensitivity is reached
at /5 = 430 GeV where ol = 1.2% (1%) if p==1 (0). In order ¢ detect thisas a 3
s.¢. effect one would need 123000 (180000) evenrs of the type (2! and of (3). These event
numbers are unrealistically large. If the CP-vinlating effect is larger. say joe=4, then only
/16 of these events wouid be needed for a 3 s.d. signal. In order to reach a sensitivity 2
25.d. to couplings ~epl®4 an integrated luminosity of 50 7' must be collected

[n general the asymmetries become smaller with increasing Higgs mass. IT we keep ~ce
fixed but change the Higgs mass to m,=200 G\ then the maximal walue at 5 = 45
GeV of the ratio r» in Fig.] is reduced by zbout 30%.

In summary. for light Higgs masses m . <200 Ge\' and sizable CP-violating coupling ~op
there is a chance o see Hizgs secvor CP wviclation as az induced dipole moment effect
in ft production, A light Higgs particle ¢ would aiso be produced at & linear coilider
4 consequence of ¢ not being e CF eigenstate would be & CF viclation effect o the ©

fermicn-antifermion amplitude at Born level which could be dewected 10 2 — =7=7 14
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.2 of the givinos. and
thess nhases then appear

For mass eigenstare:

{or instance in the ot — gluing couplings in the form {favour mixing is :gnored)
Ly = iv2 ggeo 0™ TpTeri®p =™ LT T»"L,.?.J‘- —k.c. Bl

— o and fields Lo w

ated to the 8elds - ; corresponding to mass
v at orthogonal transiormatign. The l-loop EDAL and WDM form factors
02 E"-‘::‘.E"r'-‘tm. by (6] are pmuc..zunal 1o gg,,-D:.mﬂ’-‘o-J We have computed these form
tacrors and u'e resulting asvmmetries (4] for the optimized observables 0,11, 0_(2) for
maximal CP violation. sin(20.) = L. and a range of SUSY masses m . myp 2 150 GeV
‘.‘n:- have found [6 that the rauos |r;2,50.0). Hence it 15 unlikely that a statistically sig-
nificant signal cen be detected at a 30 ™" linear collider even for maximal SUSY CP
viclation, Relared studies were made in 13].) ) B
Furthermare we alse investigated how well one could measure Red] ¥ and Imdl” inde.
pendent of anv model. For this purpase we computed the corresponding ratios r for
sbservables which. for & given polarization p, have oprimized -=Pnsir~w'r" w0 one of these
form factors. Using an integrated luminesity of 20 7 (30 771 at 5 = 300 GeV™ (800
z‘- | we estimate the 1 s.d. statistica! errors giver in Table 1. These numbers are to be
multiplied with 1/, where « is the tagging efficiency for the channels (2), (3.

t:zbﬂru_.. ates

| 20875 /5 =300 Ge\™ 30 fb7°. /5 =300 Ge\' |
p=90 p=<+l|p=
¢Red, 4.6 0.86 | 0.35 1.7 0.35 0.23
JBeds | 1.6 1.6 | 10 081 0.8% .35
smd, | 1.3 1.0 005 || 0.57 | D48 032
dlmdf | 7.3 2.0 1.3 +.0 0.89 | Q.28

Table 1. 1 s.d. sensitivities to the CP-violating form factors in umts of 107 e om

Table 1 chows that the sensitivity to Red; and to Imd? g:-:ws subtantially witk beam
polarization. For a fced aumber of 41 events the semsitivity to the nonrenormalizable
“couplings” & obviously increases with increasing c.m. #nﬂrtc. However. one should
keep in mind that the form facrors vary with /% and this varietion iz determined by
thresholds which depend en the underlving dvpamics of CP violation. If - like in the
Higps maodel - the melevant branch point where the form factoss develop imaginary parts
i set by the tf threshold then.as exemplified by Fig.1, there is 00 gain in going to vers
high energes. Needless to sav: a priori one does not know.
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Nim =" N =~ = N{=. =" whether or a0t = 5 a CF eigenstate. (Here = refer 1o
the phaton helicities.) For unpolarized ~~ — = the CP property of = can be infered Srom

the final states o which 1t decavs. I 2 is not a CF aigenstate ther o CP-violaring
spin-span correlation is induced 1n us fermionic decavs zireads at the Borp lovel which
can be as large 25 0.5 [14]. It could be detectable in = — =7=7 znd. for sufficiently heavy
Z.in o — 72, However. the narrow width approximation does not apply for = Higgs boson
with mass in the vicinity or above the tf threshold and interference with +he nan-resonant
=+ =t amplitude decreases this spin-spin correlation simnificantly. ln arder 10 include
also the case of light Hn;g< bosons < below the of toreshold we have compuzed. for two-
Higgs docblet extensions of the SM, the complete set of CP- nom‘oas»r\-ix:g contributions
0 %7 — 1 in one-loop approximation [17). In the spin density marrix for & produerticn
b unpolanzed photen bearns this leads 1o CP-viclating dispersive contributions with
the spin structure k. - (S x s_) and to absorptive contributions whick are of the form
ko-(s. —s_! :mci to similer terms where k. — p.. Here s..s. are the spin operatars of
t and 7. respectively. The larter structures correspend 10 polarization asymmertsies,

As in the case of a:"' — % these spin corrclauor.s and polarization asvmmerries zre
most efficiently traced through the “semileptonic” ¢t decavs | 2] and the charge conjugared
channels (3). The spin-spin correlation leads for events (2 zo the triple product correlaniarn
O_ = lq- % -] - Gy. Here the asterisk denotes the 7 rest svstem. The CP-reflecred
chservable O_ applies to the charge conjugated channels (3], and a non zero diference
(O = |O_; would be an unambiguons sign of CP viclation. A CP asvmumetry with 2
semewnar higher sensitivity 1o Higgs boson induced efects s

Asty = (G @) = Q- A 7

which is a consequence of the single spin asvimmetries
For the calculation of these asvmmerries we used rhe nr'lmaii.zed pooton distributions
Niz) with energy fraction = = Ejyguon/ Etears 88 given. 2.2, maximal
Prerg'.' fraction of 2 photon To.- is determined by the laser energy Zme = 211 + 2 with

= 4EimEpese- ;. Fora geven beam energy the laser energy 18 chosen such that 2
.'each-:a its maximal value. This valug is determined by the threshold for unwanted =~
pair productien through annihilation of a backscartered phoron with 2 laser phaton \’)z-.s'
Ze1S Tme= = (18284,
Char resuit for the ratio r based on the asvmmetry (7] is shown in Fig.2 for «7¢~ ¢m
energy o /5= 300 GeV and m.=180 GeV as a function of the Higse boson mass m for wwo
sets of paremeters; 4, = 1/v/3, tan J=0.627 (set 1. solid linel and d.. = 1.°v3 zan 5=0.3
iset 2. dashed line). These two sets correspond to ~gcp=1 and =c»=3.87. respeciively:
In contrast 1o 27¢" — it we have here 2 complicated dependence of the asvmmetries on
the Higzs boson couplings. because the diagrams in which the - propagator can hecame
resonant contain also bosonic loops. and because in the resonant o propagatc rotal
widsn [, envers The asvinmetry .., has an estremum when the Hii::,s mass s ¢close
o the :r :::r»chou du-\ to large interference efiects and an additional extremum when
the Higes mass is close 20 the masdmal ~= energy. Even for a Higes with mass above the
maximal =~ Pub"_: there ramains a sigwificant interference «fect that micht be detectable.
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Fig 2:  The ratio r for the asymmeiry 4. as a function of the Higes mass m; at 5
= 300 Ge\". The solid (dashed) line corresponds to the paramerer set L (set 2).

QOre m ¥ also determine, for 4 giver Higgs mass, the e”¢™ collider energy that max-
imizes the s ;ma.. -to-poise ratio of an asvmmetry. We have done this for A, aad the
parameter 821 1. The results are listed in Table 2. In brackets we also give the numbers
for set 2. (Note thas § is not optimized with respect to this set.] In computing the
rumber of events of the channels (2] or the charge conjugated chanmels (31 we use as
secr. | sernileptonic top decayvs into electrons, muons, and tauons,

| [GEV | /5 [GeV] | Newene/ (£/1100 f6711) | $/4/L/100 &7
I 100 To0 5.87(5.25) % 10° | 1354 |
150 700 5.06(5.51) x 10° 185.30 J
200 700 3.0315.21) x 10° | 1.9{3.5)
250 80 54414 Tm x 107 | 2.1(8.1
3)

L300 | B30 1.6713.83) x 10% 2.6(75
325 630 4.10(3.30) = 107 3.0(3.9)
350 570 239232 x 100 | 1.0{11.5
375 800 3.41{4.37) x 10° 4.4(8.8)
400 710 6.18(6.42) = 10° 3.6(7.7)

423 520 1.87(2.31) = 107 3.704.7)
430 560 | 3.0203.33) x 10¢ 3.4(4.5) |
475 581 | 3.58(3.83) x 1P 3.3(1.2)
300 610 [ 43804.38) x 107 2.9(3.7

Teble 20 Opuimal collider energies. number of events of samples (2] or (3. and staristicsl
sigmifcance 5 of 4., for some Higgs masses and parameter set 1. The numbers in brackets
ars for et 2

2 zells vs. for example. that if m, = 330 GeV 1and if ser 1 applies). one gers the
e CP asvmmetry Ao, at a collider energy of 570 GoV'. For an
30 f57° {and an e~ conversion rate of one! we then get
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Abstract

The physics of the top-antitop kresheld is Teezamined under the light of the new knowledge of the top
mass, [t s found that the combined measarement of the 2 cross sceuos. top momentum disicibutisn

and forward-backward charge asymmetey i o scan around the threshold regioz allows a simultancous
determminauon of the top quark mass and @, with ancertamties 200 MeV ané 0.008 tespectively, for an
integrated lumunosier of 50 f£7°. A cne-pazameter fit 1o the top quack width results in its determination
wity an 185 precision. Finally. the sensitivity of the £ cress section o the lop Yaluws coupling bas
been found ¢ be 2ncugh 1o mensure it te =30% of its valve, for Higzs masses nrourd 100 GeV

1. Intreoduction

During the 1881 and 183 Warkshops on =* ¢~ Collisions at 500 GeV, detailed
studies of the physics capabilities of the measurements at the top-antitep threshold
have been performed 1, 2, incorporating realistic detector and beara-releted effects,
expermental efficiencies and backgrounds. The studies were based on the measurement
ol both the total tf cross section and the top querk momentum distribution and focused
on the determination of the top quark mess, m,, and the strong coupling ¢onstant, a,.
appearing m the tf binding potential.

At that thme most of the studies were done essuming a top quark mass of 150 GeVV.
After the discovery of the top quatk at FNAL (3], one of the purposes of this work has
Been to update those results for the currently favoured value of the top mass, zround
180 GeV. Also the continuous development of the accelerator designs leads to revised
estimates far the luminosity available and for the specific beam parameters that affect
the shape of the threshald region. The new design for the TESLA project 4] has been
used here. The results of the updated analvsis are presented in section 2.

Becently. severs! authors (3. 6] heve presented caleslations of the o forward-
buckward charge asymmetry. App, zround the threshold region. The asymmetry comes
from the overlap between the 3- and P-wave 7 states, and depends on the relative size
of this overlap and the top decay width. Therefore, Arp is expected to be sensitive 1o
the 1f potential and to the top quark width. An experimental study of the potential of

the Aps meesurement is contained in seetion 3.

“Presepted by 2. Uomas
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Figure 1: 7 production cross section a< & function of the centre-of-mass energy. Solid line: Bomn
cross section: dashed Lne: with mitial state radiation (ISH); dotted line: with ISR and bear
effects. computed with the pacametars of the TESLA accelerator desim 4.

Apart from my, 2nd a,, there are several parameters which infinence the 1 thresh-
old region. Among them, the top quack width and the top Yokewa coupling are studied
in sections 4 and 3. respectively.

2. Cross section and momentum distribution

The top quazk decay width increases with the third power of the top quark mass:

T, ~018 GeV 2% .

| _ﬁr.f;. J

For 2 top mass of 130 GeV, I. is ehout 2 GeV, to be compared 5o 1.2 GeV for m, =

150 GeV. This increase in the top width will lead io 2 threshold excitation surve with
less prominent features and a subsequent loss in sensitivity to the top mass and a,.

The shape of the of cross section near threshold for m, = 150 GeV as predicted

by the computer program T0PFIE (7] can be sean as the Born cross section in fig. 1. Also

shown in fig. 1is the effect of the inclusion of initial state radiation corrections. They

lower the cross section significantly znd smeaz the resonance peak. Finally, the effects

of beamstrzhlung end beam-energy spread according 1o the lntest TESLA design 4 are

also shown. washing out 2ll remnants of strueture 21 the thresheld.
Figuze 2 shows the distribution of the momentum of the top quarks produced
at 2 centre-of-mass energy of 350 GeV, obiained alse with T0821%. It can be seen that
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2 : Top momentum distribution at s = 360 GeV. Sclid line: Born cross section: dashed
Iine: with & } state radiation (ISR); dotted line: with ISR 2ad beam effects, computed with
the parameters of the TESLA accelerator design (4.

both initial state radiation and beam effects have 2 dramatic =fect In the width of
the distribution, while 2pproximately preserving the position of its maxdmum. For this
reasen, the maximum is chosen as the verable that summarizes the information of the
momentum distbution.

The simulated experimentzl znalysis follows closely the line of the previous
work [2]. The event selection used for the tote] cross section mezsurement is described
i ref. 1. The overall efficiency is 25% =nd the ggnal over background ratio is four.
For the momentum measurement, the selection described in ref. 2] is used. It only

uses events in which one of the Ws {rom = top decays leptonically, while the other de-
ays hedronically, The lepton and missing energy are used to tag the event, while the
hadronic top decay is used for the momentum determination. The efficiency relative
o the total of sample is 15%, with negligible beckground. The resolution in the top
momentum is aboyt 10%. The position of the peak of the momentum distribution can
be obtained with a 5 GeV erzor for a luminesity of 5 b7,

The 10tal eross section and the maximum of the momentum distribution mea-
sured at mne equally-spaced centre-of-mass energy points between 256 and 384 GeV are
used in & o fit with two free parametsrs: the top quark mess and a.: 3z /. Systematic
errors and correletions between mezsurements at different energies are included in the
fit &s explained in ref. [2]. Following the improvements in the accelerator designs, =

wwrunosny of § h™° is assumed for each energy point. instead of the 1 fb~' assumed
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Figure 3: Results of the y° &t using the totel eross section and the momenturn distribution.

previonsly (2. Another § {b™" are zssumed to be taken below the threshold in order to
messure the background. The statistical uncertamnty in the background subtraction is
taken into zccount in the fit.

The two-dimensional Ay* contours resulting from the it are shown in fig. 2.
The overall precision expected in the top quark mass is sround 200 MeV. The strong
coupling constant at the Z scale is determined with & =0.005 nncertainty. Most of
the sensitivity comes from the total cross section messurement. slthough there is a
non-negligible improvement coming fxom o/ dp.

The extra degree of freedom represented by a, can actuzlly be viewed as 2 way
to parametrize uncertainties in the binding QCD potentiel. For instance, in the scale
at which the strong coupling constant hes to be evaluated, or in the exsct form of the
long-distance part of the potential, although this has 2 limited impact due to the short
top lifetime.

It is clear from fig. 1 that the effect of beamstrahlung in the total cross secticn
leads to 2 big loss in sensitivity to the top mass. It has been proposed to use a particular
accelerator design for the threshold scan run that would have reduced bezmstrahlung.
The price to puy is & subsequent loss in instantsncovs luminosity. A set of accelerazor
pasameters especially destgned to minimize the beamstrahlung 4] has been used in the
fit to m; and e,. The luminosity for esch point has been reduced according to the loss
in luminosity for the new design to 2.3 [b~'. The result of the fit is very similar to the
previous one. confirming that the loss in luminosity is compensated by the decreass in
the amount of beamstrahiung. However, provided that the amount of beamstzzhlung
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Figure 4: ¢f forward-backward asyzunetry as a function of the centre-of-mass energy. Solid Line:
Born cross section: dashed line: with initial state radiation (ISK); dotted lime: with ISR and
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beam effects. computed with the parameters of the TESLA accelerator design (41,

can be mezsured following the lines of ref. [8], then thers s no real advantage in using

the low-bremstrahivng, low-lominesity design.
3. Inclusion of forward-backward charge asvmmetry

In rtefs. |3, 6] it was pointed out that the sizable overlap between the S- and P-
wave Lop-antitop states near threshold would lead to » non-negligible amount of forward-
backward charge asymmetry in the &f production near threshold. The zmount of the
overlap depends on the potential and, therefore, Arg should be sensitive to the value
of a, in the potentizl, Since it is the large top width which makes the overlap possible.
it is clear that App will also be sensitive to the top quark width.

Figure 4 shows the TIFFIK prediction for the forward-backward asymmetry as
4 function of the centre-of-mass energy. Also shown is the asymmetry after including
initial state radiztion and bezm effects. Both corrections zre sizable but not as dramatic
as in the case of the total cross section. The program MMD, described in (2], has been
medified along the lines of (5] to compute 4rz as well. The prediction is in good
agreemuent with that of T08FIK. This is & powezful cross check of both caleulations,
which use very different techniques.

The selection of events for measuring Arp is identical 1o that used to messure the
momentum distribution. Again, only events with ane W decaying leptonically and ane
decaying hadronicelly are nsed. This way, the chazge of one of the top quacks is readily
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Figure 5: Correlation between trie and measured valtes of gcosd. where ¢ is the chasge of the
primary lepten from top decay and # the top polar angle.

obtained from the lepton charge. On the other hand, it was found ta be very hard to
use the fully hadronic events together with some kind of jet-charge determination.

Using stmulated events generated with the FYTRIA program &) and smeared zc-
cording to the typical resolations of a LEP detector, it is found that the charge of one of
the guarks can be easily estimated from the chazge of the highest enezgy lepton in the
event. The simulation predicts & probability of charge confusion below 3%. Figure 3
shows the correlation between the true geosé and the measured one, where ¢ is the
charge of the lepton from the (2nti-Jtop quark and 4 the (anti-)top angle relative to the
beam direction, It is clear that the angular resolution is adequate for this measurement
and that the charge confusion is small.

The expected sensitivity of App to changes in the value of @, cun be sesn in
fig. & for energies areund the threshold. The error bar shown corzesponds to 2 5 fb?
luminesity at that energy point. The sensitivity is lzrgest slightly below the nominal
threshold, 5 = 360 GeV, but. even there, it is not very Big, in view of the size of the
expected errar.

Nine measurements of the forward-backward ssymmetry =t centre-of-mass en-
erges between 355 and 364 GeV have been included into the 7 fit presented in the
previous section, that already includes the measuzements of cross section and momen-
tum distribution. The results for m, and a, change very Little. The seasitivity of 475 1o
@, i not znough to have an impact in the two-dimensional §t, which 15 still dominated
by the information coming from the total eross section. The sensitivisy to the top quark
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Figure 6: Sepsitivity of Arg to the value of a,| dot represents a simulated data point
at § = 2m;. The estor bar includes the statistical error corresponding to a 5 fo~* luminesity
at that energy point.

sotal width 18 discussed in the following section.
4. Top quark width

Since the top quark is so heavy, it is possible that it deeays te beavy final states
not predicted in the Minimal Standard Model. The top quark width is, therefors, an
interesting parameter to measure. The deviation of the measurement from the Minimal
3tandard Model prediction could indicate the presence of new physics of several kinds.
The existence of 2 fourth quack generation or of & relatively light charged Higgs are only
two examples. A change in the top quark width modifies the shape of the # threshold.
The cross section, the top momentum distribution and the forward-backward charge
ssymmetry are all affected.

The nine-point centre-of-mass encrgy scan presented in section 2 is now used to
determine the semsitivity o the top width. The nine measurements of cross section,
peak of momentum distribution and Ars are fit to the theoretical prediction with I, as
the only free parameter, that is, keeping m, and e, fixed. Figure 7 shows the incresse of
v for width values different from the Minimal Standard Mode! valus, when including
only Apg in the fit and when adding to it, first, the peak of the momentum distribution
and then also the total cross section. Frem the figure it can be seen that including =ll
observables the precision of the width mensurement would be around 13% of its value.
In this ease the forward-backward asymmetry indeed has @ sizable sensitivity but it is
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the total cross section information [dorted Linel,
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till smaller then the sensitivity of 7 and de/dp.
5. Top Yukawa coupling

Given the large mass of the top guark. its Yukawe couphing o the Higgs field,
A = mev, with v = (V2GF)™Y7 = 246 GeV, is rather large, A ~ 0.3, and much lazger
than that of any other fermion (for instance, A} ~ 4 x 107%), Therefore, the top quark
provides = unigue opportunity tc measure one of the Yukawa couplings.

Around the ff threshold the Higgs exchange between the two final state top
cuarks is propertional to A} and can heve measuzable influence on the threshold obsery-
ables. Jezabek and Kithn have computed the Higgs exchange effects in ref. [10) and this
calenlation has been included into the TOFPIK progrem. They approximate the effect of
the Higgs exchange by the addition of 2 static Yukawa potential,

to the standard QCD potential, and & remaining constant vertex correction. The vertex
correstion only affects the total cross section, while the change i the potential affects
all observables.

It is clear from the previous equetion that the effect will be larger for smaller
Higes masses, To see the sensitivity to A & Higgs mass of 100 GeV has been assumed.
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Figure 8: 1* increase as a function of the top Yukawa coupling using all information.

Then. in = similar way to what wes done in the previous section, = 37 fit has been
performed with A es the only free parameter. The corresponding eurve for Ay? is
shewn in fig. &. The curve contains all information from cross section, momentum 2nd
Arz. However. only the cross section contributes significantly to the sensitivity. The
overall precision obtained for the determination of the top Yulkaws coupling is arecund
30% of its value. This result holds for Mg = 100 GeV. For substantially higher Higgs
masses {around 300 GeV) the sensitivity is too small to perform a measurement of A

Assuming the Mirimal Stendasd Model value for ), the same Higgs effect can be
used 1o try to measure the Higgs mass, which appears in the Yokawa potential and in
the vertex correction. The sensitivity iz only large encugh for low Higgs masses (below
200 GeV). However, such = Higgs boson wonld have already been found directly in the
seme linear collider and its moss measured with an adequate precisicn.

6. Conclusions

A study of the physics potential of the top-antitop production threshold has been
presented. assuming m, = 180 GeV and using the letest TESLA accelerator parameters.
The feasibility of measuring the forward-backward charged asymmetry at threshold has
been studied. It has been found that it can be mezsured rather precisely by using
semileptonic top decays.

With all the information from 7. de dr and Arz put together, it has been found
that the top mass and o, Mz} can be measured simultaneously to ebont 200 MeV
and 0.003 zespectively. Fixing the values of m. and a,, the top quark width can be

o
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determined with an 18% ancertainty and the top Yukawa coupling, A, to about 30% of
ns value for Higgs masses around 100 GeV, In 2ll cases, most of the sensitivity comes
from the measurement of the total ¢ross section.
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Top Production and Decav Form Factors
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Abstract: The production and decay of top quarks at a future linear collider provides
opportumisies to detect physics bevond the Standard Model. Experimental studies show
that a deviation from the expected production angular distribution can be detected at a
level of 4%:. Such a devietion could be caused by an znomezlous magretic dipole moment,
s an electric dipole moment. Fu::her studies show that ac admixture of b = 4 in the
ecs ;.- of wop quarks is observable at a level of 27, These studies are descrided in chis note.

1 Production and Decay Form Factors

The production and decay of top querks at 2 furure linear collider provides opporrunities
1o detect physics bevend the Standard Medel (SM . There can be anomalous form factors
associated to the production vertex which modify the t1 coupling to the neutral electroweak
current, and to the decay vertex which modify coupling to the weak charged current. The
presence of such anomalous couplings. if large enough, would be observable in the angulac
and energy distributions of the =t final state.

Top quarks are produced in e™e” collisions with @ high degree of longituding] polarization.
In coatrast te lighrer quarks. this pelarization is not odscured curing hadronization, and the
wmitial top helicity is transferred effici=ntly to the fnal state.

The current operator ¢can be written

Gl 1 FR Py -i-Ff;;;P_qe—%!FfLF;-F::RPR}. 11}
2.

where F? g == 2. W) are. form factors. To lowest order in the SM. F ¥
F& =ar. FzF = gp.and Fiy = Fop = Fi% = 0. A nonzero velue for SR would be
caused by a magne:xc -\'-eah for ~Z™) »:upol mement, and nonzero value for the CP-violating
combination F;'. F"q by an eleciric (weak) dipole morent. These would nfluence the
production distributions for top quarks. If F'% = 0. then there might be a 1= 4 admixture
to the top charged curren:. or 2 Wr boson. or charged Higgs. FIY is tested in the st
decay distributions of top quarks.

We have periormed simple investigations of the production acd decay disizibutions 1o es
simate the statistical precision attainable at & future linear collider. The results are presented
in the next two sections.

“Supported by the US Department of Ensrgy. grant aumber DE-FGU295ERADSAE
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1.1 Production Vertex

The paolar angle distriburion of the T pair contatns. i addition to the usual 1 —<os®f terms.
2 term: proportionzl to sin® &

‘o - £ 23

ad e F3 <o Eis « ndE .
5] =K ===l p = Fyg )y =&AL =R st e, [=1!
Z cosé £ e s

The notmal spin-dip probability. proportional to 1/, is augmented by a anomalous term
which grows with energy [1. 2].

The extra pisce  Fap = Fap in E 3} increases the total cross section as well as chenges
the Cifferential distribution. I order to extract information which is not aiready included in
the cross section measurement. we chose to perform a maximur likelihood fit to the polar
angle distribution to detect an anomelous sia® # piece:

Paa =11 =81 Psny + € - Praox 3

where d is 2 single free parameter . The probability censity for the standard mc-de'. Pay is
assumed known (see for example Ref. [3]1: the znomalous piecs is simply $sin™ 6. A value
for & significantly greater than zero signals new physics.

An event selection was developed using events simulated with PYTEILA 4. The top mass
was 180 GeV. and /5 = 500 GeV'. It was found that the event thrust axis approximases the
top line of dight rather well, and thar leptonic decays of the top can e used to differentiate
t from t. Close o | threshold the direczion of the top was difficult 1o measure inclusively. and
at muck higher /5 the separation of prompt leptons (from 1 — /7 v from secondary leptons
ifrom b — ¢{~0) was difficult due to the boost of the decaying b quark. The performance
of the detector was assumed o be similar ta that of the ALEPH cetectar.

Several cuts reduced the backgrounds sufficiently: :
1211 visible energy Ey. > 0.25: (i) missing momentum P, > 0.03/3 (recal] that leptenic
decays will be used |: {7v) thrust direction  cos 9-1-| < .93, where &= is the angle the thrust axis
makes with the beam: {r| directicn of the missing mormentum | cos Fmyyl < 0.8, and: {v1) &
least taree jets, clustering with the JADE algorithm with yo. = (30 GeV /%
also select a subset of top events which are well contained in the detector. Approximately
305 of the top events pass these requirements.

2

Kizematic esiteria were applied to select prompt leptons (electrons and muoas): ¢! lepton
momentum P; > 30 GeV: (&) lcosf < 0.9 |71 iavariant mass of all particles iz the
hemisphere. excepting the leptan, My < 100 Gel', (¢y) at ‘ﬁ-a:r ten charged particles in the
hernisphere: (1} transverse momentum with tespect to the thrust axis Progra > 10 GeV

v?) transverse momeatum with respect to the .lcr.we.\t jet p_:- e >3 GeV or B - E >
10 GeV. Assuming = selection efficiency of 905 for the lepton candic ;
acceptance for &l these criteria i 505 for prompt lepyons. e oot acceptance for
is 30%. not including semileptonic branching satios (about 117 each for » and 2|

ction. the net
op decays

o,

o
m



TQCeEs on {pb)  acc T accepted |pho
4 0.0%6
; g2
<0103 <{.003
<{.03 <00k
<093 negl

¢ processes, before and after the selection for
ILJ’..

Accepred crass seclions far major processes are s '*:'.r:'.zxrizeri ir Tadle 2. The signal-te-
:;'ar_.-\g.c»i..nd ratio is 2dout 4. and could be improved by applyving an impact parameter b tag.

The resolution on the top guark direction (A8 was
lation. It
an rms of

estimated from the PYTHIA sima-
can be paremeterized as @ sum of two gaussians: the core distribution (307 ) has
(.16 radians. 2nd the tail of 0.4% radiass

The direction of the top quask is inferred from the lepton. znd is defined 1o be:

cost. = cosfir w0 (% SiED oS @t

where a7 Is the angie between the leptos and the thrust axis. At T = 500 Gel'. the s"gr
cen be wrong for Two reasens: 11 The lepton comes from 2 b decas. and has the "\wong stgn.
The leoton goes backward with respect 1o the top direction (in =ae lab F
“he simulation. $2% of the lentons are prompt. A higher frastion. 50
sig. because lept juark decays have the seme sign as prom
right sign leprons. 935 are forward: of the wrong sice. 100% are forwar
thrust axis is given she wrong sigr (is s “fipped™ 13% of the time.

s

.'
.’1-.

The acceptance as a function of cos §y is parameterized by 2 simple function Alcosé,) =
Al |cos8tl, with ¢ = 44 The background distribution 25 & funerion of cosdy is
re2presented by 2n exponential for W=W= and by 2 polynomial for q4g.

All of these parametrizations, properiy normalized ;nd in -luc’.ing the !
of the thrust axis .wp evenis. are empleved in a tay MC program. Ar il
reconstructed polar apgle 4i :a-:ian is shown in Figure 1. T < clear asymmenry from the
105 quark is evident ,1__ pite the contamination d.O:'I‘L.m..L: by W aairs anc bb. waich peaks
7 The oDpos:

Sampfvs A
the distribution o
:n Table 2,

ki 1oy Monte Carle pmcm-;. were f Expression 3. andé
amined 1o detérmine the statisti

t ziven
Teases a5 epch “realistic’ cﬂ'er:r o

: LE an
integrated lnminosity of 30 toe expected st

stical uncersainty

It 1w ot 136 same svmnol £ as csed in Ref {1

o
wr

case

1deal

selection efeienc
acceptance (as function of #)
resalution

fiip (157 probabil
backgrounds 20% contamization’

Table 2. Stetisrieal sensiituity lo en anomalous <in® 8 term in the production cross section,
a5 each rn_.: stee effect is imefuded in e toy Monte C:ma stmulgtion. m, = 130 GeV T =
300 Gel. £ =30 jr.'l,

The dependence on the beam polarization was considered. For o =
beam electrons ) the error ot is A = 0.041. It dzeps 1o 0.038 for o==1i f
events is kept constant. However, the total cross section changes by = factor of two, thus
giving fewer events per v 5o p = 1 s sotimal.

The para:ﬁe:e:.- were varied 10 assess sensitiviny to systematic sdects. [n arder to keep the
ca;t--bu:iw:: o ¢ velow A = 0.020. the acceprance must be forward-backward svmmetsic
1o 3%, the tail of tae resolution fuzction must be known 1o 30%. the “fip rate’ must be
known to 209 relative. and the the bacxground must be known to 205 relative. Nompe of
these requirements is severs,

1.2 Decay Vertex

The charged weak current in the SM is pare L — A, leading o unambdiguous prediction:
for the energy and anguler decay distriburions of lept

ns. A small admixtore of 17 = .-‘|
interaction modifies these distributions: the difference between purs 17 = 4 20d pure V' —

is large for nevtrines in decays of down-type fermions, agd far leptons in ap—‘\pe fermions.
Tre L3 Collaboration has used this differcace to conetzain the charged current in b decays 3,

The theoretical work has been carrind cut by Jezabex and orhers
butions are known including fiest arder QD corrections. Thev can
& parameter &, such that gv = (1= xlWT =57 and gy = -

= L+ &

b‘

2 the SM and ~7 — o is pure 17 = 4, 1See Ref, [§) for complets expressiors. (i
epron direciion # iwith respect 1o the top polarization vec

energy 7. othe double-differential distribontions have ke simple

c’: Ly
Dizr.cosfiml :

Wi

—— =Ax +Ezi-P.cosH
erdaasd

where the functions 4 =l and Bz are diferent <or charged leprans and neutrinos. Then

deperd oz i
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Table 3: ldec! valat ity fe an admirn

Rgure-ol-menid ¥MpTOres Sub

2sing top decays simulated at thresbold. sincein this case the
direction. and the energy aad angle of the lepton
ed luminosity of 3

irtle irmpac
g momentum

The lepton energy and angular resolution is good enough o as 10
on the measurement. The neutrino measurement, approxis i by thet
vector. is less cert due to uaknown and varizble | 3.

Nopetheless. 10% wa: obtainec fror

JSSes T

The energy and lar distributi for the lepton were concensed into 2

a separate veriable =, The rechuicue of statistically
aptimal variztles has been applied in tau physics at LEP 7. It can be derived from ihe

kelihood function. and armounts o

Dz, cos 9519

<) or-

The mean — changes menotenically %, the signtficance of a shift in terms of
the vasiance of = is The statistical sensitivity of a measuremest. The 2. and corresponding <
distzibutions are showz ie Figure 2 as an ilit ; were ezleulated.
corresponding to the charged lepton and neutrine. their energy. and their direction. The
cortelution petwesn the lepton and the neutrino wes not :

for various values
x.. A Rgure-of-
sat 2000 leptonic
figuresscf-merit s
account all the

more

A tov Monte Carlo was used to gererate distributions of Dir.cosh
of &, The shift in {w) as 3 funct
merit wae defined as the slope of 1A (&) e, | as 2 function of »°, assum
top decavs are observed under ideal conditions. A compar
given in Table 3. Almost 2 factor of tv
available izformetior

0 car be obtained

The simplest « calculated using o

sensitive that the n = —1 moment as suggested in Refl 3

]
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Figure 2: Comparison of the 2y and « distributions.
shift passes three sigme for 2 twice smaller value of &% whez all information from the lepton
apd geutring are used compered to the lepton energy alone, (& single opti variable
incorporating the lepton and zeutrizo information was not coastruct v: rather.
ke signficances jor the lepton znd the neutring were added together in quacrature. )

Tae effects of reali

Ty

en=rgy and direction resolution. und of zcceptance have been
ation. Most impeortant is lower curofl on momenta and the
i radians!. These efects cegrade the sensitivity

estimated using the simul
resojucion on the neutrino dizection (rms =0
by zbout 23%. Backgrounds have not been tzken into sccount. but they should be small
at threshold. For an integraved luminosity «f 30 fo=*. the statistical uncertainty would be

appraximately Ax* = 0,02,

stributions can e sensi

: probes of new ol

ies. Straight-
r lyses based on techmgues currently emploved ar LEP and 3LD zllow interes
limits to be placec on anamalies due to non-standard top form factors They could eas
be improved onee details of the detector and accelerator are hetter known.
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Direct measurement of the top quark Yukawa coupling *
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Abstract

The direct messurement of the top quark Yukawn coupling, n & light Higes scenario. by using the
process e¢” = tiH is analyzed. Altbough. the signature of the process is rather singular and,
deal conditions. should aliow & determination of the top Yukawa coupling at the level of A4 /A ~ 0.1
with 30 &™% for My < 240 GeV, our simulatios shows that, taking into account cetector effects and
background processes. in practice the measuremeat ssems o be at the limit of being possibis

1. Introduction

Even if the MSM Higgs is found, the coupling to the other fundamental particles
must be measured 1o check the Higgs mechanism. Since the Higgs coupling ro fermions
is proportional o the fermion mass squared, A} = {m,/v]” being v = (VIG)'® =
246 GeV, the Yulawn coupling for the top quark is much larger than for any other
fermion: A} ~ 0.5 whereas, for mnstance A7 ~ 0.0004. Therefore, the top quark provides
unique opportunity 1o measure the Yikaws coupling.

The top Yukswa coupling might show its effects in several observables. It has
scme effect, for instance, in the interquark potential near the top production thresheld
and hence, indirectly afects the threshold observables [1]. Rarther than these sort of
measurements, in this study we wanted to concentrate in the feasibility of 2 more direct
measurement of this coupling.

For the direct measurement of the top Yukewa coupling, two different scenzrios
should be distinguished:

{1) "Beavy Higgs™ (My > 2m,). In this case, the fermionic Higgs decays would
predominantly be inte tf, which would compete with the bosonic Higgs deczys. The
Higgs could predominantly be produced either through the "standard”™ Bjorken mech-
anism ¢*¢” — ZF or through the W fusica mechanism in vTe™ — w7 H (see fig.l) and
afterwards decay into tf. The first mechanism s predominant for energies below 1 Tel’
wheress the second one is mostly relevant for even higher energies. These procssses
constitute the basic meéchanism for Higgs searches and hence. have already been studied
in that context by several authors.

(2) "Light Higgs™ (Mg < 2m,). In this case. the fermionic Higgs decavs would
predominancly be into b5. If the Higgs is heavier than twice the I or the Z mass
they would compete with the bosonic deczys. The Higgs could be produced thorough

"Presented by S, Orteu.

~]
w

TS

=ggr=oirerivng L
cam LY
W< 2m) ) PN

Figure i: Fevaman diagrams for the processes that can be used o directly measure the top
Yukawz coupling.

“radiation” off 2 top ("Higgs-strehlung™. see fz. 1) Since the detectability of this
orocess had not been studied, that is the process that we want to discuss in detail,

Ir section 2 we present the basic features of the theoretical predietions for the
process ete” — tfF. We also compute the sensitivity 1o the top Yulawa coupling
theoretically zttainable. In section 3 we discuss the detecrability of the signal and its
sossible backgrounds and we present the analysis used 10 select the events in which
both top decay hadronically. Finally in section + we present the results of our analysis
and we draw some conclusions.

2. Theoretical aspects

At the lowest order the process eTe” — 11/ is described by three Feyoman dia-
grams (see fig. 2). For a light higgs, the contribution due to the radiazion of the Higgs
out of the Z Line is just an smell correction with respect to the rest. Therefore. the cross
section Is, in very good approximation, proportional to Al

The czleulation for the " Higgs-strahiung” with only y-exchange existed since long
time ago [2] and few years ago the complete caleulation wes also £nished [3]. Since at
the NLC energies the ~-exchange contribution dominates by far. both calculations are
in good agreement.

The total cross section. for any given value of My decreases at low Vs due to
phase space and also decreases at high /F due to unitasity. For the range of My < 2m,
the cross section is maximal around 750 GeV but reackes only O(1-10 fb) as can be
gleaned from fig. 3.

Assuming "ideal” detection conditions (100%7 acceptance and 0% backgreund
Sgure 4 shows for three different |5 the sensitivity § w0 Af 2s a function of the Higgs
mass, defined in such a way thar .

AXl=

(13

tn
=

¥

where [ stands for the luminosity 1 fo~'. Therefore. ideally one could make 2 mea-

~}
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Figure 2: Feynman diagrams for e™e™ — t2H.

surement &t tae level of AL /A ~ 0.1 with 30 b~ for My < 240 GeV.
3. Experimental aspects

Using the complete culeulation by Diovadi et al. [3] we have written a M.C. event
generator to make an experimental simulation of this process. The events have been
processed with PYTHIA sod smeared to simulate “standard detector” conditioas [4].

Assuming that the Higgs decays with 2 100% branching ratio into 46 (which is a
good zpproximation for My < 160 GeV') the signal conscists in eme™ — tEH — W=5 W -5,

The W can decay either hadronically or lepronically. In the second czse. the
existence of an energetic peutrino prevents the direct reconstruction of the W mass.
Nevertheless, if at least one of the W decays hudronicelly. then the requirement of
total energy-momentum conservation allows to recover the missing neutrine information.
Therefore, two different cases can be studied:

¢ one W — ¢f and the other W — (v which arnounts to about 38 7 of the cases, and
» botk W — g which amounts to about 37 % of the cases.

In the fiest case. we have vb j5b 56 so that the basic signature are events with a
prompt lepton plus € jets out of which 4 jets come fom b quarks, Given the fact that
prompt leptons come ziso from b decays. in practice the signature might not be very
clear. So far we have decided 10 leave aside the apalvsis of this configuration and the
study of the actuel feasibilizty of the analysis of the 4 jet plus 2 lepton configuration.

By tuking only hadronic 3% decays. then we have J7b 37 bb so that the basic
signature comsists in « § jet event which has 4 b plus 4 non-b jets which can be selected
using b-tagging plus 2 My, 2 m, and the My constraints. We bave simulated specificaily
the case in which My = 100 GeV' and our seleetion procedure had the following steps:

» Reguire > 7 jets (wheoe 2 jet can be also an isolated lepton) but force the even
afterwards to have 8 jess

77
T A T B 2 e T e M I D

Cross section (fb)

600

5 - - 5 -
3 ; g 7E Zs i
k- = £ 1 - :
I 4;\ p 5 3 "‘3'5-
£ z - ‘E\ 32
S 3F g | 52
£ 3= ' Qo2 B
2 E 2 E | 1.5 B
E £ 1%
1‘»—-
E : 0.5 £
0 C ¢ ‘ 0 T
100 150 100 200 300 200 400
MH {GeV) MH (GeV) MH (GeV)

Figure 3: Total cross section for the "Higgs-strahlung™ process as 2 fusction of My for different
Ecm-

» Discard events witk jets being just one lepton

* Apply b-tagging to the jets to clessify them into b ané nor-b jets. In this step
we bave assumed that b hadrons can be identified with verv high eBciency (we
actually take 100%) and 2 jet is assumed o be a b jet i, at least, half of its energy
comes from b hadrons. Therefore the actual b tagging eficiency thar we assume
is mot 100% but it is still very high.

o Regquire the event to have £ identified b jers.

» Find best W-mass combination for non-b jets.

e Find best H-mass combination for b jets and require 80 GeV' < My < 110 Gel'
» Check best t-mass combination for I and remaining b jets.

Figure 5 shows the W top and Higgs invariznt mass distributions obtained in this
analysis for the simulated signal events. The resolutior in the Higgs invarian: mass that
we get is of about 10 GeV'.

Concerning backgrounds. thers are, for the signature that we have chosen to
identify our signzl. at least two potentially dangerous channels:

(1) e7¢” — 127 The cross section turns our to be very simila- to the one of the
signal for My = 100 GeV, but the requirement of Z — bb introduces an additional factor
~ 10 decrease. The Higgs invariant mass cut could reduce in addition the background
if the Higge mass is sensibly different from the Z mass, which is not the case for My =
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Figare 4: Ideal sensitivity function § to A% as a function of of My for different E.. (see text
for the precise definition}.

100 GeV. our choice for the simulation. In our case. the signature of this process is
irreducibly mixed witk the one of the sigral and hence, we have net directly simulated
it but rather considered that it would contribute unavoidably to about 10% of the signal.
Nevertheless., since the cross section for this process can be predicted with even better
accuracy as the one of the signel, handling this small backgrouad. in our apinion, should
oot be 2 problem.

(2) eme — tf where, due to confusion in the jet assignment or due 1o the actual
production of additional bb pairs (for instance coming from virtual giuon emission e”e”™ —
tfg — t2bb) the signal signature is emulated. In spite of the 2 prior low probability of
such 2 background. the fact is thar, since the cross section for e¥¢™ — tf is of about two
orders of magnitude larger than the one for the signal. some background might still be
expected. We have simulated this process by using a complete JETSET simulazion.

4. Results
The results of the selection for the signal and the background ere showz in table
. For the signal, the requierement on the number of jets cuts about 50% of the events
and the b tagging keeps abour 65 % of the remaiaing events leading to 2 final eficiency
wfrer the Higes invariant mass cut of ¢, ~ 26%. For an integrated luminosity of 50 /5
hat represents zbout 50 events at £, = 750 GeV
For the tf background. table 1 shows that the b tagging cut is the main respoasible
for the rejection. In fact, what happens i that having so many jets, the probabilicy of

wrong assignment of a b tag is large and hence, many events surviving the selection are
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Figure 5: Reconstructed invariant mass distribations for the " Riges-strahlung” signal avents. In
the top mass distribution, the combinatorial background is also shown.

just #f events with no additionnel bé pair, in whick the actual b jets have been splitted
by the jet algorithmr mimicking the required 4 b jets.

Since we think that our analysis is optimistical concerning b tagging, this re-
jection could, in practice, be rather worse. The final effciency is of just few permille
but, since the cross section is 2 couple of orders of magnitude lurger than the one for
the signal. the sctual number of background events expectad is of the sume ordes of
magnitude as the one expected for the oH events. On the contrary to what happens
with the tiZ background, this background estimation might not be reliable for, at leest,
the following reasons:

e it comes “rom the tails of distributions which might not be well simulated by
PYTHIA (we may have z large svstematical uncersainty iz the background sub-
rraction) and

e its actual size depends very strongly on the detector performance (specially con-
cerning b tagging).

Therefore. even though we get a signal over background ratio of about 2. we are not
confident. at this stage. about just applying 2 simple subtraction of this background.
As ean be seen in table 1, for the optimel energy (Eqm = 730 Gel') even assuming
= 100% b hadron tagging efficiency. the total selection effclency is smaller than 30 %
and the signzl to noise ratio is below 2. Therefore, our preliminary conclusion, is that
the mensurement seems to be at the Limit of being possible and. iz any case, it is cleas

that a detailed simulation of the b-tagging i

s crucial to make a quantitative staternent



Table 1: Resulte of the experimental simulation for the Yukawa coupiing measurement assuming
an integrated luminosity of 50 fo~°

Energy (GeV) | 500 | 730 @ 1000
| ttH (signel) |
| Generated events | 10000 | 10000 | 10C00

> 7 jets 4578 | 5244 | 3216
|3 b jets 3200 | 3299 | 333
| 80 < My <110 GeV | 2755 | 2637 | 2538 |

[ x-section (fb) .95 3.6 2.8
Events (50 f6=') | 13.1 | 47.5 | 22.6

| tr{background) |

| Generated events | 10000 | 10000 | LOGQGC
> T et 917 | 1232 | 1676
4 b jets 7 31 45

|80<Mp<120GeV | 4 | 19 | 32 |

‘ x-section (fb) | 330 300 ‘ 175
Events (50 /8=%) | 11.0 | 285 | 28.0

_Signal/noise i 12 F LT | L3

about the zetual sensitivity that can be obtained in the measurement of the top Yukawa
coupling.
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1 Introduction

QCD studies in #7e” colliders at 2 TeV' will be similac in many respects to QCD
studies at lower energy (for a review of studies in ¢7¢™ collisions at 500 GeV', see
r.g. ref [1]. One will attempt to measure the strong coupling constant. scaling
violation in fragmentation functions. detailed studies of multi-jer distributions. and
the like. In this short study we concentrase of features which are novel to collisions
at this high energy. The general theoretical znd experimental ramework for QCD
studies in e—e~ collisions can be fourd in previous reviews {1].

The main problem at this energy. is how to disantangle the ff 2ad W-W'"~
backgrounds from the pure QCD di-jet or multi-jet events. The W™ cross section
is particulazly high and when the W's decay into hadrons oze will be unable to
distinguish the final state from that of two ordinary high energy jets. A typical 1
TeV QCD jet will in fact have an inveriant mass of the order of as times ] TeV,
which is roughly 80 Ge\V', of the same order of the 1" mass. In fig. | we show the

16° g : { -
s dashes: Z,/y—had., 20 (SR 2
s r. dats:  Z/v—had., mth ISR 7
£l (top ne: included) "5‘
E? :
10% gt dot—-cash: 2/y~had. E>E 1
2! ECM=2000 G=V E
a2 YN 1
- == ;— upper selid: W™ or W - had —2
= . Food lower solid: ¥ and W - hed. ]
s 10 E— I -':5'
100
E il
R o ;
£ , 1
1072 | -
500 1600 1500 2000

Figure 1. Cross sections for e™e™ into light hadrons gnd mre W pairs,
as @ function of 5. The soiid lines represent the WW cross section (upper
curve: at lecet one W hadronic decay; lower curver both W kadronic decays).
The light hadrons cross section is given by the dotted line (no initial state
rediction), end by the deshed fne (ISR wmeluded). The desk-dotied line i
the integrai of the light hadron eross section ct /& = 2 TeV, integrated ghove
c given velue of the energy of the final hadronic stele, 1 presence of ISR.

cross section for €7¢” into Light haedrons (from now on, by ~hadronic events™ we will
mean ¢T+ into light hadrons. e, top centribution excluded). and the WH cross
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Figure 2 Cross section et 2 TelV as ¢ function of the cut on the direction
of the thrust aris.

as & function of an anguler et on the thrust axis. We see that requiring cosff < 0.8
leaves us with 2 607 of the hadronic events and 407 of W events. Further work
s needed 16 clean the sample in a better way. For example. one expects in general
sbat WHT events will always have high thrust. Conversely, one ean assume that the
W events are well understoed (W decays will be similar to 7 decays. a fact that
can be verified at LEP2), end subtract them from the measured distributions.

The separetior of i events will 2lso require seme work. The relative fraction of
each favour is giver i fig. 3 Ar 2 TeV the top quark productien tepresents 2297

of the toral.

In the following sections we will study some simple varizbles which allow to
separate the variows contnbutions. and will discuss to which extent 2 separation is
indeed pecessary, A complete study of the porential for QCD studies at 2 Te\ would
require some detedled knowledge of the detector specifications. In what follows, we
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Figure 3: Floveur composition for Z/~=—q§ cs ¢ function af /5.

i1l therefore briefly comment on which detector pasameters have an impact on this
physies.

2 Conventions

We will define jets using the Durham zlgorithm [2]. in the E recombination scheme.
Unless otherwise stated. the MC studies are done using HERWIG 3] version 5.8,
and use partons as oppesed to hadrons. Namely. jets are reconstructed out of the
partons after the full shower evolution and gluon splitting, and before being clustered
and hadronized.

Ne QED ISR cor beamstrahlung have been included. as our assigned goal was
to study QCD at ezaetly 1or very close 107 2 TeV

A word of caution must be added, however. before we present the results of ous
case study: hete, we are exirepelating our current kaowledge to ¢ m. energies which
are about twenty himes largerthan those energies whick are sreseqtly available. This
is equivalent to 2 u;.pt'nctica_l attempt to prediet the physics at LEP-I based on the
knowledge of the ezzly data from SPEAR (G5 ~ 3 Gel')

ge




3 Separation of QCD and WW events

“r

to separate the twe samples without significan:ly biasing the properties
ical property of a W event is that no hard emission at large
0 g@ pairs. znd the mass of
M. Siace the W's are boasiad 1o
] . the two or more jets from their decay will coalesce into 2 single tain jer, with
upgular aperture of the order of My /1 TeV ~ 3*. Particles emitted outside this cone
cannot be too enexgetic, or else they would form together with the leading jer an
abject of inveriant mass higher than M. We tried to use this property 1o separate
WH events fom QCD events. In fiz. 4 we plot the multiplicity distribution of
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GelV right) found in the region outside cones of radtus 43° centered around
the exis of the two leading jets. QCL events {solid) vs. WV events (dashecd ).

Figure 4:  Multiplicity distribution for particles chove | GeV (left) and
]

particles above 1 and 3 Ge\ found in the region outside cones of radius 45° centered
arcund the axis of the two leading jets. The continuous lines are for QCD events.
the dashed lines for W events. From the figures we leamn the following:

s The arez cutside the jet cores is indeed muchk quieter in WW events.

e Oxnly a fraction of the order of 10t of the WW events would survive the
request that pacticles zbove 1 GeV be present outside the 45° cones. More
than 80% of the QCD sample would survive this cut.

© If we require the 3 GeV cut, only a fraction of the order of 107 of the W'
events would survive. Approximately 30% of the QCD sample would be left

e 13 is not clear how this request would bias the jets, and whether the extraction
of as from the properties of jets selected in this way would have = signifi-
cant systematic uncertainty. This issue can however be studied using shower
Moatecarlo programs.

4 Jet Production Rates and i7 Events

For the studies preseoted in this section we erated hadronic final
V3 = 2 Te\’ using PYTHIA version 5.7 [4] QCD- and hadronisation pa-
samerers as optimised to descoibe the date from LEPL. As before. effects due
to initial state radiation, beamstrahlung and detector acceptance are nor Teken

into account. Lhe Durham (k) jet algorithm (2] is used to study jer muluplic-
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Figure 5:  Integral relatize production retes of n-jet evenss (n =2, 8. 4, 3,
a

diffsrent event classes, namely for hadronmically decaying W-pair events
(g%e™ — W+W = — hedrons}. for hadronic eveats from primary ‘light” quark pairs

(€7e™ == @ where ¢ may be a u. d. s. ¢ or bguark) and for 1o quark events
i#~e~ — t7), The results are shown in Fig. 3. where the integral. relative produc-

tior rates of n-jet events (= 2. 3, 4, 5. 28] are plotted as = function of the jer

resolution parameter y.:. The following observations can be made:



From

Vews = C DL.. all W=V~ events are classified as 2-jet (VU002 » 2000 GeVl

st-events have a :'.‘.a.z]-;‘:d]y enharnced and cle‘r 5

A= Lbe rdc-::tw erf. T"f accuracy xwlh v\hl‘._ the
be measureq from the reconstruction of these high energy jets
could significantly depend on this perameter.

rop

for yar > 0.01, the 3-et production retes of @ and ¢§ events are aimost
ideatical - which is inruitively clear since +/0.01 = 2000 Ge\” > M..

these observations and other studies we conclude:

At cm. energies of 2000 GeV'. the separation of #f events from light-quark
QCD events for a typical QCD analysis. Like e.g. 1he determination of ag from
J-jet rates. seems Dot to be necessary: these event classes show similar QCD

roperties in regions where the jet resolution is coarser than the mass of the
top quark. The situation is similar 2s for b-quack events at e.g. TRISTAN
energies (/5 < 60 Ge\'\, where the mass of the heaviest quark also was abour
10% of the c.m. energy.

Iu fact we tried to separate ¢ events from light quark QCD evenrs using
kinematic variables. similarly to the separation of W=W= events described
in the previous section. While the algerithms which we devised are good in
extracting a sample of top events with good purity. they are not very good at
providing 2 pure sample of light quark QCD events which is not too bissed.
The same is true when selecting T events by requiring £ jets at y = 0.0001;
see Fig. 5.

Deresmination of as frem 3-jet event rates will be possible by analvsing rel-
atwe productios rates or by anelvsing absolute cross sections of 3-jet events.
In the first case. one has to correct the measurement a'cording to the Jarge
production of WTW™ events, which all end up as 2-jets for decent values of
Us: 20d therefore spoil the relative number of 3-iets by the overall normali-
sation. The absolute ncrmzlization of the W rate is well known within the
SM. this being a purely EW process, If we zllow for possible new phenom-
ena. we could still determine the WW rate from the data. by counting the
number of events where one of the ¥s decays lepronicaliy. The statistical
error of this measurement is compazable to the statistical error on the QCD
2-jer production rate. The use of the ebsoluze 3-jet event production rate is
not infinenced by the production of W™ puirs. provided one works with
Yeur > 0.002. This method however relies on & pood knowledge of luminosities.
acceptances and theoretical expectations. The uncertainty on these last ones
1s in principie correlated 1o that at LEPT and LEP2, and should not constitute
a major source of systematics for comparisons between results at LEP] 'LEP2

XLC.

g9

e With 5090 selected hadronic (47 and £7) events (le. :-.ftvr zbout 2-3 vears
of data teking with luminosities around 10¥s~'em™%}, we expect abou: T30
3-fet avents at v.. = 0.02, leading to a statistical precision in e of about
3%. Including '.'n" s¥stematic sources mentioned in the previous peoint, we
would estimate the fnal vocertainty on as not to exceed 5% Starting with
ae(Mz] = 0.123 = 0.002 we evaluate an expected os(2 TeV'| = 0.085 = 0.004.
Thc evidence for running would therefore be 2 clear 7 ¢ effect, On the con ary,
with the value preferred by DIS (as(Mz) = 0.111) 25 2 bouzdary condition
one should expect o:(2 TeV) = 0.078 =0.004. The diference berween the two
values 2t 2 TeV is less than 2 0. As expected. operations at 2 Tel' will not
enable ey improvement in the measuremert of Agep,

5 Fragmentation Functions
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Figure 6 Inclusive charged particls fragmentation function ot WE = M2

(deshed) end 2 TeV' (solid).

The study of the evolution of fragmentation functions provides anather interesting
test of perturbative QCD. Iz ﬁ: & we show the expected evalution of the inclusive
fragmerntation functions from /3 = Mz to 2 TeV. Although the diferences ure quite
noticeable (the fragmentation function is sefter b al:nott a factorof 2 a1 3 > 0.5

because of the Iazge.' amount of rediation given off), it is not clear 1o which exten:
such effects can be measured. The highest energy jots will be extremely collimated,

20




and fundamental parameters such as track reconstruction efficiency, fake track rates
and momentum resolution will depend very strongly on the cetector pErameters:
magnetic feld. tracking resolution etc. It is therefore impossible at this stage to
formulate 2 potential for a physics measurement based on fragmentation funstions.

In fig. 7 we plot the b fragmentation function. separated between nen-f events
and 17 events. We point out tae following features:
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Figure 7:  Inclusive b guark fragmentation function at 2 TeV. Non-tf enents
fsolid) end ti exents scoled by 10 (dashed).

e The high tail at small-z in non-tf events comes from the splitting of gluons
emizted during the evolution of light ¢f events.

* A large fraction of inclusive §'s therefore comes Tom non-b events. Measure-
ments of the direct Zbb vertex at 2 TeV will therefore be severely biased by our
capubility 1o predict the precise contamination due to events initiated by light
quarks. The requirement of double tagging on opposite jets would significant]y
reduce the noz-Zbb signal, but ar the expense of 1 loss in stavistics.

Ir addition. the only region of = in which a pure sample of non-tf events cen be
selected is far = > 0.5, Below shis value. the two fragmentation functions do
20t differ enough to allow an event-by-event separation of the two components.

¢ The average momentum of a & is of the order of & = 300 Ge\,
both iz ¢f and in gon-tf evenrs. This is more than ten times the momentum

of b's oroduced at LEP1. and corresponds to decay ienghts of the order of
i cm. The secondary-vertex tagging detectors should thereiore be optimized
accordingly. In particular, the radius should e such as to grarantee thar
the acceptaace for the decay taking place before the tracking device be Jurge
enough. Furthermore, iz compazison witk LEPI &'s at 2 TeV will be softer
relative to the remaining tracks of the jet. and surrounded by larger hadronic

activity.

Alzogether, it is therefore very ciffcult to estimate she impact of the detecter design
on the physics potential. Simple extrepolations from LEP] values could be seriously
misleading. and realistic designs and tracking reconstruction algorithms will have to
be used before numbers such as b-tagging efficiency can be estimated.
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HIGGS PARTICLES

Introduction and Summary

A, Daovapit® and P, ZERWAS!

Deutsches Elekironen-Syachrotron DESY. D-22603 Hamburg, FRG.

* frstivut fBr Theoretische Physik. Universitit Raslssehe, D-76125 Rarlsruhe, FRG

search for sealar Hipgs particles and the exploretion of the mechanism whick

brezks the electroweak symmers) 1 be one of the major tasks at future high-energy

«Te™ colliders. In previ tous studies it has beer shown that ¢™ 2~ licear colliders operating

in ‘n‘.b:-: energy range & ~ 300 to 300 Ge\' with a luminesity of [£ ~ 20 ™" zre ideal
nes 1o search for light Higgs particles

In the Ssandasd Model (SM) the Higgs mass range My £ 200 GeV is easy to cover al
these energies. This intermediate Higgs mass range is one of the theoretically most favored
ranges, allowing the particies to remain weakly interacting up to the GUT scale \ ~ 10%%
GeV [a prerequisite for 1 bative repormalization of the electroweek mixing angle
fom the GUT symmerry value 3/% down to the experimentally observec value at low
energies,. The search of intermediate-mass Hi E\_li‘:“ bosons can be carried out in thre
diferent charnels: the Higes-strahlung pracess ee” — ZH and the fusion mechanisms
WW/ZZ — H. The cross sections are large and tbe properties of the Higgs boson, in

pe

particular spin-parity quantum numbess and couplings to gauge bosons ang fermions. can
be thereughly investigated. allowing for crucial tests of the Higey mechanis

1.

[z she Minimal Supersymmestric Standard Model (MSSM ! the Higgs sector is extended
t¢ three neusral scalar and pseudoscalas ?a_‘:icle:; hiH. Aand & pair of charged particles
H7. The lightest Higgs boson A bas & mess M, £ 140 GV and can oe detected In the
ertire MSSM parameter space either in the ng_ﬁ“"kh‘mﬂ srocess, 74T — RZ. ar by

the complementary mechanism of associzted production with the D.eudosca.lar particle.
5o~ — i A Moreover. there is a substantial area in the MSSM parameter space where
the heavy [-‘x.___gs bosons car be also found: for a total energy of 300 GeV this is possible
he H. A and H™ masses are less than 230 GeV. Similar to the SM. various properties
of these Higgs hosons can de investigated

Higher energmes are Tecuirec to sweeD the entize mass range ¢f the
«V, The ':1."::_:?1 —,:;c-;::-:s will a£-«: be needed o produce and ¢
' ch as the f\iS:ﬂ\I. i

SCZAD par

T masses are larger
swx.c:'cd by grana
rreed
of the colliders with 2 c.m. energy up to 1.3 102 'Tc:\ In ‘h s report
we analvze the porential of a 1.3 Tel ¢7¢™ Lnear n:u.'.idcr. . an integrated luminosit
af 7L ~ 200 £~ per amnum to compensete for the drop of the cress sections at high

m‘v'

11y the seconc p:‘;a.*e

w
Y

cmerpies. We will study the heavy Higge particles in the Stenderd Mode he minimal
supersyTametric extension acd i other more specelative scenarios
[ the Standaré Modsl, the ms 1:1 production mechanisms of Higgs particles €7e” —

HZ apd e*e= — v Hieme H. will be discussed ané the cross sectiocs. including the
interierence between the Higgs-strablung and the fusion processes, will be given [2. The
s.O\l,DL"’ Higgs procuction progess. in which the trilinear Higes coupling can be datesmined

refore lezding o the fArst nou-trivial test of the Hiegs potential]. will be discussed
v Ref.[3. Fimally, possible effects of New Physics bevend the SM on preduction cross
sections and angular distrivutions of Higes bosons. will be summazized in Ref.4] CQD:F‘-
quences of a model in which the Hicgs doson interacts st rongly with scalar single: £
i1 # hidden sector. are described in Rell|3

Subsequently, we will investigate the properties of the heavy Hig gs _3' articies in super-
metric extensions of tae SM. We will restrict ourselves first to the minimal extension
ighly constzzined. o.;m:re;erued by anly twa free pa.rc..'neu::: at the tree-level:

Hxi:;:s mass perameter (generzlly the mass +he pseudoscalar Higgs boson M| and the
satio of the vacutm expectation "a.lu-*: of r.he two doubler fields responsible for Lhe symmme-
trv breaking. 1g3. which in grand usified supersymmetzic models with Yukewa coupling
anification is forced To be either small. tgd ~ L.5. or lazge, 183 ~ 50.

The various decay modes of the heavy CP-eves Hipas bosen H. the pseudoscalar
hosen A and the charged Hizgs particles H= will be analyzed in Ref[6, in particular the
e into supersymimetric particies. chargines. aeutralings. squ carks and slentons. The

prbc.n:uo" of the neavy Higes particles, pnﬂml"ruough the chuapels s+~ — HA d‘]G

E-H-. will be also discussed in Ref.[6] and the Cx»mmetc one-loop clectrowazk 12
corrections of the cross sections will be summarized [7 ]
multiple p"c-dz.cnun of the SM and the light MSSM H g_ :
these processes will allow us to determine the fundamental nxgﬁ trilinear co.m‘x..zs

A brief discussion of the Higgs sector in the next-io-minimal supersymmetric extern-
sion of the Standard Model. Ref {11l concludes this repert.
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Higgs-strahlung and Vector Boson Fusion
in ¢7¢~ Collisions

1 ZERWAS

W. Kittax, M. KRAMER. a¥xD PN
D-22603 Hamburg ‘'TRG

Deutsches Elestronen-Svnchkrotron DESY.

Abstract

Higgs-strehlungete™ — ZH and WW | 27| fusion eTe™ — v H (¢7e™ H lare the
most important mechanisms for the production of Higes bosens at future e™e™ linear
colliders, We have calevlated the cross sections and energy/angnlar distributions of
the Higgs boson for these production mechanisms. When the Z boson decays into
\slectron- jneutrines or e*e™, the two production amplitudes interfere. In the cross-
over region betweer the two mechanism: the fntarference term ir positive (negative)
for 7,v, (¢7¢™ | decays. respectively, thus enhancing (reducing) the production rate.

Thf- analysis of the mechanism which breaks thke electrowezk gauge symmetry
S (1)y down to U'{l)gw. is one of the key problems in particle physics. If the
gauge § ‘m.cL invoived remair weakly ln'.ﬁ"r.{t'r." up to high energies - a prerequisite for the
(perturbative, renormalization of sin® fiy Trom the symmetsy value 3/8 of grand-ucified
theories down to a value near (.2 at low energies - fundamental scalar Higgs bosons [1]
must exist which damp the rise of the scattering amplitudes of massive gauge particles
21 high energies. In the Standard Model (SM) an isoscalar double: feld is introduced
to accomodate the electroweak date, leading to the prediction of a single Higgs boson.
Supersymmetric e:xtensmu: of the Standard Mode! expand the scalar sector 16 & specirum
of Biges particles [2]. The Higgs particles have beer searched for, unwucrasft.l so far,
2t LEPY. setting a lower limit on the SM Higgs mass of my > 65.2 GeV [3]. The search
for these particles and. if found, the expleration of their profile, will continue 2t LEP2 4,
the LHC 5. and future ¢7¢™ linear colliders (6],

o™ H aT t\
z \L
e z e~

Figure 1: Higgs-strahiung cnd vector boson fuston of {C'P-tven] Higgs bosoms m e™o”
colizstons,

[z this note [see also [T]) we will focus on the production of scalar Higgs besons in ¢~e™
collisions. The rmaia production mechanisms for these particles are Higgs-strahlung (8
end WW [ZZ) fosien [8-117 [supplemented in supersymmerric theories by associated

ive will present a comprehensive

scalar) pseudoscelar Higgs parr proauciion). In partic il p
3 ‘he interplay Eetween the production mectanisms' (Fig.l}

Higgs-sirshivng: e”e” — ZH — vl (7 H)
WW fugion  : «7e” — B H it
ZZ fusion © e — e H

For é.u, and e™e~ decays of the Z bosons. the two production amplitudes interfers.

It turns out that Lhe inteference term is positive for iz, and negative for ete” decavs.
respectively, in the cross-over region between the two mechanisms. The interference effect
had been noticed earlier [8.13]: however, we impreve on these calculations by cr-n\:::
analvtic results for the energy and polar anguler distribution of the Higgs particle Eg.

i the fina) states of e¥e~ — & —geutrines and e”¢” — He7e™. This 'ep-»se_‘r,e.tur can
comfornasly serve as input far Monte Carlo generators like PYTHIA/JETSET 14] and
HZHA [15] which include the leading QED bremsstrahlung corrections and the important
back:_:mund processes.

. Total cross sections. The cross section for the Higgs-strablung process can be
writter in the following compact form:

= =1+ $sin® By are L'.c Z

,..
I
.y

4

0k

4]

H

b

o

@

o

(33

"1

i}

B.

|‘|
"
1

e

s the cen .
chacges of the electron: A = (1 —rmy——-:;;l:,-.‘r-l—nm;.; —mz|*/s) is the usual

particle phase space fuaction. So long as the non-zero widih of the Z boson® is not tzkex
inte account. the cross section rises steeply at threshold ~ s = (my +mgz 1V3E o Afrer
-saching » maximum [about 23 Ge\' above thresheld in the LEP2 enezgy range]. the cross
section: falls off at high energies, according 10 the scaling law ~ g /& asymprotically.
Thus. Higgs-strahlunag is the dominant p:oo.,'.cumn srocess for moderate values of the
enezgy. The cross section (2) for Higgs-strehlung is recuced by a fzctor 3 x BR, = 20%
if the final state of Z decays is restricted to neutrino pairs.

The rotal cross section mr the WW (ZZ) fusion of Higgs particles can be cast into 2

similarly compact form® [17}:

Trw—zhmp- 77 e

1We wili soncentraie first oo the Standard Model (SM), the sxtension 0 the Minumal Supersymmetns
Sla.. ard Model (MSSM) 15 trivial as will be demonstrated in the ast section of this nowe )
The results presentsd in this note are insensitive 1o nop-zere width effects of the Higgs boson [ 18]
For SM Higgs masses below 100 GeV, Tw 5 at least three arders of na,:n-'"cw smalier than Tz for lnzger
Higgs massss, mg can be teinterpreted as the effective wvariant mass ¢f the Higgs decay preducts
The vasiable = s the invanant mass squared of #, plus . (7 — ¥} the J-momentim ers:v.-.r squeated
from ¢+ to 7, (all momenta wn units of the twolal energy)

10¢



|7 denctes sitze: ]
W 22 fusion. respectivels. and

or maoderate Higes masses and
respect to Higge-strafilung
2 -me...cr velue of the Z-electron coupling
suppresses the .’.’4 fusion process by an additional

i

| order of magnitude compared to W
usion. At high energies. the W fasion process bccc.._er leading. nevertheless, since the

size of the cross section is determined by the 1" mass. in contrast to the seale-invarian:

Higgs-strahlung process.
{ ,,_::’_ N ¢
L= —Elleg—~2]1-=
1 s ™My

High energies, as to be anticipated for this -

channe| r.-:;-tm ge process

3. Differential cross section and inter"erencn for W fusion. The compact
form (3] for the fusion cross section casnot be maintained once the interference term
oetween vector bason fusion and H
of WU fusion the intezration varia

wrailung is incladed. Moreover, since in the case
rand y do not correspond 1o observable Quantities
he formula is useful only for calevlating the toral cross sex 1 experimental cuts
Nevertheless, similar s general case by choosing
the enerev £y and 1 of the Higgs particle as the baste variables in the
The overall cross section that will be ebserved experimentally for the

MPact eXDIressions can be de

polar an

£Te” cm. frame.
process

receives contributions

z three types of
fusion and
ve the 2 resonance:

s. u.; from W

md" for energes 3 .1&:»-

101

o

0.

s
o>

"3
—

=]

E - . I - T - - =
=
£Te" -
o Th] J
{ s = 300 Ge
-
3 =
= =
- -
I
\ N 4
ey W fusion
- -
L -
L ’l_ :
5 130
= 3
L 4
- -
Cross seciions for the processes 76" — Hov and o7e= — Hews as
¢ cross sections ¢ down to the threee compo-
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with B v —egl
T o= =
(i84 8 -
G: = (5 : 5 : L 2
& al |2 = i& + 1) log ——=
e =
vz =
v = = ]
wzz = i e e
(%

where the same abbreviations as in the formulae foliowing Eq./3). with the appropriate
replacements v — ¢ and W — Z, have been used.

v

. The cross section is written expilicitly in terms of the Higgs momentum o W Eq = mi.

and the emergy ¢, = /3 — By end invariasi mase squared 5. = € = p° 5 <he nsutring 5. erpret the results. we display the three components of the tote] cross sf-::‘:ons

pair. Iz zg<ition. the foilowing abbreviations have been adopred from Ref.'11]. sie~e™ — Hiv and cleTe” — Hee™| in Fig.2 for the linear collider energy /s T =300
o Ge\ in the cross-over region.’

While the energy di

2 for Higgs-strablung. it is aearly fat for U7 l fusion F.,_" lefry. g

' energy the iower part of the Hi gge spectoums hecomes more 3mr¢mce\. The anguiar

=)
=2 | ' tribution for Hzggs-st'dmna is almest isotropic 2t thresheld while the standard sin SR law
S, = e =
B % is approached. in accordance with the equivalence principle. &t asympt ¢ energies (Fig.d.
- . R o . . 4 ot Pimw < . = h tTast. in't 1 £S5 3l —
To derive the total cross section ciee™ — Hiwl. the differential cross section must right). The anguler disuibution peaks; by contras be W fusiGa: giocess 3x.8.=10
: . . . - g one o .. - -y
De integraied over the region and 7 for high energies as expected for {-channel exchange processes.
i . VI my 8. Polarized beams. At linear colliders the incoming electren and pesitron be
—l<esd<] and mg<fyp<c—|l+— (9 ; Foh g ~
| ' 2 < J an be polarized longitudineliy. Hlvss-stre._Han and W [usion both require oppo
i . . . - oy . - -
helicities of the electrons and pesitrons. If opra a; denote the cross sections in ¢7¢7 —
4. Differential cross section and interference for 77 fusion. Similaslv, the E iy for unpelerized electrans, positrons, lefi-handed electrons right-handed pos
overall eross section {or the process and right-handed electrons /left-banded positrops, respectively, we can easti
the notation of Eq.i3h
ﬁ e = —eTe” . . o
&y Bl =G -Gy 20}
receives contributions Og from Higgs-strablung with Z decays into electron-positron pairs. orr x 8Gs+4C0r+40u {16}
Grfrom 27 fusion. acd Oy from the interference term betwees fusion and Higgs-strahlung: gpr x GGs
N - - ~ - - - - - - v . - . - - ~ .
deiHevem)  Gimip (CevCral ax 10 The crose section for WW fusion of Higgs particies increases b a factor four. compared
: =—= vs=br+Lm = §22) {10}
i dEg decost WY ! 3= with unpolarized beams. if loft-nanded electrons and right-handed positrons are used. By
f h using sizht-banded electrons. the W fusion mechanism is switched off. "The interference
Wit = = » 3 o . . .
term canno be separated from tae W fusicn cross section |
G = Sié82 . . *Nete that Higgesurahlung domizatss VW fusion at 500 Ge\' dor modesate Higgs masses only 1 the
o g ' Lasl tetal ZH cross secuon is considatad
i N
§

e
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< 18)
- x LR
cal 12
TLL = CRR X (21
However. sinee o, « a., the difference between Ogr and T:p is suppressed.

7. Supersymmetric CP-even Higgs bosons. It is trivial to transfer all these re-
sulte from the Stancare Model 1o the Minimal Supersymmerric Standard Model ¢ MSSM
Since the couplings 10 Z) W’ gauge bosons in the M3SM are shared [26] by the CP-sven
ligat and beavy scalar Higes bosons, & and H. respectively, ouly the overall pormalizetion
of the cross sections is modified with respect 19 the Standasd Model:

L e BT
Slhssne = sintld—al x o0 H igu 22
& H‘!\gg_g;: = et F=-a wolH B3N] 23

Higes-strahluag. vector boson fusion. and the interference term ace afected in the same
way, [The angle o is the mixing angie in the (P-ever. Higgs sector while the rixing angle
3 is determined by the ratio of the vacuurs expectation values of the two neutral Higes
fields in the MSSM. A recent dscussion of the size of the coefficients sin® { cos?( & —
may be found in Ref.21]]

]
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Associated Pair Production of the SM Higgs
and the Probing of the Higgs Self-Coupling

Lezoratoize de Physique Tadorique ENSLAPP -
B.P.110. 74841 Anrecy-Le-Vieux Cedex, France

E-mail: chopin@lappnaliin2pd.f-

1 Associated Higgs Pair Production

The interest in double Higgs production is the probing of the triple Higgs self coupling. It
hes been considered in ¢”2” sometizme 2go[l’. The most efficient means for double Higgs
production is «”¢” — v &, HH (see fig. 1). Double Higgs bremstraklung (=™~ — ZHH)
is only competing at relatively low energies where the event sample is too low to be useful.
The equivalen: loop-induced double Higgs production in eTe™ has been found 1o be much
too smalll4’ and is not sensitive to the B° coupling. However, the v+ mode cap form a
Jz = 0 state aad therefore yy -+ HH is a candidate for testing the H* couplingj2’. Tt
bas been pointed cut recently that another interesting process is v — W W-HE [2
that is expected to compete with double Higgs prodaction in e”e™ . The rezson is that
ir the TeV range. W fusion processes are very muck echanced. The sub-process involved
s WHW= — HFH | where the dominant helicity amplitude is:

2 ) .
- Sl 1 4 1 Loy MR,
M = L ( . | (B gz . s
ZE 2{:353’- -2 I—:g."“ s ME TR
[} i -3’.'_ 3, =
e 4 . 3har [ L+ 35 1 g : . )
- (2= -7r)= b s (3R - 2]+ 1)
8% B = 7] 4 k‘:—.‘.fg,s)] 4 155 e (1)

Where hy 15 the anomaly in the triple Higgs coupling g, i.¢. § = Ragom Where g is
the minimal standard model coupling of H*. We also denote Bpm = Y1 =dME g s,
= ME/ME, 2 = (1= 5%)/2858g. o= cosé.

Figure 2 shows that at 2TeV, the cross sections drops precipitously with increasing
Higgs mass. Ozne can also notice that in 47 — W-W-HK the external outgoing W
{mainly transverse] are produced at small angle and take 2 large amount of energy. For
the fusion diagrams of this process, the invernal W triggers W*W~ — HH . which
implies that these diagrams domimate for  heavy Higgs. When conveluting with the
muck advertised photen spectra off3] and for My = 100GV the cross section of vy —
WW-HEFE drops by sbout at least a factor of 2 compared with the result without
convolution. For W -fusion-like processes, the internal 17s are almost on shell and one
may wonder if some structure functions could reproduce the sxact resuits.

"URA 1435 du CNRS, associce a 'EXN.S de Lyoz ot & PUniversité de Savaie,
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Figure 1: Comparison of cross sections for double Higgs production at e™e” and v+ seactions
for a light Higgs Mg = 100GV,

eI Tew ~

Figure 2: Higgs mass dependence of the » — W™~ H & cress section 2z 2TeV. The comri-
butian of the dizgrams involving the iiple Higgs vertex Signal| and the rest ‘Backgrouad) i

shown separetely. Note the sirong :nterference that occurs in the 5.V especially for large My
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Figure 3: Comparing the result of the Wy efective approximatien ‘wEWA) 1o the exact result
oFT for et e — H lleft) and v~ — WHWEH [nght) for a light Higgs and & heavy
Higgs. Also showsn is the asym
with botx outgoing W's Lransverse

ptosic znaviical cross section oar A, ¢TT is the cross section

2 The structure function approach

There have been numerous derivations of the distribution (or structure fonction) of the W
inside the light fermions (quacks and electrons) [§. For the effective W approxamatior.
the most interesting aspect concerns the Wy content, which has been used to investigate
manifestations of models of symmetry breaking and Higgs production. The Wy distribu-
tion inside the photon has only very recently been studied 7). For the case of the heavy
Higgs the approxmation s excellent, already at 2TeV. However, for = Lght Higgs, the
approXimation is not good and reproduce only the energy behaviour. 1 one makes the
: approximation that the hard process cross section is independent of the energy.
this additional “ssvmprotic” approximation caly reproduces the energy behaviour as well
as the order of magnitude (even for o hesvy Higgs. se= figs. 3).

Figure 4: The dissribution in the seconstricied aagle 97 for the signal, background and the
interference in the case of v+ — W™ W~ HH without convolution photon spectra.

3 ldentifving and measuring the Higgs triple vertex

Thers is u specific signasure of the £ coupling in all processes that we have studied. Once
we note that the two Higgses that originate from this vertex can be regarded as produced
by a scalar H° then in the cencre of mass system of the pair, the angular distribution of
the Higgses :s fat. Therefors, we suggest to reconstyuct the angle, 5", measured in the
centre-of-mass of the pair. between the Higgs direction and the boost axis or the direction
of the beam. For the “signal”! the distribution is flat, while the “background” is peaked
in the forward /backward direction (see fig. 4). We therefore consider the ratio F of events
that verify |cos(9%)! < cos{93)°, over the number of events cutside this region. Assuming
2 total int=grated luminosity of 300f57", and 2 50% effictency for the reconstruction of
the double Higgs events one obtain ~ §8 e7e” = v.7, HH events for Mg = 100GeV.
Here the coiterion for detection of aa anomaly in kg is @ 50% deviation in the expected
number of events, provided one has at least 30 events. We conclude that with the total
cross seetion one would only be able o claim New Physics of dha <« —0.7T3 or éhy > .

*Wa call *signal” the part of the amplitude that include she @Y vertex. The rese is called “backgreund”.
fcos 8 = 0.3 is taken in the following
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For Mp = 400G=l" 5.0 values will not lead to a measurement, howsver i¥ dhal > 1a
sigael will be recorded (with more than 30 events) and would be a clear indication for an
ancmelous Ay coupling. For Mz = 100Gel” where one has enough events for 2 S.M value,
the ratio R is much more powerful in constrainiag the coupling. First the event sample
within cosd7| < 0.5 13 about T ouz of §0 sutside this region. Assuming that the ratio can
be measured a1 20%. we find —.10 < 6A; < .13 [see fig. 5) which mezns a precision of
zbout 10% on ha. For 9~ — W=~ ZH and considering the effective 4+ laminosicy. for
My = 100G=V" one can hops to collect 15 events. In view of this number the coiterion
for detection of non-stendard values is 100 deviation ir the number of events. However,
for a Higgs mass of 400GeV the effect of an 2nemalons F° coupling are dramatic and, by
fer, much more interesting than in e7e™ . Requiring observation of at least 15 eveats for
My = 400GV (within the SV one sxpests only 3) useful constoaints oa the coupling
caa be st —7 < Jhy < 05 There is thus & complementarity between the =~e~ and
the vy depending on the Higgs mass in probing the Higgs triple vertex. As for the ratio
R, waking Mp = 100GV it it unlikely that with the number of total WW HH events

at vy one would bSe able to make such 2 measurement. nonetheless even if this ratic

were measured with the same precision as in e~ one would net censtrain the couplings
further than what is achisved iz the classic =* ¢~ mode. For My > 800Gel, v~ — HF
is che only reaction where useful limits can be set Thus. shere is at a 2TeV’ collider
very dee coverage of the Ay sepsivity by all three reactions.

4 Conclusions

We have seen that a 2TeV ¢7e™ collider with the realistic luminosities expected for this
machine one may hope to achieve a measurement of the toi-linear ¢ uplings at zhe level of
10% (for a light Higes). The results are also encouraging in the sense that the e=«~ and
the vy modes can cover different rangss of the Higgs mass. We find that for a light
Higgs (up to 250GV the best Lmits on the H° couplings come from =72 — vl HH

However, for heavier Higgses up to mass of 500GV, the best chaanel is the associated
double Higgs production in 4~ . For still heavier masses, the cne-loop mduced vy — HH
ts by far better. The variable R cleariy helps in discriminating the triple Higgs vertex
Ag 2 by-product we have verifled the validity of the distribution function deseribing the
longitedinal W content of the photon. We should also insist on the complemient
the 27 ¢” and the ~7 modes of the linear collider for these studies.

arizy of
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The angular distributions in the Hippestrahluog process ¢ = HZ — F 77 are
uniquely determined in the Standard Model. Wa study how these predictiops are
medified if non-standard couplings are present in the ZZH vertex, as well as lepton-
boson contact terms. We restrict ourselves 1o the set of operators which are singlets
under standard 5 303xl) wransformations. CP conserving, dimension 6. helicity
conserving. and custodial SUs conserving.

1. The Higgs-strakiung process |1
eve = HZ = Hf (1

together with the W fusion process, are the most important mechanisms for the produc-
tioe of Higgs bosons in e7¢™ collisions [2.3]. Since the Z2H vertex iz uniquely determined
in the Standard Model {SM). the production cross section of the Higgs-strahlung process.
the angular distribution of the HZ final state as well 2s the fermion distribution in the Z
decavs can be predicted if the mass of the Higgs boson 1s fixed [4]). These predictions may
be medified when deviations from the peintlike coupling are preseat. which can occur in
models with non-pointlike character of the Higes boson if or through interactions be-
vond the SM at high energy scales. Since the effective energy scale of the Higgs-straklung
process is set by the c.om. energy /5, while the fusion processes are essentially low-enersy
processes with an effective scale of the order M. new interactions manifest themselves
more clearly in the total cross section and angular distributions for the Higgs-strahlung
process (see zlse (37,

2. Operator basis. Deviations from the pointlike coupling can occur iz models with
non-pointlike character of the Higgs boson itself or through interactions beyond the SM at
high energy scales. We need not specify the anderlving theory dut instead we will adopt
the usual assumption that these effects can globally be paramererized by introducing 4
set of dimension-6 operators

al
] b
-{::ES\'['P_,_"’T\':'. {2

The coefficierts are in general expected 1o be of theorder 1/A%, where A denotes the energy
scale of the new interactions. However. if the underlying theory is weakly interacting. the
&, ¢an be significantly smaller thaa unity, in particular for leop-induced operators. (It is
assumed @ priort thet the ratio of the available c.m. energy 1o 4 is small enough for the
expansion in powers of 1/A to be meaningul.

I we restrict oursel
ssansformations of the S\ gauge group. CF conserving. ¢
cvmmetry, the follawing bosonic operators are relevant for

1. .

Oz = -“:!'-'3_!_";“ 3
1 -

Ca = ;J'u‘_"v‘ 4
) J—

O.‘S = 3¥ Pu- e

whese the gauge fields W™, B are given by the Z.+ felds. This set of operators is par-
sicularly interesting because it does not affect. at tres [evel cbservables which do zo
involve the Higgs particle explicitly. ([t is undersicod ther the felds and parametess
are (re-inormalized in the Lagrangien L in such & way le masses and the
eleciromagnetic coupling retain their physical values.]

fc addition. we copsider the following kelicity-conserving fermionic operators
induce contact terms contributing to ¢7e” — ZH:

O = D.zilfeaipi=he. 5
Ot = 1eie?iD ouigr ™ ) ~he i7i
Or = (TD 2HEprterl + hoe. {8

(£, and eg deacte the lefi-handec lepton doublet and the right-handec s ; 7
- The vacuum expectation value of the Higgs feld is gven by &b = (D v
with © = 235GeV. and the covariant derivative acts on the Higgs dovblet as D, =

#, — 1gm®W? ~ £o'B.. Helicity-violating fermionic operators do pot interfere with the

LI

SM amplitude, so thar their contridution to the cross section i€ suppressed by another
power of A%, The helicizy-conservigg fermionic operators modiiy the SM Zee coupliags
and are thersfore constmained by the measurements at LEPI fewever. it it possible to
improve an the existing limits by measuring the Higgs-strahlung process at a high-energy

e g : % e
¢~ collider since the impact oo this process Increases witk energy (71

e £ -
.
-
4
-
- = z

Figure 11 Anomalovs ZZH A ZH coeplngs end e c”ZH contact terms m the Higgs-
hlung process.

The effective ZZH and the induced ~Z 8 interacsions (Fig.l, lell diagram) may be
written
(1o,

Czzg = gzMz|— .,zvﬂ-fliz__,.z-hﬁf )
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= My 436, Addiiona, operaters 7, 7+ 3.4 and Z, A8 K are redurdant
H T.:e;' may be eliminated in faw . her operators and L::: COTTAcT tery

s equarions of motion

&y = s AP i1
= 2 , s i -

2y = Cwaa T Siplep| /.

f-l = Cursw [ —Qug = Q.p) Az

where

sw 2ad ey are the sine and cosine of the weak mixing angle. respectively,
@ same way the e2H 7 contact interactions (Fig.l. right diagram) can be defined
ft-handed elestrons and right/left-handed positrons

;Zq}f—i—c;.:é;.:lt;.;ﬂ: 14

Lozp =gz Mz’

! lag —ars) LA I3

zOR.’.\: 16

Some consequences of :hﬁe operators for Higgs production in e™e™ collisions have
Seen investigated in the past. Most recently, the effect of novel ZZH vertex Operators
and {LZH contact terms on the total cross sections for Hi iggs production has been studied
in Ref[7. The impact of vertex onerators on anguiar distributions has been analvzed
in Refs.[3 and [9]. We expand on these analvses by ¥ studying the anguiar n.:rnb itians
ior the more i:uncml case whete Doln novel vertex operaters and contact interactions
are present. The amalysis of aneulas distfibutions in the Higgs-sirahlung process (1

allows us to discriminate betweer various novel interactions. Ir & ci. the entire set of
PaTameters ag. gy, by and ey, cp can be deterreined by measuring the polar and azimuthal

anguiar distributions 2s a "":m- 0 of tie peam energy i the electron/positron beams
are unpolarized. As expected. the energy dependence o' the polar angular distribution is
sufficient to provide a co cmplete seb af measurements if xo!‘;gx'.'_'cma.-ly polarized electron
beams are availzhle®.

3. To:.a | cross section and polar angular distribution. Denoting the polar angle
erwe “ :-‘:‘ beamn axis by §. the differential eross section for the

detf G 3 qys 18070 (1= obR) g1 = 2R A3/, :
& —ny Ed AT — - 17
Zcost Hews d (1l = ;\/f-‘,. - !

to keliciny-conserving couplings. as argued before, additiacal postiron

ity

paianzation aeed BT e require

n
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Figure 2: Polar and azmuthel angles in the Higgs-stratlung srocess. [The poizr angls 6.
is defined 1n the Z rest frame.|

and the integrated cross sectjon

A= r_-""‘-' - l"’i 1= "‘R" M3/s

T— M35 g

The Z charges of the electron are definac as usual bva,=-lanér
c.m.energy squared. and A the two-particle phase space coefficien: A —img=mz|
L—'mg —mz®/sl. The coefficients al{s1=F and 5(:14R can ea.:-xlv be determined fc-'
the interactions in Ec.tnfﬂ. and (14

2 ‘:cw.s W

Qs = 2@—15—.‘:‘1- CLR 19
s 2L c:
3's R als Vi T -+ 2._'\"'5- Mz e — ( F’L] 200
Ve = € § f !

where the boost of the Z boson is given by~ = (s — ME— MEV2M VR
The modification. of the cross section by the new interaction terms has 2 simple struc:
ture. Tn-a coe':tcvem ag just renormalizes ;}_,, SM cross section. By contrast. the contace

Thc. ratio s/A? is assumned to be small enough for the restric.
tion to be mean:—-x=' | The operators Quy. Q.5 afect the

1e cross section which is independent of 4. Ther damp the fall-off of this
changing the 1/s¥ to 2 1/ beh
nce they are assoed
at hugh energies compared with toe longitudinal comporents. To illustrate tae size of the
modifications ats1** and 31siE R, we have depicted these funetions in Fip.J
special choice a, = 1.

or: nowever. these coatributions rema’n sublead-

ted with transversely polarized 7 hasons which are

for the




4. Azimnuthal distributions. The wimuthal zagle ¢, of the fermicn  is defined
as the angle between the e7.7] production plane and the [Z. [ decay plane (Fig.21. It
corresponds ;

10 the azimuthal angle of 7 in the 7 rest frame with tespect 1o the |
plane. O= general grounds, the . distribution must be a Linear function of cos 4. 3
ané gin o.. sio2o.. measuring the helicisy compenents of the decaving spin-1 Z state.
The : e terms vanizh for CP invariant theories. The cos ¢. and cos 22,
terms correspond to P-odd and P-even combinations of the fermion currents. The general
azimuthe. distributions are quite involved [4.8.9]. W therefore fesirict orreelves to the
simplified case in whick all polar angles are integrated out. i.e.. the polar angie 6 of the
7 bosor in the laboratory frame and the pelar angle &l of f in the Z rest frame. In this
way we find for the azimuthal o. distribution:

detf 8% 2za; A 1
- ,.\,_:_____A_ J ———— |]-.."“=‘}:ch. - - _(]-—.‘-{"R cos2d, (21
do. 32 vy =gl 2l DT L)
with
" T (N dswew (. ME\ T
A9RF = MR e O : [*——Z) 1
e 2} i To=ac \ § |
:  wen w4 =14 T dsew
flsi e =AMz —— iy - - 1 - 122
w2 v g

The crass seciion dattens with Acreasing cm. emerzy in the Standard Model. i.e. the
coefficients of coso. and cose. decrease asymptotically proportional to 1,5 and 1/
respectively. The anomalous corntributions modify this behavier: The cos 2. term rece
'buLior.* “hiCI] increase D'GDD‘Lwnal o \-.

E Ve
.v'-th respect to 'h.c mtal CTOSS section.

fm:c on of ::e energy. [ he sp::-..al »ho:n:r: o, = '. we have mdcpzed for ilius:ra:.ior_.

5. High-energy limit. It is instruetive to study the high-energy behavior of the
coefficients in the hmit M2 < s « A%, In this case we obtain the simplified relaticns:

a1 = = Sspew e r+ Qo (24
& LA ) ) .
=t g‘.ﬁ,l"'P?.--rc; = dsucuw {251
anc
g o ER §a- =3 ; ) o g
fits = oyl Taswow = Ui ki<t
= s (LR N == -
Jals = sierTdswoan b - O, iy
Term: which are proporzional to v, = ~1 =4l are suppressed by an order of magnitide,

If longitudinally pelacized electrons are available. t1he asymptotic value of the cocfBcients

; and cp can be detesmioed by measuring the polar angular distnbutien wich-
varvipg ibe beam energy. The analysis of the ammuthel oo distribution provides
Léditional independen’ measurements of the coef ts @y and b. On the other
the set of measurements remains .aco-npl--t-‘ for fixed energy if only unpolerizes
r=on, positron beams are used at high energies: in this case the LOEE"IF‘ DTS cannol
angled complete!: withour varving the beam =nergy withic the preasympiotic
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The hidden Higgs model at the NLC.

T. BinoTH ax2 J. J, vax oer Bu
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Abstract

We investigate the influence of mass
N1C. Ar exclusion bound is preseatec =
spage but on the other hand impt

lese sczlar singlets on Higgs signals at the
¢k restricte lacge segions of the parameter
hat for strong interaciions between the Higgs
boson and the singies fields of cen sector, detection of such 3 non stancdars
Eiggs signal can become impossitie

1. Introduction

Understanding of the electroweak symmetry breaking mechanism is one of the main tacks
iz particle physics. The determination of its naturs would be 2 break-through in our
knowledge aboat matter. So it is Important to -hink about alternatives to the Standacd
Model Higgs sector. Vasions such extensions ate availeble Maybe the best motivated ane
is the supersymmetrized Standard Madel with its importazt phenomenological imphcation
of a light Higgs boson and which allows = consistear frame for grand unified theories.
Another well understood extensicn - though in its mimimal versicn disfavoured by the
precision experiments 21 LEP - are sechmcolor theories. Though these theormes avaid
fundamental scalars. & tich bosonic spectrum of rechniguark sondensates mav exist. Thus
in both thesries. as long as they do not occus in their mintmal form. Light bosonic matter
ould be present modifying the standard Higgs signals we ars locking for at present and
fzure colliders. IF suck bosens appear as singlets under the Standard Model gauge group.
they do net fesl the color or electroweak forces. 4ut they can couple 1o the Higgs parucle

As & conseguence radiative corrmetions to weak processes are ot seasiive to the presence
of singlets 1 the theory, becaase no Fevnmar graphs contalning singlets appear at the
ons—loop level Since effects at the two-loop level are below the expenmental precision,
the presencs of o singlet sector is not tuled ouz by any «f the LEP1 preasion dete. The
only conmectior to such 2 hidden sector iz possible Higgs-singlet coupling, leading to a
nonsteadard invisible Higgs decay, The invisible decay of the Higgs boson with a narrow
widtk leads to selatively sharp missing emergy signals. well knowe from discuss:ions on

spupled hidden sect

Majoron models 2. However a strongl or counld leaé o fast Higgs

ol
decay and thereby to wide resonapces Thus would disturt tae signal te background ratio
if mecessary cuts ate imposed.

To check the induerce of 2 hidden sector we will study the coupling of 2 Higgs bosen
1o an QN symmetric set of sealars, which is one of the simplest possibibties, introdusing
only & few extra patameters in the theory The effect of the extra scalars is practically the
presepce of a possibly large invisible decay width of the Higgs particle. When the coupling
s large encugh the Higgs resonances can secome wide even for a bight Higgs boson. It was

el
t

ol

shown earlier that there will be o range of paramet=ry, where such a Higgs boson can be
seen neither at LEP mor at the LHC 11, 2]

In the next sectnon we will introduce the model together with 1ts theoresicel constraints
and in he last section we will discuss exciusion Lmits at the NLC.

2. The model

The scalar sector of the model consists of the usual Higgs sector coupled to a real N-
component vector & of scalar fields, denoted by phicns i the following. The Lagreagian
density is given by.
L = —0,67 80— A e~ 2 — 128,565 - 112w’ &
—&HENV (P —w/(2vN) F oo

«where & is the standard Higgs doubler. Couplings to fermicns and vecter bosons are the
came 2s in the Standard Model, The erdinary Higgs fleld acquzes the vacuwm expestation
value v/\/2. For positive w the F-field acguizes o vacuum expectation value. After
spontanesus symmetry breaking oae s left with the ordinery Higgs boson, coupled to the
phicns into wiuch it decers. Also the phions recsive an induced mass from the spontaneous
symmerry breaking which is suppressed by a facter 1 ' N. If the factor N is taken to be
large. the model can be analysed with 1/N—expansion techniques. By taking this imit
she phion mass remains small, but as there ar= many phions. the decay width of the Higes
bescn can become large. Therefore the main effect of the presencs of the phions is to gve
a large invisible decay rate to the Higgs bosor. The invisible decay width is given by

r‘ Wt Slsin G cos fy Mz P
B 3cMg Inta, Ma

The Higgs widts i¢ compared with the width in the Standard Model for vasious chotces of
the coupling w in Fig. 1. The model is different Fom Majoron medels (2], since the width
i« not aesessarily small. The model is similar to the technicolor-like model of Refl 4,

Censistency of the model requires twe conditions. Oae conditicn 1s the absence of 2
Landau pele below 2 certain scale A The other follows from the stability of the vacuum
up ¢ 2 certain scale. Az example of such limits is given iz Fig. 2, where & = 0 was tzken
sl the scale 2mz, which allows for the widest parameter zange. The regions of vabdity
up o a given scale A are sandwiched between the lower-left and the upper-right contour
lines in the Agure. The first stem from instability of the vacuum, the second from the
presence of a Landau pole 2t that scale.

Ta search for the Higgs bosen there are hasically two channels. one is the standard
decay. which is reduced in branching razio dys 15 the decay nto phions. The other 15 the
invisible decay, which rapicly becomes dominanat. eventually making the Higgs rescaznce
wide (see Fig. 1), In order o give the bounds we asglect the coupling « s this 15 a small
offect. We zlso neglect the phuon mass For other values of the phion mass the bounds
cun be faund by rescaling the decay widths with the appropmate phase space facter Now
we confront this two dimensional parameter space with the experimental potential of the
NLC.
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Figure 1: Higgs width m comparison with the Stenderd Model

3. NLC bounds

At the NLC the upper limits on the couplings in the present model come essentially frem
the invisible decay. as the branching ratio into visible particles drops with increasing o
Higgs coupling (w), whereas for small w one bas to consider visible Higgs decays. too.
Smee the main source for Higgs production, the Wi —fusion process, can not be used to
lock for invisible Higgs decay, cne is in princple left with the Higgsstrahlung und ZZ-
fusion reaction. For energies up to 500 GeV the Higgsstrahlungs cross section is dominant
end is of comperable size to the ZZ-fusion process even if one is folding in the branching
ratic B(Z — e7e™ g u”). The possivility tc tag an on-shell Z boson via a leptonic
system which is extremely useful for the discrimination of possible backgrounds makes
Higgsstrahlung to be the prefersed production mechanism. Thus we only have considered
reactions containing an on shell Z boson with its decay into ¢e” or g™ g~. One should
be aware that a few events from the huge WW background may survive [3], but that
the Zvw background is dominaxt after imposing the cuts defined below. Then the signal
cross section is the well known Higgsstrahlungs cross section modified by the non standard
Higgs width due to phion decay. Wich the invariant mass of the invisible phion system,
s7, 1t has the form:

[ds ) V3 T(H —B)
Tromps =2=8) = | 887 Clpmp- ozl 51 = = i =
s =K FY ¢ B (M = s — ss LI E — ALP)

We calculated the Zvw background with the standard set of graphs for Z production {Z Z-

(2
production, Wil-fusion and 7 initial. final state radiation) by a Mente Cadle program

[
(¥

Figure 2: Theoretical imits on the peremeters of the model in the w vs, My plene The
contour ines correspond to the cuteff scales A = 10°% 10%, 10° end 10° GeV

{sce Ref. (3]) To reduce the background we used the fact that the angular distribution of
the Z-boson for the signal peaks for small values of | cos 82| in contrast to the background.
Thus we 1mposed the cut cosfz < (L.7. Because we assume the reconstruction of the
sn-shell Z-boson we use the kinemasical relation £7 = {5 = M2 — 5;]/(2,/3) between the
Z energy and the inverient mass of the invisible system to define 2 second cut. Sinee the
differential cross section do/dsy contauns the Higgs resonance at s; = M, we impose the
following condition on the Z saergy:
&+ J‘J% - f:ﬂrfg b .35‘1: . & - .M’% - |‘_.'V.r5 — .'lg;l:
< Lr<

25 N
For the choice of Ap 2 comment is in order As long as the Higgs width is small one is
allowed to use small Ag. which reduces the backgronnd considerably keeping most of the
sigoal events. But in the case of lasge o~Higgs coupling. w. one looses valuable events
T2 compromise between both effects we took Ag = 30 GeV.

For the exclusion limits we assumed an integrated luminosity of 20 f67%. To define
the 95% confidence level we used Poisson statistics similar to the description of Ref. 2
The result 1s miven in Fig 3. One notices the somewhat reduced sensitivity for Mg >~ Mz
due to & resonating Z bosen in the ZZ background. For larger values of My the lmit
stems from the other Zuw backgrounds with ¥ bosons in the t-channel and kinematical
constrams. For large w the signal ceases to dominate over the backeround because the
Higgs peak is smeared out to an almost flat distribution.
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Figure 3. Ezcluston kimais ot the NLC due to Higgs searches. The dasked line corresponds
to the tnuisible, the full line (o ol Higgs decay modes.

We conclude from this analysis thet the NLC can put further limizs on the parameter
space of our invisible Higgs medsl. Note that within the kinematic range very strong limits
om w can be set. Again there is a range whers the Higgs bosor will not be discovered,

i aven if it does exist in this mass range. This has already been shown for the Higgs search
‘ at LEP and also holds true for the heavy Higgs search at LHC. We see that a suficdently

i wide nonstandard Higgs resorance would make it very diffizult to test the mechenism of .

[ electroweek symmetry breaking 2t furure colliders.
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Abstract

The production mechanisms and decay modes of the heavy neutral and charged
Higgs bosons ia the Minimal Supersymmetric Standard Model ere investigazed
at future =~ ¢~ colliders in the TeV energy regime. We generate supersymmet-
ric particle spectra by requiring the MSSM Higgs potential to produce correct
radiative electroweak symmetry breaking, and we assume a common scalar
mass Mg, gaugino mass my,» and trilinear coupling A, as well as gauge and
Yukawsa coupling uaification at the Grand Unification scale. Particular em-
phasis is put on the low tan § solution in this scenario where decays of the
Higgs bosons 1o Standard Model particles compete with decays o supersym-
metric charginos/nentralines as well as sfermions. In the high tan 3 case, the
SUpersymmeinic spectrum is either toc heavy or the supersymmerric decay
modes are suppressed. since the Higgs bosons decay almost exclusively inzo
b znd 7 pairs. The main production mechanisme for the heavy Higgs parti-
cles are ths associated A production and F~#~ pair production with eress
sections of the order of a few fb.

1. Introduction

Supersymmetric theories [1, 2] are generally coasidered to be the most natural extensions
of the Standard Model (SM). This proposition is based an several points. In these thec-
ries, fundamental scalar Higgs bosons (3, 41 wish low masses can be retained in the context
of high unification scales. Moreoves, the prediction 5] of the renormalized electroweak
mixing aagle sin’ 6y = (0.233¢ = 0.0017, based oo the spectrum of the Minimal Super-
symmertric Standard Model (MSSM) /€], is in striking agresment with the electrowesk
precsicon data which vield sin®éye = 0.2314{3) (7). A= additional attractive featurs is
provided by the opportuaity te generate the electroweak symmerry breaking radiatively
|8, I the top guark mass is in the range between ~ 130 and ~ 200 GeV, the universs
squared Higgs mass parameter at the unification scale decreases with decreasing energy
and becomss negative at the electrowesk scale. thersby breaking the SU(2)y » Ullly
geuge symmetry while leaviag che U(1) electromagnenc and STUT2) color gange symme-
sries intact '8 The analysis of the electroweak data prefers a light Higgs mass 7 2 as
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predicted in supersymmetric theories; however since the radiative corrections depend only
logarichmically on the Higgs mass (107, the dependener is weak and ne firm conclusions
can yet be drawn.

The mote than doubling the spectrum of states in the MSSM gives rise to a rather
large proliferation of parameters. This oumber of parameters is howaver teduced drasti-
cally by embedding the low—energy supersymmetric theory into a grand unified [GUTI
framework. This can be achieved in supergravity models |8, in which the Sective low-
energy supersyminetric theory [including the interactions which break supersymmetry) is
descrided by the following parameters: the common scalar mass myg, the commen gaugino
mass m; 2, the trilinear coupling A, the bilinear coupling 5, and the Higgs-higgsino mass
parameter g In additicn. swo parameters are needed to describe the Higgs sector: one
Higgs mass parameter jin geaesal the mass of the pseudoscalar Higgs boson. M, aad the
ratic of the vacuum expectation values, tan 8 = 'vy. of the two Higgs doubler fields
which break the electrowezk symmerry.

The aumber of parametess can be further reduced by introdueing additional con-
straints which are based on physically rather natural assumptions:

(z] Unification of the b and r Yukawa couplings ar the GUT scale [117 leads to &
correlation between the top quack mass and tan 5 [12. 13, 14). Adepting the central value
of the top mass as measured at the Tevatron (15, tan F is restricted to two narrow ranges
sround tanf ~ 1.7 and tan § ~ 30 with the low tan § solution theeretically somewhar
favored [14]

(:2] If the electroweak symmetry is broken radiatively, then the bilinear coupling B
end che Higgs-higgsino mass paramster gz are determined up to the sign of . [The
sign of 4 might be determined by future precision measurements of the raciative & decay
amplitude. |

{z7} It turns out ¢ postemiors that the physical chservables are nearly independent of
the GUT scale value of the wrilineer coupling 4g. for 4z < 500 GeV.

Mass spectra and couplings of all supersymmetric particles and Higgs bosons ace
detesmined after these steps by just two mass parameters along with the sign of u; we
shall choos= to express our results in terms of the pseudsscalar Higgs boson 4 mass M,
and the common GUT gaugino mass my .

In this paper we focus on heavy Higgs particdes 4, 5 and H= with masses of a faw
hundred GeV. and thesefore close to the decoupling limit 18] The pattern of Higgs
masses 35 quite regular in this hmit. Whie the upper mit on the mass of the lightest
CP-even Higgs boson & is 2 function of tan 5 (17

M, £ 100 to 150 GeV  for low o high tan 3 {1.1)

My = Mg =~ Mpg- (1.2)
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Moreaver. the propesties of the Bghtest CP-even Higgs bosen & become SM-like in this
limic. The production of the heavy Higgs bosons becomes pesticnlarly simple in ™™
collisions; the heavy Higgs bosons can oaly be pair-produced,

emem - AH {1.3)

e"e” = HTHT (1.4}

Close to this decoupling limit, the cross section for H Higgs—strablung e”e™ — ZH is very
small znd the cross section for the W fusion mechanism £7e” — », 7. H is appreciable
ozly for small values of taz 3, tan § ~ 1, and zelatively small H masses, Mg £ 350 GeV.
The eross section for 27 fusion of the & is suppressed by an order of magnitude compared
to W' fusion. The pseudascalar 4 particle does not couple to W/Z boson pairs at the
tree level.

The decay pattern for heavy Higgs bosons is rather complicated in general. For la:gc
tan & the SM fezmion decays prevail. For small tan 3 this is true above the ¢f threshold of
Mg 4 2 350 GeV for the nencral Higes boscns and above the {8 threshold of Mp= 2 180
GeV for the charged Higps particles. Below these mess values many decay chanzels
compete with eack other: decays to SM fermions ff [and for 5 to gauge boscns V'V
Higgs cascade decays. chargino/nentreline x;x; decays and decays to supersymmetric
sfermions _‘,E f

H = ff VV ., ki, KXy . f}: (1.51
A = ffLRZ . xxs. Ff {1.6)
H= = ff . RU™= | xoxs . f;: (1.7)

In this paper. we analvze in decail the decay modes of the heavy Higgs particles and
their production at e~¢” linear colliders. The anaiysis will focus on heavy particles for
which machines in the Te\ energy raage are aeceded. The peper is orgamized in the
following way. In the next section we define the physical set-up of our analysis in the
framework of the M3SM embedded inte = mimmal sppergravity theary. In section 3.
we discuss the production cross sections of the heavy Higgs bosons. In the subseguent
sections, we discuss the widths of the various decay channels and the final Higgs decay
procucts

The Physical Set-Up

The Higgs sector of the Minimal Supersymmetnic Standard Model is described at tres-level
by the following potential

Vo = (mg, —p®) B*+ (mp, ~u")iHP - mifc..-‘f‘fx‘-‘fz’ +h.c]
1 - ¥ = s" 1 2 . \
~21g+ %) 187 = P - 3918} (2.1)
-

The quadrauc Higgs terms associat ed with u and the quartic Higgs terms coming with
the electrowesk gauge couplings ¢ ané ¢’ are invariant under supersymmetric transforma-
tions mg,, Mz, 20d my are soft-supersymmetry bresking perameters with mi = Bu
£y (8.3 = '1.2 and g2 = 1) is the antsymmetric tensor in two dimensions and H, =
(Hi HP) = (B, H;), Ha = (B} H}) = (Hy, H3) are the two Higgs-doublet fields. After
the symmetry brezking, three out of the :mualhr eight degrees of frecdom will be 2bsorbed
tc genesate the W= and Z masses, leaving a quintet of sealar Higgs pacticles: two CP-
even Higgs bosons k and H. a CP-cdd [psendoscalar’ boson A zad two charged Higgs
particles H=*

Retaining caly the leading] Yukewa couplings of the third generation

i~ = F=g
/9. "1 /.
VaTRg ~My P LT j
A= — . /\¢= = apd A-= . 2.2)
vsin 3 veas o U COs 3

-

where tan 8 = v /vy [with v = -.:; - E fixed by the W mass, v = 246 GeV] is the ratio
of the vacuum =xpestation values of the felds A7 and A7, the suac:aon::mal is given in
terms of the superfields @ = (2.8) 22 L = (=) by’

W= 6 [AWHIQH = AHIQ M HLie* — wHH|

o
&

Supersymxmetry is breken by introducing the soft-supersymmerry breaking bine B, wino
e le =1-3] and gluino §° [a =1-8] mass terms.

1 1 =, 1 -
soft—supersymmetsy breaking trilinear couplings,
&; el HQIE = M HIQY = A A H 7 — uBH, Hi| (2.5)

and soft-supersymmetry breaking squark and sleptoz mass terms

ME[G L, = bibu] — Miigta + M8abe ~ MIFI7L + 2opvig) - METRie = - (28]
where the ellipses stand for the soft mass terms corresponding to the first and second
generation sfermions.

The minimal SUSY-GUT mode! emecges by requiring at the GUT scale Mg:

() the unification of the U(1), SU(2) azd SU(2) coupling constants & = g7 /4w i = 1-3],

as(Mg) = ax(Mg) = a:{Mc) = ag (2.7)

‘Note that our copvention for the sign of 4 s consisten: with Ref. 18], which is opposite o the onc
adopted in Ref.[19).



(2) 2 common gaugine mass. the M, with : =1-3 at the electroweak szale are ther related
shreugh renmormalization group equations {RGEs)

e gangs couplings

Mz .
s BME) (2.8]
G
(111} a universal tribnear couplng A
Ao = ,-1:(.1{6 jl = .-flg,'_\-fc:' = Al '.f;;“ 29'
[#21] & universal sealar mass myp
mg = Mog=My=Mp= M =M
= mu| ."-tg] = mg:[‘."rfg ‘_l (210)

Besides the three parameters m, p. Ag 2nd m, the supersymmetric sectar is described
at the GUT scale by the bilincar coupling By and the Higgs-higgsiro mass parameter
kg The cheoreticallv attractive assumption that the electroweak symmetry is broken
radiatively constrains the latzer two parameters. Indeed, radiative electrowesk symmetoy
breaking results in twe minimization conditions see Ref.[19] for devalls of the Higes
potential; at the low-energy scale in the tree approximation, they are given by

1 2 x 2

1. .. ™y, — mp tan® 3 o

A = B & -t (2.11)

- tan~ 5 — 1 ’
Bp = (my +m} - 247)sin25 (2.12)

For given values of the GUT parameters m, . mo. 45 2s well as tan 3. the first min-
mizaticn equation can be solved for g [to within = sign); the second equation car then
be solved for B. Since m% and m¥, are related 1o M, through the RGEs, the solution
for p and B can be approximately expressed as a function of M, and tan 3. The powes
of supergravity models with radiative electroweak symmetry breaking becomes apparent
when one incindes the one-loop contribusions to the Higgs potential. It is through these
one-loop terms that most of the supersymmetric particle masses are determined: the min-
imization conditions 'which are also solved for u to within a sign and B| fiz the masses
in order that the electroweak symmetry is broken correctly, e, with the correet value of
Mz. [U(1)gn and SU(3) remain unbroken of coursel. The one—loop contributions and the
minimization cquations are given in Ref. 18] to which we refer for details

A heavy top quark is required to break the slectrowszk symmetry radiatively, since
it is the large top Yukawa coupling which will deive one of the Higgs mass parameters
squared to a negative value. Asemphasized before. the additional condition of unification
of the &~= Yukawa couplings gives rise to stringent consiraints on tan 3. The attractive
idea of explaming the large top Yukewa coupling as = result of a fixed point solution of

the RGEs

wds o 3 selationship besween M. and the angle 3. M, ~ (200 GeV)sin & for

133

teand = 10, giving a further constramnt on the model

To limit the parameter space further. oae could require that the SUGRA model is not
fine—tuned and the SUSY breaking scaie should not be too high, a constraint which can
be partienlarly restrictive in the small tan 3 region. However. the degres of fine~tuning
which can be considered acceptable is lacgely a matter of taste. so we disregard this 1ssue
n our analysis

We now detail the calculations of the supersymmetnic particie spectrum more precisely.
We ncorporate boundary conditions at both electroweak and GUT scales, adopting the
ambidextrous approach of Ref[18]. We specify the values of the gauge and Yukawa cou-
plings at the clectroweak scale, i partcular M. tan 8 and a,. The gauge and Yukawa
couplings are thes evelved to the GUT scale Mg [defined to be the seale 4 for which
@:(] = a:()] using the twe-loop RGEs [13]. At Mg we specify the soft supersym-
metry breaking parameters mya, mq and Ag. We then evolve parameters down to the
electrewsak scale where we apply the one-locp minimization conditions derived fom the
one-loop effective Higgs potential and salve for p to within 2 sign and B [we then can
integrate the RGEs back to Mg aad obtain pe and Bg]. By this procedure. the su-
persymmetric spectrum is completely specified; that is, we generate 2 unique spectrum
corresponding to particular values of m. 2, mq, Ag. t2n 3 and the sign of g It turns

out that the spectrum is nearly independent of Ap, for |Ag! < 500 GeV. Iz most of our
: 3 E ' dcl &

calenlanons. we sebstitute a particular value of M, for me in order to introduce 2 mass
parameter which can be measured directly.

We discuss the SUSY spectrizm and its phenomenoclogical implications for two repre-
sentative points in the M—tan 3 plane®. We chosse MP™ = 175 GeV, consistent with the
mest recent Tevatron azalyses (137 throughout our caleulations, and values of tan 8 = 1.75
and 50, which are required (withiz uncertainties) by 7 unification at Mg. In particular.
we emphasize the low tan 8 solutions: they ace thesretically favored from considerations
suchk as & — sv 21| and cosmological comstraints '22] The low tan & soluticns gener-
ate much lighter SUSY spectra, more likely 1o be seen at future e« colliders. In both
the low and lugh taa 3 regions we take® o,(M,) = (.11F [23] and Ag = 0. though tke
qualitative behavior in each region should 2ot depend greatly on these parameters.

{a) Low tea 3

As a trpical example of the low tan 3 region we consider the point M7 = 175 GeV ancd
tan 3 = 1.73 for which A (Mg) Les in its “fixed-point” region 12, 14]. IF M, is fixed, the
scalar mass paramerer mg can be caleulated as a funcuon of the common gaugmno mass
parameter my i so that all Higgs and supersymmerric particle masses can in principle be
parametenized by m; ;. The correlaticn between my and m. . is shown in Fig 2 for three

mencal analvais is consistent with the numbers abtamned in Ref '20], onge therr value of 4. in
ed. We thank W de Boer for o discussion on this point,

IThis correspends to the sip® G valte queted and compared with the high-predision electroweak
axalvses 1o the Introduction.




values of My = 300,600 and 800 GeV in the low zan J region.

Some of the parameter space is elready eliminated by =xperimental bounds on the
hght I-hggs mass. the chargino/neuntralino masses, the lichi stop mass, the slepton masses
and the squask/gluins masses from LEP1 /1.5 and the Tevatron [24]. The lower limits are
indicated by the non-solid lines in Fig.2. Low values of m,» £ 60 GeV are excluded by
the lower Bound on the geugne masses. For p > (. the bound from the negative search
of chorginos at LEP1.5 wimost rules out completely the scenazio with M, < 300 GeV. £
the h boson is not discovered at LEP2, Le. if My, 2 95 GeV. the whole i < 0 scenasio [for

myzmy < 300 GeV can be excluded, while for 2 > 0 only she my; > 200 Gel range
[which implies very large values of M| would survive. The requirement that the lightest
neutraling is the LSP, and therefore its mass is larger than the lightest 7 mass, excludes
2 small edge of the parameter space [dotted lne at small my with m;» > 200 GeV in
the i < 0 case.

The masses of the Higgs bosons are shown in Fig.3a 2s a function of myys fortan 5 =
1.73, both signs of x and for two representative values of me = 100 and 500 GeV. The
Lightest Higgs boson has 2 rather small tree-level mass and M}, comes mainly from ra-
diative corrections; the maximal values [for myz ~ 400 GeVl aze M7 ~ 90 GeV for
g < 0 and ~ 100 for p > 0. Beczuse the pseudoscalar mass is approximately given
by M} ~ Bp/sinl3 ~ By ‘at the treelevell and since Sp vurns out to be large
n this scenario. the pseudoscalar A is rather heavy especially for large welues of mg,
and thus is elmost mess degenerate with the heavy CP-cven and charged Higgs bosons,
My ~ Mg ~ Mg=. Note that M is below the &f threshold, My < 350 GeV, onlv f my
and my,y ave both of O1100) GeV.

The chargino/neutraline and sfermion masses are showa Fig.3b-d as = function of
my;; for the two values M, = 300 and 600 GeV and for both signs of g In the case of
charginos and neutralinos, the masses are related through RGEs by the same ratios that
describe the gauge couplings at the electrowezk scale. The LSP is almost bino-like [with
2 mass mye ~ M. while the next—to-lightest acutraline sad the hgh est chargino are
wine-like thh masges my: ~ Moo ~ My ~ 2m,. . The heavier neutralines and chargine

are primarily hzggmos w;t.. masses mes ~ My My ~ Note that the masses
approximately scale as M, and that the deeay of the heavy scalar and pseudoscalar Higgs

busons into pairs of the heaviest charginos and neutralinos is kanematically not aliowed

The lefi- and right-handed charged sleptons zad sneuttines ace almost mass degen-
erate. the mass differences not exceeding O(10} GeV; the mbdng in the = secter is rather
small for small tan £, allowing one to treat all three generations of sleptons on the same
feoting In the case of squarks. only the first two generations are degenerate, with lefi~
and right-handed squarks haviag approximately the same mess. The mixing in the szop
as well as in the shottom sector leads to a rather substantial splitting between the two
stap or sbotiom mass e:genstates. QOnly for small values of My and for p < Qs l:'a; the
lightest squark: otherwise £, is the lightest squack state. Note that the squark masses
imrrease with my; and that they scale as M, ie. as g The sl=pton masses decrease

b
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with inersesing m..s this is ¢ee to the fact that when m. o incresses anc M, is held
constant, mg decrenses ‘see Fig.2. and the dependence of thc slepton masses on mg 15
strenger ‘for fixed my, the slepton masses would increase with increasing my

{b) High tan &

In this region we take tan O & = 30 zs a representative example. a value consistent with
the wnification of the ¢, b and = Yukewa couplings. The set of possible solutions m the
parameter space .y 2, M| for Mg = 300 and 800 GeV is shown i Fig 4. At tzn 3 = 50
and M7 = 175 GeV. we find selunions only for i < 0; this is 2 result of the large one-
loop contzibution te My, the sign of which depends on p [25]. The boundary contcu:w
gven in the figure correspond to tachyonic solutions in :hc parameter space: mi < 0,
M2 < 0or M? <0 at the tree-level The latter constraint is important for algonth:nu.
reasons: M7 at the tree-level enters into the minimization eguations in the form of 2
Iog_mh::[ [19]. Alse the requirement of the lightest nentrafize to be the LSF excludes 2
small sdge of the parameter space at small values of my; thus explains why the curves for
M4 = 300 2nd 600 GeV do not terminate for low mg values.

Particle T Mass (Gel) Mass (GeV) Mass (Gel) Mass (GeV)
My 300 300 | 500 5730
(s . ) (364230, |  (352.80C) 7602.300) 380,300
540 810 SR 1524 !
t.0 3 562,817 753806 IS 1136,1325 |
by b 389 78T 1159,1260 12201312
0. ta 351,609 [ 4en 1378 1386.1628
21,62 878.912 | TR 1582,1630
T 165,365; 325 | & 255,317 485 585.812; 798
&1, %2 U. 280,360; 351 813838835 | 381315313 833,501; 838
“ . 268 498 361,338 452,764 | 3709
%4 | 13% 268,465,466 | 130,261,506.58% 239,452,754.763  284.443,771,778

MpMg= Mg Ms 300,313300,125  300,313,300.12¢ |

Tab.l: Particle spectra fos MPS = |73 GeV, tand = 50 for selected M, my 3 and mg velves.

The sparticle spectra for My = 300 and 600 GeV and two sets of my o and (extreme)
me valtes are shown in Table 1. In all these cases, the particle spectrum is very heavy;
hence most of the SUSY decayv channels of the Higge particles are shut for large tan 2,

0y



x? and H= — 5 for large M,
chaunels are suppressed by large

Thers are additional experimental constraints on the parameter space for both high and
‘ow ten 3 the most important of these ate the b — s~ 7 — b5, and dark matter irelic
LSF ebundance constramss. These comstraints are much more restrictive in the high
tan J case.

Recent studies 21 have indicated that the combdination of & — s~. dark matter
and my; cesstraints disfaver the high tan 3 selution for which the ¢, b and = Yukawa
couplimgs are equal, in particwlar the mimmal SUSY-SO(10) model with universal soft-
supersymmetry breaking rerms at Mg, This model can, however, be saved if the so terms
are oot universal implying 2 higgsino-like lightest nencraline, and there exist theoretical
motivetions for non-universal soft terms at Mg [26]. The presently favored £ — bb decay
wideh weuld faver a very low 4 mass for large tar 3

For low tan 3, these additional constraints de not endanger the model, yet they can
significantly reduce the available parameter space. In pasticular the Z — b5 constraint
favors a light chargine and light stop for small to moderate velues of tan 8 127, 28] so
that they could be detected at LEP2 [28]. The dark matter constraint essentially places
an upper imnt on me and my oy 28] The b — s~ constraint (30, on the other hand. is
plagued with large theoretical uncertaintios mainly stemming from the unknown next-to-
leading QCD correstions and uncertainties in the measurement of a,(Mz). However, it
15 consistent with the low ran J solution and may in the foture be usefal in determining
the sign of u (31

3. Production Mechanisms

The man produstion mechanisms of neutral Higgs bosons at «™e~ colliders are the Higgs-
strablung process and pair production,

‘a) Higgs-strahlung e — (ZY=Z=h'H
b1 pair production Te” - Z)—A-h'H

as well as the W and ZZ fusion processes.
lel Fusion processes ee” — v (WW) —=ow ~4/'H

27e” — e (ZZ) = T~ H

The CP-od¢ Higgs boson 4 cannot be produced in the Higgs—strahlung aad fusion pro-
cesses o leading order since it doss not cowple to 1V pairs. ] The charged Higes particle

-1
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can be pair produced through virtual photon znd Z besen exchange.

(d) charged Higgs eTeT = (827 — HH-

[For masses smaller thaa ~ 170 GeV, the charged Higgs boson is alss ace

e essible in top
decays, e*e” — tf with t — H75]

The production cross sections® for the neutral Higgs bosons are supsressed by mixing
angle factors compared to the SM Higgs production,
cle”e” — Zh), o(VV = k), alee” - AH) ~ sin?3- @) (3.1)
oleTe” = ZH), o(VV = H) | ce7e” — 4A) ~ cos* (3 - a {3.2)
while the cross section for the charged Higgs particle does aot depend or any parameter
other than Mpg-.
In the decoupling Limit, My > Mz, the VI coupling vaniskes, while the AV
coupling approaches the SM Higgs value

gevy = cos(§—a) — Misindf2M2 1
sin(8 — o) — | ~ O(ME/MY) =1 (

.3)

I
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Hence. the only relevant mechanisms for the production of the heavy Higes bosons in this
limit will be the associated pair production (b) and the peir production of the charged
Higgs particles (d). The cross sections. in the decoupling limit and for /& 3 M. are
given by [we use Mg ~ M,]

- - GEME . . . .,
oleTe” — AH) = —Q%::?-w;—a;),?; (2.3)

olere — BoH-) = 2CEMusy {1 P M- { P
I=s Ssf-ch 26k sk |TF

where 8: = (1 = 4M7/s}? is the velocity of Higgs bosons, the Z couplings to electrons

ae given by 6. = —l.v, = ~1 ~ 4sin” fp, and 10 the charged Higgs boson by vy =

=2 ~ 4sin® G The cross sections for kA and HZ production venish in the decoupling

limit since they are proportional to ces*(d — 2.

The cross section for the fusion process. = e” — pu K s enhanced at high energies
stace it scales like Mz7log s/ ME. This mechanism provides therefore 4 usefl channel for
H production in the mass range of = few hundred GeV below the decs pling Limit and
small values of tan 3. where c9s?(3—a) is not prohibitivelv small; the cross ssction, thaough.
becomes gradually less important for imereasing My and vanishes in the decoupling Limis.

*The complete analytical expressions of the cross sections can be found, e.g.. i Ref.[32]. Note that in
this paper there are a few typos that we comrect here: in =0.(20), the facser 92 showld replaced by 96; 1o
the argument of the A fanction of the demominatar iz e5.(21}. the parameter M3 should be replaced by
ME,; finaliv, the minus ign in the mnzerference term in 2q.(25) should be replaced by 2 plus sign

e



Io the high energy regime, the WW — H fusion eross section s well approxdimated by
the sxpression

o(eTe

OMEN 53
—2('—-——»»3':05“
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obtained in the effective jongitudinal W approximarion. Since the NC couplings are small
compared to the CC couplings, the cross section for the ZZ fusion process is ~ 16 cos® Gy,
1.¢. one order of magnitude smaller than for W fusion.

Numerical results for the cross sections are shown in Fig.5 at high-energy ¢~ ¢~ colliders

as = function of /5 TeV for the twe valves taz 3 = 1.73 and 50, and for pseudoscalar
masses My = 300, 600 and 300 GeV note thar Mz > Mgz = M, as evident from Figs.
1 and 3a]. For a luminosity of [ £ = 200 fb~*. typically a sample of about 1900 H .4 and
H~™H™ pairs aze predicted for heavy Higgs masses of ~ 500 GeV at /s = 1.5 TeV. For
small tan 3 values, taa 8 £ 2, 2 few hundred events are predicted in the WW — H fusion
process for A masses ~ 300 GeV. The cross sections for the hd and HZ processes are
00 low, less thar ~ 0.1 fb, to be useful for Mg > 300 GeV, Fig.3b.

Note that the czoss sectioas for the production of the lightest Higgs boson & in the
decoupling limit and for /5 3> Mz, My are simply given by

TleTeT = ZZ)] = ] 3.8
gle”e” — D k) = (3.8)

The cross sections are the same as for the SM Higgs particle and are very large ~ 100 i
especizlly for the Wi fusion mechenism,

4. Decay Modes

4.1 Decays to standard particles

5

For lerge tan & the Higgs couplings tc down~type fermions dominate over all ather
couplings. As 2 result, the decay pattern is in general very simple. The nentral Higes
bosons will decay into #b and 77~ pairs for which the branching ratios are close to ~ 30 %
and ~ 10 %, respectively. The charged Higge particles decay inte =v. pairs below and
nte 3 pairs above the top-bottom threshold

The partial decay widths of the neutral Higgs bosens®. 4 = ¥ and 4, to fermions are

pven by [4

“We refraon from a discmssion of the & decays which becsme SM-like in the decoupling Lmic In
addition, we discuss only the dominant twe—bedy decay modes of the neavy Higes bosons: far an updated
and mare detailed discussion, including alse thrme-body decays, sve Refli33).

[
w

with p = 3(1) for the CP-cven (odd) Higgs bosons; 8; = (1- 4m? ‘M3 is the veloaty
of the fermions in the final sate, N, the cclor factor. For the decay widths to quark pairs,
the QCD radiavive corrections are large and must be included: for a recent update and a
more detailed discussion. sec Ref 347,

The couplings of the M3SM neutral Higgs besons [normalized to tke SM Higgs coupling

o +1/2 = 1/2 5 N .
St = V’?G;J my 2nd ggg, vy =2 \‘26;-} M3 are given in Table 2.

| |

| 2 ! Gpau Gean !\ gavy

| i

| . f

i b cosa/sind | —sine/cosd | dn(B-a) |
- 1 "l . - | »

| H | sime 'sind cos e/ cos 3 cos(§ - a]

| A l/tan 3 tan 3 o

Tab. 2: Higgs beson couplings in the MSSM o fermioas ané gauge bosorns relative zo the SM
Higgs couplings.

In the decovpling limnit. My 3 Mz, we have

) Mo . "
cosa ~ sinf—cos s sindd — sinJ (4.2}
2003
oA .
simax ~ =cosd-sinS—=sin48 — —cosl 4.3)

M35

Therefore the AfF couplings zeduce to the SM Higgs couplings. while the & ff couplings

become equal to those of the pseudoscalar bosca A4,

cosc/sind —
-sing, cosf — 1
—-sipe/sind — 1/tand

cosacosd — wanf (4.4)

The partial width of the decay mode 5~ — ud is given by

) NG N
T(H"~ —ed) = W2 qr R

= s

4\""‘_,5':: :"vlraz
(843 =t ) (mipas’s = i) = amind] (49
with 1z the CKM-type matrix element for guarks and A is the two-body phase space

function defined by

Mg = (1= M7IMZ - MEIMEV - aMEIME M} {

1 -

=
o

[
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For decays into gquark pairs. the QCD corrections must be alsc included.
3 g “

Below the £ threshold. a vasiety of channels is open for the decays of the keavy CP-
even Higgs boscas. the most important being the cascade decays & — & with & = & or
A, with a partial widitk for real light Higgs bosons

whers 3y = (1 — 4] M5 ? acd the radiatively comrected three—boson self-counlings
, R ac i ) PLOE
to leading order, in unite of g = (V2Gr} /2 M2, are given by

; 2
. . ; « sinaeos’a .
gean = 2smlosin(i—a)—coslaces(f-a) -3 —m— F— (2.8)
) Mi  sin3
., & smeces 3
grax = =—cos2fcos(f—al +

ﬂtf‘—fv sin &

In comtrast to the previous couplings, the leading m! radiative corrections cannot be
absorbed entirely in the redefinition of the mixing angle . but they are renormalized by
an explicit term depending on the parameter < given by My is the commen squark mass
at the electroweak scale]

i (o ME
3Ge .7"1 10‘5{ G

= — % 4= (£.9)
V2=sin® § my 'l *
In the decoupling lirait. these couplings approach the valnes
FBR — 3 sin 48
) S P
FEAA — —;sméu (4.10)

Iz the mass range 2bove the WW and ZZ thresholds. where the HVV couplings are
et strongly suppressed for small valnes of tan 3, the partial widths of the H particle into
massive gauge bosons can also be substantial; they are given by

VIGF cost(a — 3)

[(H - V) = o ME(l — dny + 1263 )(1 —day )P 8L (411)
with sy = ME/ME and 6 = 2(1) for V = W(Z)

For small values of tan 2 asd below the & and the th thresholds. the psendoscalas
and charged Higgs boscns can decay into the lghtest Higgs boson & and a gauge bason:
however these decays are suopressed by cos®(8 — &) and therefore ace very rare for large
4 masses. The partial decay widths are given by

Greos?(8—a) M5 ..

T4 —aZ) = £ M.
| nZ| 5\-2-'_- “l"rd Zh.A
HE-a) My
F(H- —awe) = Srees(8-a) M B

Mg=

In the deconphng limit. the pactial widths of all decays of the heavy CPseven, CP-
edd 2ad charged Higge bosons inveolving gauge bosons vanish since cos®(5 - a] — 0 In
addition, the & — hh decay width is very small sinee it is wmvessely proportional to Mg,
and H — 4.4 15 not allowed kinematically. Therefore, the only relevant chaznels are the
decays into bb/#t for the neutral and t5 for the charged Higgs bosons. The total decay
widths of the three bosons 5. 4 and #=. ince standard particles caz be approximated in
this limit by
3Gr

3=

Dy — all) = Mz, [m::::mz‘} + mictg’l (4.13)

[We have neglected the small contribution of the decavs into = leptons for large tan @ A
4.2 Decays to charginos and neutralinos

The decay widths of the Higgs bosons £, [k = (1.2.3,4) correspend to (H. &, 4. H=)]
into neutraline and chasgino pairs are given by 33

. GrMi: Mg :\l./: [ L e m )
["H;.-—'- .= = '-;_i F‘_.-'—Ft, 1= Xr _._,f-'
{ XiXs) SvEr 1+4; U w3 t iy ‘WR‘.)
g T Ty, : .
= dnntie; Fsa i ——‘} (1.14}
4 1A sn ﬂ'ﬂri. y

where mas = 1. s = —1 and 4;; = 0 unless the final state consists of two identical
(Majorana) neutralinos in which case d; = 1: & = =1 stands for the sign of the 1'th
eigenvalue of the aeutralino mass matrix the matrix Z is defined in the conveation =f
Ref. 18, and the sigenvalves of the mass matrix can be sither positive or n=zative) while

% =1 for charginos; Ay is the csual two-body phase space function given in eq.(4.4).

In the case of neusral Higgs boson decays. the coefficients Fiu are related to the
elements of the matrices I, V' for charginos and Z for neutralinos.

s 1
Hy—xfx; F.;‘b=7,3. (4.13)
V2
a0 n 1 o
.:.‘r;,—'xlx_, E R,‘h=;[2w—il&n (-;'ID
with the coefficients ¢, and di given by
e;'d; =osa —siga . ey /di=sine eosa. ea'dy = —sin3 cos 3 (4.17)

Fii = cosd [Z_.;I[, - —= (&5 + tan buZiy ) Vi
L v
Foa = :m;.'{—:g: = F Zy +tanbn Z, ‘.L',;.] [4.18)
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ze matnices U, 1 for charginos and Z for neutralinos can be found in Kef. 18,

ce 11 most of the parameter space discussed in Section 2, the Higgs—i:;igg,;sint mass
er g warned out 10 be very large. [u| 2 M., Ms, Mz, it is worth discussing the
v widthe into charginos and ceutralinos in this Emit. Fizst, the dezavs of the

=

e suppressed by powers of MZ/u” This is due to the fact that neutral Higgs bosons
mainly couple to miztures of higgsine and geugino components, and in she large p imit.
neetralines and charginos are either pure higgsine- or pure gangino-like. For the same
reason. decays H7 ww xf.x7 and %8 %7 < the charged Higgs bosons will be sappressed
Furthermore, since 1 this case M, is of the same order as ||, decays into pairs of heavy
charginos znd neutralinos will be kinematizaily forbidden. Therefore. the charnels

HA — xixa. x3x3, sed x¥xf
H* — x7x3. and xTxi, (4.19)
will be the dominant decay channels of the heavy Higgs particles. Up to the phase space

suppression [L.e. for M, suficiently large: than |u||, the partial widths of these decav
changels, in uaits of GrMg Mg, (4427, are giver by (33

o — X?X;,;'} = tan’fw(l = sin 28)

ST

T{E — 3. = =(l=sin23)

DH —xTxi) = 1 (4.20)
DiA—xS,) = %taﬂzﬁu (1=£in23)
A — xgxi:,‘\ = i—(l = sin23)
DA —xfaf) = 1 (a21)
D(H™ — xTx34) = 1
DHE" —x7x1) = 1
T{H™ — xzx3) = tandw (4.22)

"W have used the fact that in the decoupling limir sin2e = —sin 23, T all thee channels
are kinematically allowsd. the total decay widths of the heavy Higgs bosons to chargine
and neutralips paire will be gven by the expression

3G MG ( L
r'LH-.—-Ex,x_.:z_HHGF i \

s Ma, {1+ ;tan?bn | (4.23)

[N

whtich bolds untvessally for all the three Higgs bosoas H. 4, H=

4.3 Decays to squarks and sleptons

(=
2y
(]

Diecavs of the neutral and charged Higes boscns, H: = &, H, 4. H=, to sfermion pars can

be written as

- NCGF‘ W = )
T Hy = [T = SRS A iom9mi, 124)
g = -

fressd, + fasin by

it
[

—fosind, = frecosts 4.23)

The mixing angles 6, are oropostiezal to the masses of the partner fermions and they
are important only in the case of third gemeration sfermions. The couplings gz 7, of the
neutral and charged Higgs bosons H to sfermion mass eigeastates are superpositions of
the couplings of the currenr eigenstates,

Imii = 2. Tuas Sei i 14280
) afJ=LR
The elements of the 4 » 4 mamrix T are given in Tab.Za. The couplings gz ; . in the

! may be written as 4, 33]

current eigenstate basis 7,5 = fr & ‘nommalized to 2(+2G;

T8 2 f o
e i T ™S T Mz(T; - essip gy

2.4 2 3
G ndn T ™380 = Mzesswe:

1 [ & A v r -
gﬂ'.f.;_“n = _Em" [}“‘.QJ - "".’g:] 14.2:1

for the nevtral Higes besoms, M, = A, H A T; = =1/2 is the isospin of the lefi-
handed’ sfermion and e, its electric charge. The coeficients g% are given in Tab.3b: iz
the decoupling limit, the coefficients gf reduce 10

cos(8—a) — sm23
sin{#+a) — -—cos2Z (4.28)

= the other coefficients. see egs.(4.2)]. For the chasged Higgs bosons, the couplings [also

normelized to 2(vEGE )Y are

I+ auds o = Mat] (4.29)

wich the coefficients g7, with a. 3 = L. R Listed i Table 3¢



w7 el | LL RR LR RL
11 wosdycasfp  sinfymmdy  cosfysmdy  sindicosfy
12 —cosbpsindy sinfrcosdy  cosfreosfy  —sinfesinéy
| 31 —snf;cosiy cosfysindy  —sinfsiné,  cosbycos G e
22 snéysinéy cosfrcosfy —sindjcosfn  —cosfysin g

Tab. 8a: Transformation matrix for the Higgs couplings 1o sfermions iz the presence of mixing.

I & a2 ay 9
|
i
casa/sin 3 | —sinfa=8) | —sinea/ s 8 cos e/ sin 3
sina/sind | cos(a+j3) cosa/sin 2 | sina/sing

o
m-

A 0 ] 1 E -1/tan 8 |
I
A —smafcsd | -sin(a<8) cosa/cs? | —sina/cosd
é =4 cosa;cos3 | cos{a=3) sinex/cos 2 cosa/cos 8
|
.

0 I 1 ~tan 3

Tab. 3b. Coefficients in the couplings of neutsal Higps bosons e sfermion pairs.
) 4 o'

L& RL
L fi

1
Tt
r-'ﬁbu
by

| . - . = e | . = 1
| mi/tand — mtand | momytenf < 1/ tan 5} | me{p—Agtand) | mlp+ Auftand)
| - gin 28 0 0 a

Tab. 3¢ Coeffictents in the souplings of charged Higgs bosons to sfermion Pairs.

Muxing bevween sfermions occurs only in the third—generation sector. For the firs
two generations the deczy pattern is rather simple. In the Lmit of massless fermions. the
pseadoscalur Higgs boson does ot decay inte sfermions since by virtze of CP-invariance
it cauples oaly to pairs of lefi- and right-handed sfermions with the coupling proportional
to miy. In the asymptotic ragime. where the masses My g2 are lazge, the decay widths of
the heavy CP—even 2ad charged (36 Higgs bosons inte sfecmions are proportional to

T _AFR
T{H & — ff}~ Cr ity sin? 23 {4.20)
Mz
145

These decay medes can be significant only for low values tan 3 [which implies sin? 23 ~ 1’
However, i this regime the decay widths are mversely propartienal to Mg, apd thus
cannot compete with the decay widths into chargines neutsalinos and ordinary fermions
which inerease with increasieg Higes mass. Therefore, the decays mto first and second
generations are ualikely to be important.

In the case of the third generation squarks, the Higgs decay widths can be larger by
more than an order of magmitude. For instance the decay widths of the heavy neutral
Higgs boson into top squarks of the same helicity is proportional ty

Gem}

[(H ~H)~ -
( } Mgtan®3

{4.31)

0 the asymptotic region, and it will be enhanced by large coefficients for small tan 3
compared to first 'second geseration squarks. Conversely, the decay widths into shottom
guarks can be very large for lasge tan 3. Furthermors, the decays of heavy neutral CP-
even and CP-odd Higgs bosons to top squarks of different helicities will be propertional
in the asymptotic region (2nd for the CP-even. vp o the suppression by mixing angle] to

Grmi . Y e a?
: [t = A /r2a3 [+.32)
My v

T(H. A — &) ~
For g and 3, values of the order of the Higgs boson masses, these decay widshs will
be competizive with the chargins newtraline and standard fermion decays. Therefore, if
kinematically allowed, thase decay modes have to e taken into account.

4.4 Numerical results

The decay widths of the H. 4 ard #* Higgs bosons inte the sum of chargings and neg-
tralines, squark or slepton final states, as well as the standard 2nd the toral decay widths
are shown in Figs.6z2, Ta and Ra 25 a function of ™ 2 for two values of the pseudoscalar
Higgs bosor mass My = 300 and 600 GeV. and for positive and negative g values: tan 3
is fixed to 1.73.

Fig.6a shows the various decay widths for the heavy CPsven Higgs boson. For M, =
200 GeV', the H — ¢ charael is still closed and the decay width into standard particles is
rather small, being of Of250) MeV Iz this case, the decays inte the lightest stop squacks
which are kinematically allowed for small valyes of my » will be by far the dominant decay
channels. This sczuzs in mest of the ™y teage f > 0, bue if g < 0 only fof m. . £ 30

-

GeV' which is already ruled out by CDF and LEP1.5 data.

The decays into chargines and nentralinac, although cae or
than stop decays when allowsd kinematically, ar ‘ery iz ney exceed the
standard decays iz most of the m, ., rang i i
where no more thase space iz avaiable for th
of the heavy and Lght chargine neutraiine stare

of m. s and u <
combinations

chargino and

o
o
o
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neuiraline decays can be larger than the standard decays by up tc an order of magnitude,

As expected, the decay widths isto sleptons are rather small and they never excesd the
wicth a sza.ndard particies, except for large values of my,». Nove that due o the 150spin
arge assignments. the conpling of the & boson to sneutmnes i approximatelr a
of two lasger than the coupling to the charged sleprons Simce all the sleptons of
gcncra::’ons ate spproximately mass degenerate the muang in the 7 sector is
v small for low values of tan 3., the sxmall decay widths inte sl-:p:r*ns are given oy the
:.t':z.ex,m:w: relation: T(H — 80 >~ al(F — Iplp) = 4T(H — Inlp)

For larger values of Mg, Mg 2 350 GeV, the decay widths into supersymmetnic
particles have practically the same size 25 discussed previ iously. However, since the H — #£
channel opens up, the decay width ino standard model particies becomes rather large,
O(10 GeV), and the supersymumerric decays are no longer dominant. For Mz = 600 GeV,
Fig.Ca. ';:l} the H — ¢§ decay wudik can be larger than the decay width to standerd

particles; this occurs in the lower runge of the my values. The uugmo neutraline
decays heve a branching ratio of ~ 20%. while the branching ratios of the decays into
sleptons are below the 1% level

Fig.fb and §c show the individual decay widths of the heavy X boson with s mass
{p = 300 GeV into charginos, nentralinas, stop quacks and sleptons for the set of pa-
rameters introduced previously. For decays into squarks, only the channels H — £y, §f,,
amri iz a very small range of m; » values the channel H — 5,5, are allowed kinemasicallv
[see Fig.3¢]. The decay into two different stop states is suppressed by the [smalll mixing
a-.rgl- and due to the larger phase space the decay J — £.f, is always dc-:mnar.'mg

i

2

For the decays into chargine and neutralines, the dominant channels are decays into
mixtures of ..g;mt and heavy neutralinos and charginos, in particular & — xTxI and
H — x%xs or x8x). This can be qualitatively explamed, tp to phuse space suppression
factors, by recalling the approximate values of the relative branching ratios in the large
|2 limit givez 13 egs(4.18~20): T(F — xTxi) ~ 1. while T(H —= x2x3) ~ | and
D{H = %x3} ~ wan®fy because sin23 is close to one. The mixed decays involving x°
2re suppressed since they are progo:'.:or.u.l ¢ (1 —sin28), and all other decay channels
ace suppressed by powers of M2/ for large |u| values.

The decay widths for the psendoscala Higgs boson are shown 1z Fig.7a. There are no
decays into sleptons, since the only decay allowed by CP-invariance, A — # 72, is strongly
suppressed by the very small T miung angle. For My = 300 GeV'. the decay into the
two siop squark eigenstates, A — tyfa is aot allowed kinematically and the only possible
supersymmerric decavs are the decsys o charginos and neutralines, The sum of the
decay widthe into these states can be two orders of magnitude larger than the decay width
e standard particles.

For values of M, ahove the #f threshold, the decay width inte chargines and aeutralinos
Il of the same= order as for low My, but because of the opening of the 4 — £f mode.
the total decay width inceases dramatically and the chargine 'aevtraiive decay branching

[
s
~t

ratis drops to the level of 20%. As in the case of the heavy CP-even Higgs boson 5, the
relative decay widths of the pseudoscalar boson into charmnos and meutrabines, FigTh,
are larger for the channels inveolving mixtures of light and heavy nectralinos or rbumn 25
the dominant decey modes are. roughly, 4 — xTx7 and A — xfxf or a3xd Agaz. ¢

can be gualitatively explained, up to phase space suppression factoss, by cc..L.,:u- the
approximace formulae of egs. t!‘e 18-18}, since the situasion is the same as for A, with the
twe peutraline states xS and x§ bcmg mterchanged.

For small values of the common gaugine mass, my 2 £ 100 GeV, the decay mode of
the psendoscalar Higgs boson inte stop squarks, A — I8y, is phase space allow=d In
this case, it is competitive with the top-actizop decay mode. As discussed previcusly. the
1/M} suppression {and to a lesser extent the suppression due to the mixing angle| of the

A - :- t; decay width compared to T{A — tf] will be compensated by the enhancement
of the A4f6; coupling for lasge values of p and A,

Fig.8a shows the decay widths for the charged Higgs boson. Since the dominant decay
chanpel = — th is already opez for Mp= = 300 GeV |although still clightly suppressed
by phase space!, the charged Higgs decay width intc standard particles is rather large and
it increases oely by 2 factor of ~ 4 when incrtas'mg the pseudoscalar mass to M = 800
GeV The situation for the supersymmetne decays 15 quite similar for the two masses: the
charging neutralinos decay modes have branching ratios of the order of a few ten percent.
while the branching ratios for the decays inte sleptons, when kinematically allowed. do
not exceed the level of a few percent. as expected. Only the decay A~ — f,5,. the only
squark decay mode allowed by phase space [see Fig.3c) for relatively low alyes of m. 5,
is competitive with the ¢ decay mode

The decay widths of th* charged Higgs into the various combinations of charginos and
nentralinos are shown in Fig &b for Mgz ~ 600 GeV. The dominant channels are again
decays into mixtures of geuginos and higgsinos. since |p is large. The pattern follows
epproxamately the rules of eq.{4.22), modulo phase suppression.

As discussed in section 2, since the chargine. neutraline and sfermion masses scale as
M. the situazion for even larger values of the pseudoscalar Higgs boson mass, My ~ 1
TeV, will be qualitatively similar to what has been discussed for My ~ 600 GeV'. The only
exception :s that these will be slightly more phase space availeble for the supersymmetric
decays to occur.

3. Final Decay Products of the Higgs Bosons

In this section, we will gualitatively describe :l.: ﬁna] decay products of the produced
Higes bosons  Assuming that My is lazge, My 2 500 GeV. the decays into standard
particles |and more precisely. the ¢ for the neutral and the th decays for the charged
Higgs bosons| always have substantial branching ratios. even for the value tan 3 = 1.75
which will be chosen for the discussion. Therel te investigate decays into SLSY
particles in the main preduction processes. ¢”e¢” — HA and A7 H™ oze has to look for

-
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fAnal stetes where sae of the Higgs bosans decays into standard modes while the other
Higgs boson decays inrte chargines. neutralines or stop squarks. As discussed previously.
the decays into the other squacks ars disfavered by Phase space, while the branching ratios
inte sieptons are alwaye small and zan be neglected.

Let us first discuse the case where one af the Higgs boscns decays into chargine and
neutraline ppars,

and (6 [x%%°]

TeT = HA — ] xTy
£7eT = HTH™ — 8] [x"x"] (5.1)

The Lgheest chargino x; and pext-to-lightest nevrraling ¥1 decay inte [possibly virtaal]
W, Z and the lightest Higgs besen 2, assumung that decays into sleptons and squarks aze
kimematically disfavored. In the lLimit of large |p|, the decay widths [in the decoupling
limit] are proporticnal to (37!

Uil = xIW™) ~ sin®22 (5.2)
Dix§ = x32) ~ <os®28(Ma— M) {2
D{x3 = x321 ~ sin®23 (5.31

In most of the parametsr space, the W Z/h are virtcel n addition to the thres—body
phase space factors. the decay widths ace suppressed by powers of My Mz /u®l except
sear the epper values of my o In the case of 0. the channel x5 — xZ mode is always
dominant although suppressed by acditional powers of M: /1 compared to the 2 — Ry?
mode. since both k and Z are ofi-shell. and the Z beson widch is mach larger then the
width of the & boson for small values of tan 3. The radiative decay x? — x~ should play
a marginal rale except for very small values of ™y 2 Where the difference between the X2

and Z boson masses becomes too large.

For larg= values of m, 2. the sleptons become rather light compared to the gauginos and
the decays of the light chargine and neutraling into leptons=sleptons are kinemaricaly
possible. In this case, these cascade decays become deminant sipee the partial widths for
lazge | are given by

- o 3CBME

208 = 1) = T 20 — 13) = M (5.4)
t 1 on

“we assume of course that there is 1o suppression by phase-space. The sleptons will then
. L & L :
dzeay into the LSP and massless leptons, leeding to multi-lepton Snal states.

and therefore act suppressed by powers of Mz M. p? unike the previous decay modes

The heavier chargine, in the absence of squark and slepton decay modes, will decay
oreferentially inta the lightess chargme and nentralinos plas gauge or light Higes bosons.
The decay widths in units of CrMi- 1z (8/3x) may be approximated in the decoupling
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The branching ratios for the verious fnal statee ars roughly equal. Sipce x5 is almast
higgsino-like. the decay widths intc sleptons and partaers of the light quarks whens kine
matically allowed, are extremely small since they are suppressed by powess of m3IME
Because of the large m, value, only the decays into 510p squarks and bettom quarks will
be very important. This decay 15 allowed ir mast of the parameter space for M, 2 80(
GeV and, up to suppression by mixing angles, it 1s enhanced by 2 power m [87]

{xs — 5) 3m? 1 i 56
D(xi — W.Z2.k) ~ Mg sia® B(2 = tan® 6w )

compared 10 the other decays Therefore, when kirematically pessible, this decay will be
the dominant decay mode of the heavy charginos.

Fer the heavier neutralinos. x3,, the decay widths inte W, 2k bosens, again in wnits
of GeMilp|/(8/2x) may be be written in the decoupling limit as [37]

X = X2 ¢ T=goetfe(lzsiald)
- o P %m*éwu = sin 28)
—~ x3Z :T= %f‘;:’:sin?ﬁ}
= }.';"h 3 r:;—(J.:si:.!E.?]
~ GW* =2 (5.7)

The dominzat mode is the charged decay, X84 = xs W, followed by the modes mvolving
the 2(Z) boson for x§(x3). Becavse sin23 ~ 1, only one of the h or Z decay channals is
important. Here again, because of the higgsino nature of the two heavy neutralines, the
decay widrhs into sleptons and the scalar partascs of the light quarks are negligible: the
only important decays are the stop decays. X534 — thy, when they are allowed kinematically
lie. for not too large values of m, 2. The ratio between stop and W/Z/h decay widths.
up o suppression by muxing asgles is also given by #q.(5.6). and the stop decays will
therefore dominate.

We now turn to the case where oae of the produced Higgs particles decays inte stop
squarks
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, the only decay modes of the hightest stop squark

boetxt .onxd o, b (5.8)

Only <he last decay mode scours for mlanivcly small values of m; 2, since my, <My +mepe
iz this case. Far lasger values of my 3. 1; is heavy encugh to decay iato top quarks plus
the lightest neurralinos. For these my ; values, the three decay modses of £q.(5.9) will have
approxi v the same magnirude since the chargine and the nevtralines are gaugine-
like and there is no ¢enhancement due to the top mass for the t; — £3° decays

The heavier stop squark. in addition to the previons modes, has decay channels with
t; and Z/k bosons iz the final state

ts —5,Z . LR (5.14)

These decays. in particular the decay into the lightest Higgs bosen h, will be dominant
o the Jazge ' limit, since they il be enhanced by powerss of &

Appendix A: Chargino and Neutralino Masses and Couplings

Iz this Appendix we collect the analytical expressions of the chesgine and neutralino
masces and couplings, and we discuss the limit in which the Higgs-higgsino mass param-
eter i is largs.

The general chergino mass marsix [18],

[ M VEMysin 8 I

Me= 2 TR e " \
€ _ VIMy cos 3 H | [Al J

s diagonalized by two real matrices [ zad V',
7 g ~ " 0. if detMe >0 F Ik
CMAVT = U=l fmm 2%
=Pt el ) { cO. i detMp < 0 ta2)

where ¢ 15 the matrix
S

= 2
i L 0 =1 ] (:lu

with the appropriate signs depending upon the values of Ma, 4, and tan 3 in the chargine
mass matrix. (.. i givea by:

i

n
b4
3]
3
'
a
Q
@
k3
'

-
U
[

with
i NI Mur{ My cos § = psia 5)
tan 28 = < - =
Mi -y —2Mj cos 3
IVIMp(Masin § — pcos 81

2. = : 2 A3)
s M — 2+ 2MG cos {

This leads to the two chargine masses. the xi, masses

[\,{- 4 Bl ONEY

#
.4

I
P
wli

M

L]
L

i
£ MYy cost 25 + AME(MT = pf = 2Mapsm 28] | rasx

i
iy
rary

In the Lmit (x4l 3> Ma, M3z, the masses of the two chargmos reduce to

Mg .
My - —(M; — pgsm 23]
e

3
1

¢

M ! : »
mo- =~ lpl= e, (Masin23 = ui AT
%3 P

where ¢, is for she sign of . For | — o<, the lightest chargine corresponds to a pure winc
tate wn}: mass m, . = My, while the heavier chargino corresponds to a purs higgsico
state with a mass m . = =lg.

In the case of the n-utml'.:to% the four-dimensional nsutraline mass matrix depends on
the same twe mass parameters g and M. if the GUT relation M = Ztan® fy My > 2 M0
[18 is used. In the (—iB, —iW%. F%, BF) basis, it has the form

M, 0 —Mzsweos 8 MzswsinS |
Mu = | g M Mzomweos 3 —Mzepsm @ [ (AB)
= I ~Mzsweos3  Mzewecos ] -4 1 '
L Mzswsind —Mgepsn? —u 0 I

Iz can be diagoralized analytically '38] by a single real matrix Z; the positive] masses

of the neutraline states me are given by
1 o 1] 1 5 suR
emy = C=|sa—=C5) ;[__,_:,
amy = Gi—|ze-35C2) i 2* 3o (82 — 3Cz/ 3¢-;-}
- i2
: S Pt ( 1 1
affl o = ---(—-——.., —_— g — = —
amyg = Gt {ze-gh) - |-3-3C CEE 31--]
’ ¥ SE | Lz
e CooflacleY Lt d
amg = Ci={ze=§%) ~ 73735 m_aa EYRE
1 1 NERC I il X 1 4 . .
EqTe = C;*{‘§5- E’C:J_‘ - WL—:—“Z— EC:'— c--Sf‘ = 3| [AS)



Appendix B: Sfermion Masses and Mixing

iven by
© R We now present the explicit expressions of the squark and slepion masses. We will assume
a universal scalar mass mg aand gaugino mass m: » at the GUT scale, and we will neglect
the Yukawa couplings in the RGE's [see kpp:nd.x C]. For third generation squarks this
.4 5 ori i o s a poor approximation since these couplings can be large; these have been taken into
M Micy = Masy ) — pMz2in 22 s .
account in the numerical analysis.
MMop® = (Mughy — Mask IMZusin2d (ALQ)

Ey performing the RGE evolution to the electroweak scale, one obtains for the lefi- and

xAd right-handed sfermior masses at one-loop order [we include the full two-loop evelution
) - PRneRr. of the masses 1o the aumerical analysis]
1 e D 3 g i
::—_—Rc[.:-—:f-;. {All)
2. ! ‘.2' / ' - ” 2 ;. -
s mi . =mi -3 F(fiml.=(Tas — essh )M cos 23 Bl
with - ¥=t
2 &
§F= CG+00~ EC:C" Ty; and ¢; are the weak isospin and the electric charge of the comresponding fermuon £,
o ) znd F; are the RGE coefficients for the three guuge couplings at the scale G ~ Mz, given
D = E:[C.f - 12C,)° - 278" (A12) by
Iz the Iimi: of large || values, the masses of che neutraling states simplify to N 44 =2
Fogil ), _f, e . @ .
M3 ; B S =
me = M- =E (M - psm23) sy ' e
.“-:"3 . The coefficients b, assumiag that all the MSSM particle spectrum conmtributes te the
Mg = Ma - ;.::. (My = psin23) ¢ evolution from @ to the GUT scaie Mg, are
M= A - i . fae T
My Iu‘-r%:—;z-crl—cln‘_,,]lp~'tf;s&— Gy 5 =33/3 . bp=1 ., &=-13 (B3
: e
e AE (1 = sin 23 (4 - YR (413 The confiaents el fl = (e, ¢n, c;)(fj depend on the hypercharge and colar of the sfermions
Mg = A ET{:"C = sia 28] (g = Masy - Muck) {85 Fr = Ly or Qg is the slepton or squack doubler]

Agaim, for g = . two nectralinos ars pure gaugine scates with messes moo = J

%! 3,10 Y { 6/5
= M- - —— . N !
mye = Mo, while the two others are pure higgsine states. with masses m,z = Mys = ). dfey=| 372 ] elEg) = [ 0
. i Neos S “m o s ) 0 L}
The matrix elements of the diegonalizing metrix, Z; with 2,7 = 1,..4, ere given by S v
[ (Za\' pEs? (ZaTT . .
Za = 1=(F) - =) -(3) | (414} 1/a0 §/15 ) 2,15\
\ 7 \ Ly / Zi ) A s B & ; &
”",I & o elfrl=1] 32 | = g J y efDg| = ‘ (B4
22 _ i XL \ 83 | \ B2 V83
Zu w My —emy
! ; ) N . 2tk rhe inm — COREL N culwrsh ol Y it d e
Zis sl — e o) My~ < imye) ~ Misin Bcos 3] M, — Ma)ch ~ Ma - ] With the input gauge coupling constants ar the scale of the 7 hoson mass
- o = -
2 Mzl Mz — emylop peos & = emye in 3) aniMz) =000 | an{Mz) > 0033 . as(Mz)~0.118 (B3
Zix —em (M = emp [ Mz — emys) — M2 2os? B[ M; -~ M) + My — &M ) . ) o R
— = e crie obtains for the GUT seale Mg and for the coupling constant ag
Za Mz{M2 — ey lsw e cos.3 — eym o sin 5)
) g W16 . P
wign of the ith eigenvaluc of ths neutralino mass marnx. whieh a1 the large Mz~ 187 W GeV and eg =0.041 Be
=m=land g = —€aazi,
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Using these velues, ané including only gauge loops in the sne-loop RGE’s, one obtains
far the left- and right~handed sfermion mausses [38]

mi = m)—8.28m] , ~ 0.35M3 cos(23)

mi = mi—6.28m3, — 0.42M3 cos(23)

L v 1/2 Ly
Moy = ™y = 5.8Tm? ., = 0.16M3 cos(23)
mi = ml=5.80m, — 0.08M3 cos(28)
mi, = md=0.52mj, —0.50M3 cos(23)
mi, = mg+0.80mi, - 0.27MF cos(25)
mi, = mi+0.15ml, —0.23MF cos(28) e

I the case of the third generation spacvicles. left- and right-handed sfermions will
mux: for a given sfermion § = {0 and 7. the mass martrices which determine the mixing
are
T omt o —-m? M| Ay— prs) .

Az T 2 (BE8)
| melAg—pry) mi -mi ‘

where the sfermion masses m;  are given above. my are the masses of the partner

fermions and 7y = 7. = 1/'ry = tanB These matrices are diagonalized by orthogonal
matrices with mixing angles &, defined by

271'2:\:.'1‘4 = j-lw‘_l‘l

sin2fs = ———e=t | coe 2 = (B9)
mi: - mi #
Y iyl

and the masses of the squark =igeastates given by

™ =m

e

[m"', —-n Ty trr -m'f. - dmi(Ay - '.}-}3} : (B10)

L]
B e

Appendix C: Renormalization Group Equations

Finally. we colleet for completeness the renormalization group equations for the soft-
SUSY breaking parameters [the trilineas couplings, scalar masses as well as for z and B].
mclading the dependence on A, 4, and A We restoict ourselves 1o the one—loop RGE's
and we keep only the leading terms in the mass hierarchy in the MSSM with three fermion
generations. The complete expressions for the RGE's can be found m Refs.[13, 190,

For che trilinear couplings of the third generation sfermicns, the RGE's are given by
dA; 2

dt
dA, 2
dt 16
dA- " 2y ATA

el l%-v‘ N i, — 3ATA -q,-:.-] (C1)

(T aghif = 83340+ A A,)

(Teighsh = 8234, + Ad = M)

while for the scalar masses of the third genesation sfermions, one has
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The evolution parameter is defined by ¢ = logl @ Mg,
b = (835, 1,-3)
¢ = (13/15.38, 16/3)
e = (7/13. 3, 16/3)
¢ = (978,38 0)
and
X = M5, + .\’!,:n -M; - AL
Xy = ."-rfé,_ - j"b_-l - .'”i—l + ."1;,
Xo = MI, + ML -Mp - Al

For the frst and second generation sfermions, these expressions reduce 1o
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For the gauge coupling comstants and the other soft-SUSY oreaking parameters, the (30 J. Ellis, L Fogli ané M, Lisi, 2 Phvs C69 (1996} 527 P. Chankewsld and §
RGE's are given by

Pokarski, Phys. Lett. B256 (1995) 307
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Production of Heavy Neutral MSSM Higes Bosons
a complete 1-loop calculation.

V. Drizsex. W, HoLLIK anp J. RosiEx”

fi: Theoretische Physik, Universitit Kazlsr=he, D-73128 Karlsruhe, Germ ¥

Abstract
he complete l-loop diagrammatic caiculations of the cross sections for the
neutoa Higes production processes «™ ¢~ — ZOHY(Z90) and e*e~ — 49 70 ACRY)
in the MSSM are presented and compared the with the corresponding results of the
simpler and compact effective potensial approximation.

1. Introduction

Ir order to experimentally decee: possible signals of the neutral MSSM Higes bosons,
detadled studies for the decay and production processes of Higgs boson are required. As
has been diszoverad several years ago [1-3. radiative corrections in the MSSM Higgs sector
@e large and have to be taken into acconat for phesomenclogical studies. Three main
approaches have been developed to calenlate the I-loop radiative comrections to the MSSM
Higgs boson masses. productioz and decay rates:

) The Effective Potential Approech (EPA} 2.
b) The Rezormalization Group approach (RGE) [3].
¢} The diagrammatic calenlation in the op-shell senormalization scheme (Fevnman
Diagrazm Caleulation, FDC) 4, 5] The masses are calculated from the pole positions
of the Higgs propagators. and the cross sections are obtained from the full set of
1-leop disgrams contsbuting to the amplitudes, including [4]:
- the most general form of the MSSM lagrangian with soft breaking terms,
the virtual contributions from all the particles of the MSSM spectrum,
~ all 2+ 3- and 4-point Green’s fanctions for a Zven pracess with Higgs particles,
- the momentum dependence of the Green's functions,
- the leading reducible diagrams of higher crders corrections.

Thke expenimental searches for Higgs bosons at LEP1 [6] and studies for the fu-
ture searches at higher energies [T, conventionally make use of the most compact ef-
fective porential approximation. We present the complete I-loop diagrammaric results
for the cross secticns for the neutral Higgs production processes e*e — ZUH%(Zh)
and €727 — A"EY( 4989, compars them witk the corresponding enes of the simpler and
compact EPA approximation and discuss the wrpical size of the differences.

*Supperied in part by the Alexander von Humbeldt Stiftung and by the Dolish Committes for Sciens

Research

2. Outline of the calculations
The tree level potential for the newtral MSSM Higgs bosons can be written as:

- T

VIO = i 4 i

~a(mLHH = o)

Diagonalization of the mass matrices following from the potential (1) leads to threm phys-
ieal particles: two CP-even Higgs bossas H° . A° and one CP-odd Higgs boso . and
defines their tree-level masses g T and My withmg > my . 2ad the mixing aagles
@, 3. The way of calenlating the radiative corrections in the EP4 and FDC methods i
briefly described as follows:

Iz the EPA. the tree level potential 179 i improved by adding the I-loop terms 2]

v a3

-
T .

VO = V@Y + o T et (1o 3)
o Simt < "'["Q'-' 2
ety \ :

PQULee,
where VI%(Q%) is the tree level potential
7 . P evaluated with couplings renormalized ar the
L Newtow "5 scale @7 and Str denoses the stpertrace over
) the third generation of quark and squark
S e T Nz ﬁcld.j coat‘ributing.:o the g:z’jcral.}ﬁcd mass
. :9‘“'< ) _/"° '\\m* matrix M. The l-loop potential V* is redi-
: agonalized yvielding the lHcop corrected phys.

. ical masses Mg . M, azd the efective mixiag

it R angle o, (for explicit formulae soe 2n

N
L
1
s,
",
i}

A e o - Iz the FDC the I-loop physical Higgs be-
: Son masses are obtained as the pole positions

" e . P of the drasged scalar Propagators. M3 and
b2 ME are gven by the solution of the equa-

= atat e 7af tion (3] For the calculations of the eeoss
& “ sections we need the full set of 2-. 2 and
‘\Q/WHU '\r,f"'r 4pomt functions. I[n Fig 1 the diagrams

o < costributing o the ¢7e” — Z93%(HO) pro-
__.//“x\_z‘ ’_/,Q\“ Ly cess are collected. The diagrares contributing

’ to the e7e™ — 2%R(HY process can be ob.

Figure 1: Classes of diagrams eontributing (o the tained by changing Z° inte A% on the external
€Te™ = Z°ANHY) process in the FDC approach. Line and skipping ¢

\ -

. - A - 2 - .
Re (7" ~mi - Luip?) (P - m} - Lertpl)) - Bigip°)

=1 [3)

The formulae for the cress sections sbtained in
sions, because not only the effective masses ace o
mementum dependen: effects ere considered (sem

rom the Born exores-
1 but alse new form factors and
« detaled deseription )
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3. Resulis on production eross sections

Ir thic section we present the results for Z% 59 Z°%%) and A°H®(4°R%) production
Zom the FDC and discuss the quality of simpler EPA approximation. In all figures we
use as an exemple the set of parameters listed in Table 1. 1 is the parameter describing the
Higgs doublet mixing in the MSSM superpotential. M, denotes the SU(2) gaugino mass
parameter. For the Uil) geugine mass we use the value M; = %l:a.::2 fw My, suggested
by GUT constraints. My, My, A, 20d 4 are the parameters entening the sfermion mass
matrices (for the detailed expressions sec e.g. (8]}, For simplicity we assume a common
value M, for all generations of squarks, and & common M,; for sleptons.

Pazrameter | m, | My | M, (M| My | g | A=4
“Value (GeV) | 175 | 200 | 1000 | 300 | 1000 | 500 | 1000 |

Table 1: Parameters used for the numerical anzlyvsis

From the theorstical point of view, the most convenient parameters for the Higgs
sector are the mass My of the CP-odd Higgs boson and the ratio tan8 = = From the
experimental point of view it is more natural to use, depeading on the process considered,
the masses M, or Mg of the CP-even Higgs instead of the formal guantity tan 3.

As z first step, we apply the coavemtional My . taa 3 parameterization. Figs. 2
and 3 skow the production cross sections for the processes o{e”e” — Z%A° A"A%} and
oi{eTe™ — Z9H%, A%H®) for /s = 500 GeV. For the chosen set of parameters the numes-
jcal differences can reach 30% at /s = 500 GeV. They become more impertant with

9. (pb)

Figure 2: Comparizon of the cross sections 7{s"e” — Z9h® 4%A%) obtained 11 the EPA and
FDC. Parameters as given in Table 1, /5 = 500 GeV.
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Figure 3: Comparisoz ¢ cross sections oe”e” — ZUEC, A°HY obtuinec in the EPA and
FDC. Parameters as giver in Table 1, \/s = 500 GeV.

increasing energies, excesding 40% at 1 TeV. Note, however, that in the region of large
cross sections the EPA accuracy is better (205 at 500 GeV'). More detailed discussion of
the lighter CP-even Higgs boscn production can be fouad in ref. (3]

Fig. 4 shows the production cross sections for the processes ole”s™ — Z9H% A°HY)
as a function of /s . The effect of the additional form factors iacluded ia the FDC grows
when center-cf-mass energy incrsases. For /s = 1.3 TeV the differences between FDC
and EPA can reach 50% for the of{e*e™ — Z°F7 production channel. In addition, the

= =0 1 e R
= L“\ A
L2b \ 3
= o \ c
2;{ il
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Figure 4: Comparison of the cross sections o{e~ ¢~ — Z'H° A°H®) as a function of /s abtained
in the EPA and FDC. tan§ = 2. other parameters as given in Table 1




U u (fv)

Figure 5: Comparisor of the cross sections c{e™e™ — Z9H® AYH%) as a fynction of My in the
EPA and FDC. Parameters 2s givea in Table 1, /s = 300 GeV.

angular dependence of the cross section gven by the FDC is modified in compare 0 the
effective Born approximation

We now turn %o the mare physical parameterization of the cross sections in terms of the
vwo Higes boson masses My and My or My . This parametesization is more clumsy in the
calculations, but it has the advantage of physically well defined input quantities avoiding
possible confusions from different renormalization schemes. Varying Mg (M4 2nd other
input quantities fixed) we obtain tan? and czg. sag as functions of My . For the
parameter values given in Table 1. the differences between the tan 8 values obtained in
the EPA and FDC can reach 10 %o 20% for smaller M,y = 100 GeV'). Also significant
differences can occur for the cross sections, 2s displayed in Fig. § where the predictioas of
EPA and FDC for the ozx and cup are plotted as functions of My . The typical size of
differences between the methods is 10-20% for /s = 500 GeV. but they may became as
large as 60% in case of the process o(r"e™ — Z°H%). This particalaciy large deviation
seewrs for large My walues, corresponding o small tan # < 1 (compare Fig. 2).

We have analyzed also the dependence of the differences betwesn the EPA and the
FDC predictions en the SUSY parameters: sfermion and gaugine masses, u parameter
22d siecmion mixing pacameters. In most cases the variation of those parameters does
ot have 2 large effect on the size of the differences between the EPA and FDC (a more
detailed discussicn can be found in ref '10]).

To give o mors global impression of the typical size of the differences between the EPA
znd FDC results. we have chosen 1000 sandom points (for each /s valus in Table 2) from
the Bypercube in the MSSM parameters space with the followmg bounds:

T

1. 13

=

530 GeV < My < 230 GeV
200 GeV < My < 1000 GeV
~Me<A=A< M,

We define the relative differences for the masses and cross sections 2s faliaws:

500 GeV
SMy < 1000 GeV

- _*,;5.9.{

FDC i (4)

1,[!'1‘:":
ax!z‘?& =

where X can be chosen 2s My , My | 2z, 6za, Oag OF Cap.
We calculated the quantities SMPFA, SMEPA SoEPA 5oEF4 doEf*and Seff*and
average< taem [and also their absolute values) axithmetically over all generated points of

the perameter space. The average mass differsnces are small and equal [JMEPA = 25
and [dMET? = 1%. The results for the cross sections are summarized in Tabie 2 I

shows that the predictions of bath metheds deviate in particolar for o7y

Vs (GeV) | bz ® | doi” [ GoFfA Goibr | Gabr | | 186RTA| | BEER BiEt |
[ 500 15.4% -24% | 37% 4.4% 71% 315 52% 14% |
1000 1103% | 1.1% | 36% | -3.0% | 15% 31% £2%; 14%
1500 +2% | 49% | 3% | -9.0% | 1% | 3% | 3% 1 1&%;

Table 2: Differences between the EPA and FDC predicsions averaged over 2 rzndom samale of
perameters,

Summarizing, comparisons between the FDC predictions with the simpier EPA ap-
proximation have shown that at /s = 500 GeV the EPA has an accuracy of typically
10-20% in the paramerer regions where the cross sections are lazge The differences be-
come larger with increasing energy, where also modifications of the Born-like angular
distributions are more visible. The unse of the physical input variables My, My or M.
Mg avoids ambiguities frem the definition of tan 4 in mgher order, but the observed dif-
ferences remain of the same size, For 2 better accuracy, the full FDC wonld be required

Recently scme pepers on the leading 2-loop corractions to the CP-sven MSSM Higgs
boson masses have been published 11]. The main conclusion is that 2-loop corrections
axe also significant 2nd tend to compensate partially the effects of l-loop corrections. The
calculations are besed on the EPA and RG methods. Since the main emphasis of this
study is to figure out the difference between complete and approximate results in a given
order. we have not implemensed the 2Joop terms. They would improve the 1-loop FDC
results in the seme way as the approximazions and thus de not mfuence the remaining
differences which can only be obtained by az axplicit diagrammatic calculation.

t
in the cn-shell renormalization scheme to the MSSM neutral Hggs production and decay
rates (4 can be found a: the URL address:
Btep://itpaxpl.physik.uni-karlsrohe. de /~rosick ‘neutral_higgs heml

The Lbrary of FORTRAN codes for the calevlation of the l-loop radiative corrections
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Abstract

We study the lless corrections io the charged Higes production both iz the
Minimal Supersvmuerric Standard Model (MSSM! and in & more general nipe Il
o-Higgs-doubler model i THDM-IT). We consider the full set of corrections (inglud-
g soft photoz contri 5 as well as box diagrams), and define 2 parametrization
thar allows = comparisen between the two models. Besides the soft photon radiation
there can be promeonent model-dependen: effects.

1 Introduction

t to hadrenic machines, a high energy €”¢” collider in the TeV range will be a

rather unique place to discover and study charged higgses in & clean énvironment. These

would oe produced either in pairs [1]. cur main concesn here. or ia (rare] production in

association with W=, It was first found in [2] that loop corrections from maiter fermions
and their susy partners (mainly the (2508 ¢) sector). are likely to change the tree-level

result at 3 = 300 GeV' [1. 4], 5y as muck as 10% dip in the cross-seczion. The effect conlé

even lie between —23% and 25% and perhaps grow out of persurtative control. though in
a realistic range of the model-parameters. Such a sensitivity to loop effects appears to be
related o the fact that at tree-level the ~ and Z mediated process is exclusively controlied
by Lafl) = U, (1) gauge invariance and thus knows sothing about the structure of the
non-standard extension whatsoever.

[t is thus important 13 a first step to go beyond [2] and stedy the full 1-loop structure.

in erder 1o understand the seasitivity to the various model-parameters and the origiz

large effects. whether in the M3SM or in a generzl THDM-IL. In a second step one should

perform » renermalization groun analyses, eventually taking into acoount constraints
SUGRA-GUT models. and sk whether the allowed regions of the madel-parameters could
s2ill leac to lazge or even uncontzallable loop effects in charged Higes pair production

in the presem study we resume the first of these steps and improve upon the resulis

of ref 2] by includme

i8s

a) the complete Higgs sector contributions (selfeenergles. vertices and i

b}t
~Z boxes:

infrared par:, including initial and final sofi photon radiztion as well as ~= and

¢} The complete ser of charginos, neutralinos, £/7 box diagrams:

We performed the analysis in the on-shell renormelization scheme defined ia 3], Since
at tree-level only standard model couplings appear in e%s™ — H K~ we nesd only to
supplement the above scheme with the wave fuaction and mass renormalization conditions
of the charged Higgs field. Tt is also canvenient to take the charged Higgs mass My-.
rather than that of the CP-odd scalar Mo, as the input op-shell phyvsical mass (see
{2] for more dezails }. It will turn out that besides the semsitivity to the heavy quark-
squark sector, there are on one hand model-independent large effects from the soft photen
racdiation. and on the other possibly important effects in the vertex corrections involving
the purely Eiggs sector, The latter case occurs wher deviations from the tree-Jevel MSSM
iriple-seli-couplings are allowed. One of the issues will be the possidility of signing a clear
difference bevween the MSSM and e non-supersymmetric TEDM-IL

2 Effective Parametrization

In this section we outline a general parametrization describing deviations from the tree
level Higgs seli-couplings as given in the MSSM. Let us recall fisst that rhe most geners!
gaiige invamant sealar potential (corresponding te CPeinvariant THDM-IT iz given by

i sew for instance cef. (51

Vi 93 = M{TB; ~ o+ Al0F € — w3 = Au((978, = o8] = (97 = 3

=gl @'TQ- |¢';¢':J - (‘b?&:,“."b;‘;‘; 1) =+ Asl R\‘;“‘??@:f =ttty i® - Ae i ‘b._‘i': i

where all A, are real and vy, vy denote the vacuun expeciation valuss of the mwe Higes
flelds. We have alvo omitted an additive censtent in eq, (1), Thus ope has it zeaeral T
fres parameters, Le. the A's and tan 8i= varv; L,

scale. Lot us now define

R P Y Ay =
93 ~ : 25
Ay =2k =gt =y =gt =gt =20+ 0 1)
1 .
Vo= —o1gt = g S 20+ Ay
5




s £ §in gemetal. It

where the

well known 3] that (softly broken) supersymm

forces he A5 to zero, From this follow the usual treelevel reletions among the Higes
masses. tanle and tan 3. as well as the nepative sign of sin 2¢. In this case the triple

scalur coupll

H=&~

read (here we only show those entering the 1-loop corrections in e™e™ —

{ : : , Mz . 3 ‘
FHig-z- = =—tdlmy cas\.v-m-;,-—cos.’..:cusu-o
Ze:

MISM . ) ) ‘ nzz :
Qefii- = =—igimpesinl(i-al < —cas 23¢iniF = all
ol
—tgstnid = iims = my
Gzig=zs = 2 :
Faog=g L
Smn
sy = igeos § — C,:’ﬂ!i—;z = i'?'-:-::
digzns = R

As one can easiiy see. noue of the couplings in eq. '3) can be enbancged at tree-level

in the supersymmetric case. In the non supersvimmetric case however . ¢, = 0. ther

]

-3

important difference between gy:g-x- and gyey-p- on one side, and the three remainin
couplings of «q. i3] on the other. The couplings inveiviag the charged goldstone bosons
G= retain Lheir initial fo

A

s

. 50 thal a pos

cr'.ha.rcr'r'en' is due ozly to deviations from

Starting from 2g.i2' it is possible to express all couplings and mass relations in terms

of the nop-vanishing

s.tan § and one of the A,'s. | The general expressions are some-

involved end will be given elsewhere!, Here we would Like 1o insist on a physically
interesting special caser It is possible 1o define 2 deviation from the M3SM in such & way

aes ail the MSSM tree-level relations® among the higes masses. 1an 2a anc tan 3 rémain

o}

walid, This occ

sovided we require the &,'s 0 satisfy

1l

“Sr

Spraking coe should include the knowrn sadiative cor oms Lo these relations. however ducto
eur Biges mues reparmalization cendinan they wasld torsespond 1o bicher order affscts in e™e™
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Under such conditions we have only shree free perameners wiich we can chc

Mz and };. The MSSM corresponds then to 2 particular value of ki
2 function of tan 3 and M7 and leads 10 & = 0 as a special cese of ng. (47 For tais

reason eg. (41 will be dubbed quasi-supersymmeric [t cap be theught of as correspand-

ing 1o the sitzation where all the two-Higgs doublet speciram has been experimenta

uzraveled and found 1o be consistent with the MSSM Higgs mass sum tules but with no
cther direct evidence for supersymumetry. Although not generic, the quasi-supersymmerric
parametrization would then be a very usefu! device in terms of which 1he tests of the
Higgs seli-couplings can be expressed. As far as the charged Higgs sector is concerned

only greg-g- and giop-y- can deviate from their supersymmetric values gives in eq.(3)
A

We give here for illusiration their behavior ia the lasrge tan 3 limit (with Ay = A

MIESM
Irtsg-k- ~ 4uiEem- —

w

. QEipagE. Geigzos End Jusgagr are givenin eq. 3. Note thar

unple ce:phngs of gauge bosons to Higgses are never eahanced. and quaciic coupling:

eater exclusi

one-loop diagrams r.ha'. vapish with m,. It is thus interesting to note

that the sensitivity to lerge tan 4 resides exclusively in ggog-5- of eq. (31 while gooz- p-

is more seasitive 1o m 4 in this imit. A more general investigation of the full Hipgs sector

-3

can be persued ziong the same lines.

3 Numerical Results

We now presens some numerical results, using the exact expressions for the Higgs seli-

coupiings in terms of the 3 free quasi-susy parameters, zan 0. mg= and Ay

In fiz.] we show the percentage contributios ta the integrated cross section. for each

sector SEPUEECL\'. ar

a function of /5. One finds that the Higgs sector contributions can

counterbalance those of the heavy quarks found in [2] for large 1ani 3. dut only zear

Far from thzeshold all of the efects. except for I

boxes. become nemative. Furthermiore the —neutral” modelindependent contnibutions.

including, soft b:-:m:szr:-.hiung. obtained by adding one photon tor Zi line to the tree

lof =17% for & soft

diagrams depend loosely ea Mys or /3

noton cut AE, ~ 0.1E. .. In fig.2 we show iexcluding those “neutral™ soniributions
P K




tegrated cross-section for two values of Mga and tan{ 31 In TEDM-II the total ] leap

L S8M () « ACSSN .
rareshold. In the MSSM (A, = MM ghe

¢ conclusions of

. \:J-'.‘rl_’&'.u‘—:f" with increasing rani 3, the farther one zoes {rom production

2z

cts come exclusively from
Lo heavy ouss remain unaltered in this case.
%74 F contributions ¢o not exeeed a few percont despite t2e large number of
wiagrame. For inytance we evaluated the full set of supersymmetric boxes. (taking inta

ACCOUNT

fermion-number violation through the rules of ref. [611. and found that thev

largel: among each other, leading at most 1o 1 — 5% (negative) effect for a wide

range of s,.'-'ii':ls: masses, Finally we should stress that the lerge effects in THDM-IJ are
aot an artifact of the quasi-susy parametrization. thew are also present even if the tree.

! Higgs mass sum rules ar= relaxed. This raises the question of whether such effects
would zppesr iz the MSSM as 2 result of the runaing of the X,

We conclude that the charged Higgr sector seems to offer & non-trivial stractise beyend
eve.. which can complement the information gained Trom the nevtral sector, Yot

L

& more elzdorate strategy involving the full-dedged Hige: sector still needs 1o be worked
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Abstract

The cross sections for the multiple production of the lightest neutral Higgs
boson at high—energy ¢”e” collicers are preseated in the framework of the
Minimal Supessvmmerric extension of the Standard Model (MSESM). We
consider production through Higgs-strahlung, associated production of the
scalar and the pseudoscalar bosons, and the fusion mechanisms for which
we use the effective longitudizal vector—boson apprexamation. These cross
sections allow one to determine trilinear Higgs couplings Agas and Auas. which

are theoretically determined by the Higgs potential.

1. Introduction

The oaly unkrown parameter in the Standard Model (S.M) is the quartic coupling of the
Higgs field in the potential, which determines the value of the Higgs mass. If the Higgs
mass is known, the potential is uniquely fixed. Simce the form of the Higgs potential is
] crucial for the mechenism of spontanecus symmetry breaking, .. for the Higgs mech-
1 anism per se, it will be very importent to measure the coefficients in the potential once

Higgs particles have been discovered.

: If the mass of the scalar particle is less than about 130 GeV, it very likely belongs
} to the quintet of Higgs bosons, #, K, A. F® predicted in the two—doubler Higgs sector
: f supersymmetric theories [1] [k and H are the light and heavy CP-even Higgs bosans.
. A is the CP—odd (pseudoscalar) Higgs doson, and H= is the charged Higgs pair]. The
! potential of the two doubler Higgs fields. even iz the Minimal Supersymmetric Standard

el

O

conserved by the peteatial, the most general twe—doubler model contains three mass
pirameters and seven real self-couplings. In the MSESM, the potentizl avtomaucally
conserves CP- in additicn, supersymmetry fixes all the Higgs self-couplings in terms of

Madsl [J\M85.M), is much more invelved than in the Standard Model 2

‘ *Supperted by Deutsche Forschungsgemeinschaft DFG (Bonn)
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gauge couplings. The remaining three free mass parameters cad be traded 1a for the twe
vecuum expectetion velues (VEV's) of the neutral Higes fields and one of the physical
Higgs musses. The sum of the squares of the VEV's is fixed by the W mass, while the
ratio of VEV's is & free parameter of the model called 1g3. It is theoretically convement to
cheose the fee parameters of the MSS.M Higgs sector to be tg3 and My, the mass of the
CP-odd Higgs beson A, The other Higgs masses and the mixing angle a of the CP-even
peutral sector are then determined. Moreover, since all coeficients in the Higgs poteatial
are alse determined. the trilinear and quartic self-couplings of the physical Higgs particles
can be predicted theoretically. By measuring these couplings, the Higgs potential can be
secenstructed — an experimental prime facze task to establish the Higss mechanism 2s the
basie mechenism for generating the masses of the fundamental particles.

The endeavor of measuring all Higgs self-couplings in the MSSM is a daunting task.
We will therefors discuss a first step by analyzing theoretically the production of tvo light
Higgs particies of the MSSM. These processes may be studied at the proton collider
LHC '3) and &t a high-energy £”¢” linear collider. In this paper we will focus or the
- mecelerators that are expectad to operate in the first phase at an energy of 500 GeV
with a luminosity of abeut [ £ = 20 ib™'. and in  second phase at an energy of about
1.5 TeV with a luminosity of order [ £ = 200 fb"* per annum 4], They will allow us to
eventually study the couplings Agan 2ad Asss. The measurement of the coupling Anaa
will be very difficult.

Maultiple light Higgs bosozs h can [in principle] be generated in the MSSM by four
mechanisms™:

(i) Decay of the heavy CP-even neuwral Higgs boson, produced either by H-strahlung
and associated AH pair production, or in the WW fusion mechanisms. Fig. 1a,

eve” — ZH, AH | - . I
e*e~ — y G H r b hix .‘}

Associated production £7e” — hA followed by A — AZ decays leads to h~Z background
final states.

(i) Double Higgs—stranlung iz the continuum, with » final state Z boson. Fig. 1b

o e

eTe — 4

— AR

(88}
~
(&)

(ii] Associated production with the pserdescalar A m the coatinuum, Fig. lc,

2Te” — Z° — apd {3)

(iv) Non-rescaant WW(ZZ) fusion in the continuum, Fig. 14,

o e” = Fu W W = Faukh (4)

*The production of two hght Higgs bosons, eTe” — 4%, through loop diagrams does aot wveolve any
trilinear Higgs coupling; the production rates are Tather small 5.



The cross sections for Z7 funon in (1) and (4) are suppressed by an order of magnitude.
The largest cross sections can be anticipated for the processes (1}, where heavy on-shell
H Higgs bosons decay into pairs of the light Higgs bosens. [Cross sections of similas
size ate expect=d for the backgrounds involving the psendoscalar Higgs bosons.” We have
derived the cross sections for the four pracesses analvtically: the fusion process has beer
seated in the equivalent particle approximation for longitudiral vector bosons.,

We will carry out the asalveis in the MSS.M for the value tg3 = 1.5. [A summary
will be given in che last section for all values of tg8]. In the present exploratory study.
squark mixing will be neglected, .. the supersymmetric Higgs mass parameter i and the
parameter A; in the soft symmetry breaking interastion will be set to zero, and the radia.
tive corrections will be included in the leading m; cne-loop approximation parameterized
by 6]

P (5)

fiz? sin® 8 -
Vi ans o

m;

3Gr m! log ( 'Vfg)

with the common squark mass fixed to Mg =1 TeV. Ia terms of tg8 and M,, the crilinear
Higgs couplings relevant for our analvsis are given in this approximation by

3
. ¢ cos®a .
A = Jcoslasin(f-a) = s —— (%)
e TN T M e B
Agzmn = 2sin2asn{3 - o) - wslacos(d~a) -3
Iz addition, the coupling
€ cosa

A = cos2Ban(f+a) - ———cos" 3 {7
Anaa o5 23 sin(F - a) .‘-f‘-f-sin.:‘-'csd
will be needed even shough it turned ot ~ 2 posterior: - that it cannet be measured using
the experimental methods discussed in this note®. As usual, these couplings are defined
in units of (212G )" FME the k. H, BT masses and the mng angle o can be expressed
in terms of M, and tgf [see g Ref. & for » recent discussion

In the decoupling Limit (9] for large A. & and H® masses, the lightest Higgs particle
becomes S.i-like and the triliear Ak coupling approaches the SAM value Agn, —
MG /M3, In this Lmit, only the frst three diagrams of Fig. 1b and 1d contribute and the
cross-sections for the processes ete™ — ARZ and WW — Ak approach the corresponding
cross sections of the SA4 110, 11

2. H Production and hh Decays

If kirematically allowed. the most copious source of multipie A final states are cascads
decays H — kA with & produced either by Higgs—strahlung oz associated pair producsien

*For small masses the decay & — A4 could have provided an expenmental opportunity to measure
shis cocpling. However for 1g8 > 1 this area of the AMSSM parameter fpace has been excluded by
LEP [7].

poa
fre}
[

gleTe” = AH) =

The Z couplings o elsctrons are gvea byag, = =l.v. = —] — 4sin® fy and 3, is the
usual two-body phase space function Ay = (1-M7 /s~ ME /8P = SMIME s, The cross
sections (8] and (8] are shown iz Fig. 2 for the roral e—e- energies /s = 500 GeV and
1.5 TeV as a functior of the Higgs mass Mz for o small value of tg8 = 1.5 where the &
cascade decavs are significant over a large mass range. As 2 consequence of the decoupling
theorem, associated AH preduction is dominant for large Higgs masses.
The trilinear Hah coupling cas be measured in the decay process A — hh
[(H = ki) = —C—;-‘ﬂi—"“jfi (1 - f-jfi }“ (107
: 16v2= Mg Mg} -
if the branching ratio is neither too small nor oo close to unity. This is indeed the cace.
as shown in Fig. 3a, for A masses between 180 and 330 GeV and small to mederate g3
values. The other importan: decay modes aze W/ 22" decays. Since the 5 couplings
to the gauge bosons can be measured through the production cross sections of the Fasion
and Higgs-strahlung processes. the branching ratie BR(F — AA) can be exploited to
measure the coupling Agps

The ZH final state gives rise to resonan: two-Higgs [Ah] final states. The AH final
state typically vields three Higgs Alhk™ final states sinee the channel 4 = AZ is the
dominant decay mode in most of the mase Teage we consider. This is shown in Fig, 3b
where the branching ratios of the pseudescalar A are displaved for tgd = 1.5.

‘Zh k. which does not invelve any of the Higgs self~couplings. However, in this case. the
two b bosons do not resonate while [Z& does. so that the topology of these background
events is very different from the signel events. The size of the e=e~ — AA background
cross section s shewn in Fig. 2 together with the signal cross sections; for sufficiently
large Mg, 1t becomes small. in Lne with the decoupling theorem (9]

Another type of two-Higgs Ak final stazes is generated in the chain e*e™ — Ah —

A second large signal cross section is provided by the W fusion mechenism. Sm
the NC couplings are smaller compared to the 00 couplings, the cross section for the 2
fusion processes in (1) and (4] is ~ 16 ca¢t

c

0

IS8

‘ ¢ cne order of megnitude smaller than
for WU fusion | In the efective longtudinal If epproximaticn (12 one ohtains

oy
F 2N
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The magnituds of the cross section® e7e” — Huw, is also shown in Fig. 2 for the two
energies /5 = 500 GeV and 1.5 TeV as a function of the Higgs mass My and for g8 =13
The signals in e7¢” — [hA’ — missing suergy are very clear, competing only with f-
strahlung acd subsequent neutrine decays of the Z boson. Since the Lightest Higgs boson
will decay mainly into £ pairs, the final states will predominantly include four and six 2
quarks

At /5 = 500 GeV, about 500 signal events are predicied in the mass range of Mg ~
200 GeV for an integrated luminesity of [ £ = 20 0™ per gnnwn: aad a /3= 1.5 TeV,
about 8,000 to 1,000 signal events for the prospective integrated luminosity of f £ =200
f=" per annum in the interesting mass range between 180 and 350 GeV, Note that for
both snergies, the Ak background cross section is significantly smaller.

3. Non-Resonant Double hh Production

The double Higgs—strahlung ee™ — Zhh, the triple Higgs production process eTe” —
4h# and the WW fusiop mechanism =7e” — w7 hh outside the resonant B — Ah
range ave disfavored by an additional power of the electroweak coupling compared to the
resonance processes. Nevertheless, these processes must be snalyzed carefully in order to
measure the veloe of the Ahh coupling.

3.1 e7e” = Zhk
The double differential cross section of the process e”=~ — AhZ, Fig. 1b, is givea by
do{e”e” = RhZ) GME . A

= == (&, =¥ 1‘ e r—— (12}

dz;dz; 384/27% © 7 (1wl o

The couplings have been defined in the previous ssetion. T2 = 2E,2/+/5 are the scaled
energies of the Higgs particles, 23 = 2 =2y — =3 Is the scaled energy of the Z boson;

vi = 1 — z;. The scaled masses squared are denoted by g = M?/s. Ia terms of these
varighles, the coefficient A in the cross section may be written as:

L[ siz'(3 - a) i A 1. cws'(B-a)
L = I?fo'.- PRI - J—- T -
< dpi{yy ~pn—pz) | —Ba—Hz Y2 TR HZ dudly = 2n = pa)
" l' fa J 1 e %’si::g{,.?-— a)fy  cost(B - a]fe]
b= pa—pa Ye=ph—pa, Bz BT HEaTRED BT HERTEL
6n?2(f-a) | i fs ] ‘
N, § P + +{y =} (13)
SuZ (v = pa=pz) Vi~ Ba—H2 Y2 EnTEZ
wi:h
- : [sinl'_} ~ @) Arar " cos(B — a},»'\g»,'l " sin’(8 — &) R sin?(d - &) _ 1 1)
I mopr-pn  ve-pz-sE) Vitea—pz W—sn—sz 2wz

1o the effective W' approximation, the cross section may be everestimated by as much as a factor of 2
for stmall masses and /or small c.m. energics. Therefore we display the exact cross sections [13] in Fig.2:

pa
0
o

‘smitting the small decay widths of the Higgs besons]. Oaly the coefficient g includes
the Higgs self-couphngs Agan and Ans.. Iotroducing the notation o = (v: — ¥z} L. the
coeficients f, whick de act invelve any Higgs couplings. are defined by

fo = lwr—ya) =4ez(l - 3uz) (15)
o= [0+ w)f - ezln ~ )] [ 7 - 2zl - 250

fo o= [Ruzlpz =2+ 1) = +w)i=) pzlsz v =y~ 4= 21— wiy)
fL= {a‘g —pz(l-w —ya—pz— "'-'Fhﬂ zl -+ - s — Hzlpr — 4Ea - ﬁylﬂ_

fo = {s:é +pz(l-—y —ta-pz— -5#».1} [v2 = 1= prlpz —w —y2 =4 - 2)]

A= %t -4+t ez (- w)Br —w) s 2 - Wl - ) - nee

£ 2ud — ey - 3y + 8n — 2) + 2wzt (1 — o = wo) = 2avo — wely: ~¥2 = 2)
Fro= (pz(dus - pz — 142 = o) — wavel (B2 (dpn — gz — 1+ 3w} = (1= vel(1 =]
Fo o= [uz(des —pz— 1= 25 - yo) — vave] pz(dsn = sz — 25 1) = (1~ %)l - w)

Iz the decoupling limit, the cross section is seduced to the S.M cross section for which

at 1 T ‘. .
A=for— 2 - - ~ =~ daprfs| +{y = w2}
K Api{yy = pr — pz) ¥ = Ba— Bz Y2 T Ba— K2

with the fi's as given above, and

Anhh, 1 1

e o e

1
Yys=pr—pn Bi-m—Hz Vg sz 2z

The cross section o(ee~ — khZ) is shown for /& = 300 GeV at tgd = 1.5 as a fuaction
of the Higgs mass M, in Fig. a. For small masses. the cross section is built up zlmost
exclusively by H — ki decays [dashed surve, except close to the point where the Agns
coupling accidentelly vanishes (cf. Ref.[8)) and for masses areund ~ 80 GeV where addi-
tional contributions come from the decay A — AZ [this range of M, corresponds 1o Mo
values where BR(A — #Z) is large; cf Fig.3]. For intermediate masses. the resonzace
comtribution s reduced and, in particular above 30 G2V where the decorpling Limit is
approached. the continuum ki production becomes dominant, fulling finally down to the
cross section for double Higgs production i the Standard Model [dashed Iinel. After
subtracting the ¥ — hh decays which of course is very difficult], the contimuum cross
section is about 0.5 fb. and is of the same order as the 5.\ cross section at /5 = 500
GeV Very nigh iuminosity is therefore aeeded to measure the trilinear AkA coupling. At
higher encrgies. since the cross section for double Higgs-strahlung scales like 1 s, the
rates are correspondingly smaller, ¢.fl Figdb

Frospects ate similar for lasge 18 values. The cascade decay H — Ak is restricted
10 a small M, range of less chan 70 GeV, with 2 production oss ssction of ~ 20 {5 at
5 = 300 GeV and ~ 3 fb at 1.5 TeV' The continuum cross sections are of the order
of 0.1 f& ot both epesgies, so that very high lumincsities will be nesded to measure the

)
w0
o



CONURULI €ross seciions (0 this case if the background problems can be mastered ar all.

We have repeated the anafvsis for the continnum process e™e™ — Ahk (ef Fig.le).
However. it turned out that the cress section it built up almos: exclusively by resonant
AH — AAk inal states, with a very small continunm contribution, o that the measure.
meat of the coupling Awaa is extremely difficult in this process.

3.2 Wely — &k

In the effective longitedinal W appreximation®, the total cross saction for the subprocess
Wil — &h. Fig 14, is given by

-

G%8 i ) - o | £z si0{8 — &) » cosl 3 - - !
b = SEA G gpfezis@oa), s gl (18
B4 3;1' I = lUpn .1—,u5
°:. \P 1 '3“3 z {"':— .
B luzsinl; ], pzcos(f —a) i .
- | A, — - Agan ~ 1| [sin?(F - e)g:
3315& | 1 — e LYY 1= e Hhh [ { g

irm o [P 1
= [sin'(5 — a)gs + cos*(3 — a)gy - sin® 2(3~ &}Qs‘}
“,",3" 14 4

- cost(3 - aigal =

-
a 12 .
& i

@ = 28w —zwii-1- 3o = 45,280 — zw )
13

o = 3[:53-_ -— Sw_ 1'-_9 *-1;:‘,L_‘=c‘ﬁp_ - 2_3-;:,5\

g = BulBuzw(28izh — 1435 + 2 - 28%) - 484-(38%3, + 85, ~ 1 - 8L )i~ zwyw|
=[B% = (1 - B )1+ 235 - 35 )ilw 2w — ww| = 285yw (28w — Suzw )

G = BulBrzc(38izh + 1485 — 48w (23zd + 3%.)ille = zoye
-Gy llgize = yol = 2y 8328w — Bhze)?

o
.'.1_1-.5;;':’:;'. o 5 A% 2 a3z - i
2 = z—:——z—:.?.:mlzwﬂhﬂw - z.;-zw.?; = :c;ﬁ&-\ - 22&-‘\;3.;.3;;- = 35‘ -1 3::;-}
W%
; TC A% n e e 1822 L AR AR\ . #a3n 1
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The scaling variables are defined in the same way as before. § 7 is the c.m enerzy of the
subprocess. Ju- = (1 — 4 M2 /517" and 5, = (1 = 4MZ/EH? are the velosines of the 1
and h bosons, and

zw = (1= 2un)/(BwBa) . zc=(1~2u, = 2= — 2uw)/(Bwi)

h=loglz, — 1)z, =1) . 3 =2 lzf = 1) (181
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In the decoupling limit, the cross section reduces again to the SV cress section whueh
in terms of g: and g, defined above, is given by:

—_— !fl cgyy g2t 115 Tazdua 4 B (19
e gy |V Y T Gwdn | 1-hy SicgmaE(

After folding &7z with the longitudinal Wi luminesity [12), one obzains the total
cross section ¢le”e” — v, 2.hk) shown in Fig, 4b 2s 2 function of the light Higgs mass M.
for tgf = 1.5 ws /5 = 1.3 TeV. It is significantly larger tharn for double Higgs—strahlung
o the contmuum. Again. for very light Higgs masses, most of the events are 7 — AR
decays dashed line]. The continuum h# production is of the same size as pair production
of S.M Higgs bosons [dotted line] which. as anticipated, is being approached near she
upper it of the & mass in the decoupling Limir. The size of the continugm Ak fusion
cross section renders this channel more promising than double Higgs-strahlung for the
mensurement of the trilinear Ak coupling,

For lazge 128 values. strong destractive intecference effects reduce the cross section
in the continuum to very small values, of order 10°2 f5, before the S eross section is
reached again in the decoupling limit. As before, the Ah final state is almost exclusively
built up by the resonancs H — Ak decays.

4. Summa

It is copvenient to summasize our results by presenting Fig 5. which displays the areas of
the [Af,.tg8 plave in which Agsy [solid lines, 135° hatching and A [dashed lines, 45°
hatching’ could eventually be accessible by experiment. The size of these areas ic based
oz purely theoretical cuts so shat they are expected to shrink if background processes and
detector effects are taken izto account.

(+) In the case of B — hh. we require a lower limit of the cross section o H)xBR{H —
hR) > 0.5 b and at the same time for the decay branching ratio 0.1 <ER(# — AR) < 0.8,
as discussed earlier. Based on these definitions, Apna may become accessible in pwo
disconnected regions denoted by I and 11 [135° hatched in Fig.5. For low 1g3, the left
boundary of Region [is set by LEP1 data The gap batween Begions T and [T is a result
of the nearly vanishing Aga, coupling in this sirip. The right boundary of Region II is
due to the overwhelming tf decay mode for heavy H masess, ac well as due to the small
H production cross section. For moderate valnes of tgd. the left boundary of Region I is
defined by BR(H -+ 44) > 0.8 In the area between Regons 1 and I1, H cannot dezay
into two h bosens, 2.e. Mg < 2N, For large 1g3 > 10, BR[H — AR(A44)) ic cither 100
large or too small, except in 2 very small strip, M, ~ 55 GeV, towards the top of Region
I 'Note that 2 and A are neasly mass—degenerate in this aren

{##) The dashed line in Fig.5 describes the lef: boundary of the area 45° hatched in

-
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which Ajan may become accessible; it is defined by the requirement that the oo
WLWy — AR coss section, Geow, i3 larger than 0.5 fb. Note that the resonant 5 — hh
events in Region IT must be subtracted in order 5o extract the Agan conpling.

In conclusion, we have derived the cross sections for the double production of the
lightest aeutral Higgs boson in the MSSM at 27¢” colliders: in the Higgs-strahlung
process e”e” ~» ZRh in che wiple Higgs production process e7e” — 4AA), and in the
WW fusion mechanism. These cross sections are large for resonan: § — AhA decays so
that the measurement of the triple Higgs coupling Agas is expected to be fadrly easy for
H — hh decays in the Mg mass range between 150 and 350 GeV for small tgs values. The
CORLinuum processes must be exploited to measure the triple Higgs coupling Apsy. These
continuum cross sections, which are of the same size as in the SM, are rather small sc
that high luminesities are needed for the measurement of the wiple Higgs coupling Apan.
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Loop Induced Higgs Boson Pair Production

A. Diovant, V. Driesex anxp C. JUNGER
Inszitut f5r Theoretische Physik, Univessitit Karisruke, D-T6128 Karlsruhe, Germany,

Abstract

We discuss the loop induced productioz of Higgs boson pairs at high—energy e™e”
calliders, both in the Standard Model and iz its minimal supersymmetric extension.
The cross sections are zather small, but these processes couid be visible with high-
enough luminosities and if longitudinal polarization &s avaidabdle.

1. Introduction

If the genuine supersymmetric particles were too heavy to be kinematically accessible
in collider experiments, the only way to distinguish between the Standard Model (SM) 2znd
the lightest Higgs boson of its minimal extension (MSSM) in the decoupling limit [where
all the other MSSM Higgs boscns are heavy, and the lightest Higgs boson A bas exactly the
same properties (1 as the SM Higgs boson except that its mass is restricted to be smaller
than M) < 140 GeV], is 1o search for loop induced contnibutions of the supersymmetric
particles, which could g give mise to sizeable deviations from the predictions of the SM. Well
known examples of t:;us loop induced processes are the 4~ widths of the Higgs particles
2] or the process 27¢~ — Z<Higgs which in the MSSM reccive extra contributions from
supersymmetric gaugino and sfermion loops 3.

Another type of such discriminating processes is the pair production of Higgs bosons
which will be a.na.'l}'zcd kere. In the SM, where it has been first discussed in Ref. 4,
the process e”e™ — F9H? is mediated only by W and Z boson loops, Fig.la, while
in the Minimal Supersvmmetric exteasion, additional contributions to the corresponding

rocess e”g” — ihowill originate from chergine, nentraline, selectron and sneutrino loops,
as well zs loops built up by the associated 4 and H= bosons; Fig.1b. The cross secticns
for these two processes [as well as for the p—oduc:ion of the heavy MSSM Higgs bosons,
e"e” — HH, AAand 2K have been desived in [5, 2nd here we will summarize the results.

2. SM Higgs Pair Production

In the $M, non-zera contributions to the process ¢7e” — H?H° cac only come from
B )

one-loop diagrams, in the limit of vanishing electron mass. Among these, the diagrams
involving the one—loop He"e™ vertex [becanse m, = 0l and those with v and Z boson
s-channel exchanges Jbecause of CP invariance give zero—contribution; additional contzi-
butions from vertex diagrams involving the quartic WIWEHHY/ZZHYH® couplings are
prepertional m, and also negligible. The only contribution to Higgs pair production in
the SM will therefore come from W and Z box diagrams. Fig.la. The expressions of the
cross sections, allowing for longitudinal polanization of the nitial beams are given in [3).

Fig. 1: Feynman diagrams contributing to the Higgs boson pair production process in eTe
collisions in the SM {z) and in the MSSM (b).

The cross sections are shown i Fig.2 as a function of the Higgs boson mass for two
center—of-mass energies, /3 = 500 GeV and 1.5 TeV. Except when approaching the Mz
threshold ‘and the small dip near the W thresheld . the cross sections are practicelly
constant for 2 giver value of the c.m. emergy. and amount to ¢ ~ 0.2 fb at /5 = 500 GeV
in the unpolacized case. The decreace of the cross sections with increasing center—of-mass
energy is very milé: at /3 = 1.5 TeV, the cross section is still at the level of ¢ ~ 0.15
for Higgs boson masses less than My < 350 GeV.

With left-hended polasized electrans. the cross section epe” — H°H® is larger by 2
factor of two, while for left-handed electrons and right-handed positrons, the czoss section
ezeq — HYH® is larger by u factor of four, compared to the unpolatized case. Therefore,
the avadability of Iangxtuii.nal polariza...ion of the initial beams is very important. With
integrated luminosities of the order of [ L ~ 100 &7 which are expected to be available
for future high—energy linear colliders, one could expect a few hundred events in the course

£ & fow years, if both initial beams can be longitudinally polarized.

For Mg X 140 GeV. the signal will mainly consist of four b guarks in the final state,
sTe ’-’°F" — bbbb, since the dominant decay mode of the Higgs boson in this mass
range is H® ~- 5. This calls for very eficient g-vertex detectors to tag the b jets. Stace
these rare svents will be searched for only after the discovery of the Higgs boson in the
main preduction processes (5], Mg will be precisely known azd the two mass constraints
m(B}) = Ma. together with the Jarge number of final b quacks, give a reasonable hope
to experimentally isolate the signals despite of the low rates, For Mg T 140 GeV. since

= 14
HY — W*W= and H® — ZZ will be the dominant decay modes of :uc: Higgs boson,
the signals will comsist of four gauge bosons in the final state, e7¢” — A HYH® —= VVVYV.

leading to sight final fermions, These rather spectaculas events s':mu!d 2lso help to exper-
mentally isclate the signal

3. MSSM Higgs Pair Production

For the pair production of the light CP-even Higgs boson of the MSSM, e™s™ — Ak,

(3]
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several additional diagrams will contribute to the process; Fig.1b. Besides che W and Z
ooson box diagrams, one has the beox dizgrams with the exchange of the psendoscalar and r ) -
- i . 3o . . & ’ 3 2 gieTe” == hm)ifm} .
the charged Higgs bosons, A and H= and the box diagrams built up by chargino/snentrino e R 4
. : ~ a: . 5 s wond = 32
2ad aeutralino/selectron loops. The analytical expressions of the cross sections. allowing A
5 o T P 5 L 2 5 . P - b —_— iy zoEs tion n
for longitudinal polarization of the initial beams are alse given in [3. e v ’:“ 7 )
without SUSY contris,

In Fig.3, we show the cross section for the process e~e~—Ahk as a function of M, for — 3
two c.m. energies /s = 500 GeV and 1.5 TeV and twe velues of taz 8 = 1.5 and 50. The 3 = 530 Gav i
solid Lines are for the full cross sections, while the dashed lines are for the cross sectione . T [ 3
without the SUSY contributions. To include the latter we have chosen the parameters
Mz = —p = 150 GeV, while the common sleptor and squack masses are taken to be .

Mp = 300 GeV 2nd Ms = 500 GeV; the parameter 4, and 4, are set to zero. Only :
the unpolarized cross sections are discussed: as mentioned previously. they ace simply it 1
% - PR Sim36r IS 2 2 P e T
increased by 2 factor of 2(4) when the initial beam(s) are longitudinally polarized. i 1

Let us first discuss the case where the supersymmetric contsibutions are not included. o -

for small tan 8 the cross section is of the same order as the SM cooss section and does E S

5 B .- 4 . . SR 1 . W (oev] |
aot strongly depend cu My, especially at very high—energes. Alzhough the WWR/ZRA o 1 -

R s s g ; . -2 P 53 x s " [ E
couplings are suppressed by sin(3 — a) factors, the suppressicrn is not very strong and the
W/Z bex contributions are not much smaller than in the SM: the diagrams where 4/ K= Fig. 3: The cross sections for e™e™ — Ak in the MSSM. a5 2 fuaction s for F = 500
are exchanged will give compensating contributions sinee the RAZ/hH=W couplings are GeV and /5 = 1.5 TeV and for tarf = 1.5 and 50. The soli¢ carves correspand to the
propestional to the complementary factor cos{f—a). Asizthe SM case, the cross sections full cross sections. while the dashed curves correspond to the €ross sections witheous she SUSY
slightly decrease with increasing energy. For large tan § values, the factors sin | cos(8 — &) contributions.
vary widely when M, is varied. For small M. the factor sin(% — a) — 0. and the
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contribution of the diagrams with A4 H= exchange dominates. The latter contmbution
decreases with increasing M), [i.e. with decreasing cos{Z — ], until the decoupling Limit
is eached for My = 110 G=V. In this case the factor sin(& — a} — 1 aad the W/Z boson
loops are not suppressed anymore: cne then obtams the SM cross section.

The contributions of the chargine ‘selectron and neutraline/sneutrine loops lead to 2
deszructive interference. At high—energies, the supersymmetric haxes practically do not
contmibute; but at lew emergies, and especially below the decoupling Hmit, the SUSY
contributicns can be of the order of ~ 10%. We have scanned the SUSY parameter
space, and the maximum contributicn of the SUSY loops that we have found was about
~ —15%. In the decoupling Limit, the SUSY contributions are, at most, of the crder of
a few percent. Because of the rather low production rates, it will therefore be difficult to
sxperimentally see this effect.

4. Summary

We have discussed the one-loop induced production of Higgs boson pairs at future
high—enesgy «7¢” colliders in the SM and the MSSM. In the SM, the unpolarized cross
sectior is rather small, of the order 0.1-0.2 fb. The longicudinal polarization of both the e~
and e~ beams will increase the cross section by a factor of 4. With integrated luminosities
[ £ 2100 F5* as expected to be the case for fature high-energy linear colliders, one could
expect a few hundred events in the course of a few years i longitudinal polarization is
aveilable. The final states are rather clean, giving 2 reasonable hope to isolate the signals
experimentally. In the MSSM, additional contributions to the processes eTe™ — hh come
from chargine/ nectralino and slepton locps. For kA production, the contributions of the
supersymmetric loops are in general ratier small. being of the order of & few percent; the
cross sections are therefore of the same ordes as in the SM. For the processes invelving
heavy Higgs bosons, the cross sections ace sven smaller then for e™e™ — Ak, and the
signals will be hard to be detected experimentally.
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Search for the Higgs Bosons of the NMSSM at Linear Colliders
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Abstract

* 2t least one of the Higgs bosons of the Next to Minimal Super-
symmetsic Standard Mede! can be detected at future Linear Coiliders of 500, 1000
and 2000 GeV c.m. energies.

1. Introduction

The Next to Minimsl Supersymmerric Standard Model (NMSESM) [1-3] is a minimal
extension to the Minimal Supersymmetric Standard Model 4. The NMSSM provides
the most sconomic solution of the so called u-problem of the MSSM by introducing an
additional Higgs singlet supesficld A" = (N, ¥y, Fy) with » Higgs singlet ¥, 2 higgsine
singlet wy and an auxiliary feld Fy. Together with the tws Higgs doublets superfields
HMix={H. 2,03 F2) the superpotential of the NMSSM is given by

. - .
W = Xl ez — 2kA™ (1)

The soft breaking part of the Higgs secter is giver by
ot = ~AALHT ey N = ék.ﬁ.\-’“ ~he (2)

where A; and A, are soft breaking mass parameters

Hy H; and N develop vacsum expectation values vy, and = respectively. The
NMSSM contains three scalar Higes bosons S;, S and 53 with masses mg, < ms, < mg,.
two pseudoscalar Higgs bosons P, and Py with masses mp, < mp, and 2 charged one -
with mass me.

The Higgs sector has § free parameters X, k.tan 8 = vy vs, 2, 45 2nd Ag.

[

. Constraints on parameters

n.

\ remarkable result of the MSSM is the tree level bound of ms, € mzcos25, This
18 due to the fact that all gquartic terms have gauge coupling constants. In case of the
NMSSM there is & quartic term with the coupling constazt A. It turns out that the
upper bound of A may be relevant for ms.. An effective way of determining this bound
15 RG-analysis [1-§.

The one loop RG-equation of A is coupled with chat of & and A, the Yukows coupling
constant of the top quack (negiecting other quarks) and is @iven by

i L 15 ous 30 3. 1oy,
- = {IL' - 2A -‘—EA—EE‘-—-EQ:)A

T

o0
L

s §

(_;é—ﬁj k (3)
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where t = ln ¢ and # being the rencrmalization scale, By demanding no Landan pele up
te the GUT scale one can determine from eq. (4] the upper bound of A and & and the
‘ower bound of tan £ at the electroweak scale. We plot our results in Fig. 1 (Fig 2) for
my = 175 GeV (190 GeV). They show that An.. decreases with increasing &°. The lower
bound of tan 3 is about 1.24 for m, = 175GeV and 2.6 for m, = 180GeV. For tan 32 2
Ames 15 almost independent oz tan 5. The upper bound of & is about 0.7

3. Mass upper bounds

The tree level bound of my, is given by [3]

- - - - i
™5, Sm}fcos‘?ﬁﬂ- =

sin® 23) = imae (4)

=
2
The upper bound of my, and mg, cas be expressed in terms of mgmes and myg,
Mlmar — R3m3,
R —

1-R?
Mimee — (2 + RE)mi,

5 3
ms < Mg =
5 A

fe
15

ms, S Mipe =
where & = {7, cos 8~ I3 sin 3 and Ui;isthe3x3 orthogonal marrix which diagonalizas
the scalar mass matrix.

Ry and Ry satisfy the unitasity condition 0 < Ri+ri < 1 The tree level upper bound

(£) yields ms, < mz for A < (¢} = &)/2 = (0.52)° and ms, £ 1/2/(gf + gE)Amz =
L82dmz for A7 > (0.52)%. Using dnge = 0.54 = (.74 from section 2 the tree level relation

yields mg, < 113GeV - 131GeV.

As i the case of the MSSM the contributions of radiative corrections may change
this result considerably. Several groups calewlated higher order contributions to the mass
matrices using the oge loop efective potential and determined the corrected upper bound
8-1i1].

*We obtain Anae = 064 - 0.T4 for me = 175 = 160 GeV.
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The result in our notation [8] is given by

with (Ap = —A; = Azeot )

1 ( Azhr 2 ( m._r
a = —— —
SO v S o\mg)
_ 3 (md O\ _ Aty
5 = goredr( ) [\\; = ]
_ 3 (m__‘ _,)Enm::-' 24.4r  A24F -
L T {- m{ m3; fm} ¥

In this result only top and stop contributions were taken into accoun:t. We numerical
calculated mgmer in the region 175GeV < m, < 180GeV. 250GeV < z,4; A, m; <

1000GeV and 2 < tan 8 < 20 aad obrained [§]

120 < mgmer < 156GeV (8)

4. Production of scalar Higgs bosons at ¢7¢” Colliders

The upper bound mg, < 120 — 156Ge\ suggests that the accessible area of the parumeter
space at LEP1 with /5 = mz might be very small. Actually we shcwcd that the existing
LEP1 data do not exclude the existence of §; with mg. = 0GeV 1

For colliders with /5 = 500, 1000 or 2000GeV the situation is &ﬁ'e‘e t. In this case
the production cross section of one S, via the Higgsstrahlung e¥e™ — Z§; with real Z
and S, is always possible as the collider =nergy is larger than Er = 212 — 248GeV. Er is
2 kind of thresheld energy and is an important quantity of a model.

In this case it is possible to derive 2 lower bound for the production cross section o,
of 5, as a function of the collision energy only. This lower bound would give mformation
zbout how far the model could be tested
Iz order to derive the lower bound of o; we comsider the production cross sections of
S2, S5 via the Higgsstrahlungs process. denoted by &y, 02,3, Which can be expressed
in terms of the standerd medel Higgs production cross section osye and R and R defined
in section 2

Q

ay [ms,l = .""{Tj:FsM[ms, ]
(ms,) = REJ’SMiﬂ”s,] (9)
ca(ms,) = (1R}~ Alesa(ms)

A ocseful observation is that oy(mT*) £ oy(ms,) which allows one to derive parameter
independent lower limits on oy as we will see in the fellowing.

[N
[
w

First we determine at a fixed set of mg,, B;, A: the cross sections &,[ Ry, R mg, ).
oa Ry sz.mgzmw‘a and oaf R:, Bz, mgmee|. Then we keep R: and R; fixed. but v ms,
fr om its minimam to its mexmum value and determine the guantty of Ay, R defined

0‘
&

a(R:, Ra) = min 'max{e;, 62, 03) (10)

where ¢; = o1{Ry, Ra,mmg ). o2 = 2[Ry, Ra, Trispoe | and cr-| = o3(R:, Rz msmas). Asa
last step we vary R and R: from 0 to 1 with A5 — RS € 1 aad plot o(R;, Rs) in the R;-
Ry-plane. It is pla.usiblc that ¢[Ry, R2) =0 for \,E < Er = m, +mgmee = 212 — 248GeV
in the entire Ri-Ra-plene. This 15 the case for LEP2 with 'Z < 205 Ge\. Thersfore this
method does not give any results for LEP2. For 5 > E-_- o(R:, B1) never vanishes and
the minimum of ¢{ Ry, B;) is 2 parameter independent lower Limit of one of the &,. This
minimum is thus 2 characteristic qua._..ir.'- of the model.

In Fig. 3 we plotted o{f;, Ry) for /s = 500 GeV and mgpee = 145 GeV. The
minimem is about 15 fb. When the d.ucovcn Lmit is about 3" events, one would reed
2 luminosity of about 23 fb, which it 2 realistic one. Fig. 4 (Fig. 5) shows o(R:. 2}
for 4/ = 1000{2000) GeV witk minimum cress section of 4 fo (1 "b} Fig. § shows
the minimum of o(R,, Ra) as a function of \/5 :u:d Mg s 3 parameter. We see that
the effect of Mmgmar 00 Tpmyn is very big around /5 = 300 GeV, but rather smell for
V3 2 500 GeV.

Fig. T shows the tree level cross sections 3,0, 2nd o3 for an exemplary set of param-
etess with the contributions from (i) the Higgsstrablungsprocess e™e™ = Z5, — b3S, (1]
the proccs:. where S, is radiated off from bor 6 and (i) 7™ — Z — P.S; — 558, where
Pi(7 = 1,2) 1s a pseudoscalar Higgs boson.

Fig. § shows the same as Fig. 7, but with one loop contmibutions via the sffecuive
potenuzl The higher order conts butzcn is rather important for the energy region around
150 GeV and decreases with /5. In this parameter region the dominant production is
that of 8, at /5 = 500 GeV z2nd is about 13 f.

We conclude that the Higgs sector of the NMSSM can most probably be tested con-
clusively 2t the future inear e™ e colliders with 300, 1000 or 2000 GeV ¢.m. cnergies,
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Electroweak Gauge Bosons

ESGL0MINT, e le

The electroweak gauge bosons will be preduced in abundance in all modes of the
linear collider: e™«™ | 7« . ~~ and ev . Indeed cross sections for the production of Z
and W's will be much larger than the usual pair production of fermions and therefore
could constitute some large backgrounds in the search for New Physics. An exhaustive
ist of cross sections for up to four vector bosor production is now available’]’. Moreover
the full radiztive corrections 1o the main two body processes (¢72” — WW~™ |+~ —
W-W" and ey — W) have been pecformed[2].

At the same time, the detailed study of the properties of the electrowezk gauge bosons
1hat the clean savironmen: of the ¢7 =~ collider allows. could hold the clue to the mecha-
aism of symmetry breaking, S5 . This is because the Goldstone Bosons that are essentially
a refiection of the longitudinal degree of freedom of the gauge bosons originate from this
sector, as does the Higes.

In this respect Higgs production ¢an be exploited to probe $B . To this aim, a detail
study of the collisions v+ — WW~ . ZZ . Z~, v+, B, HF and ¢7¢” — HZ , H4, has
been performed and the observable effects of 2ll possidle dim = 6, SU(2) x U(1) gauge
invamant operators were analysed. in the framework of a linear representatioz of SB .
The sensitivities to the strength of the New Physics (NP} interactions descsibed by the
aforementioned operators for an #™2” collider zt energics between 500 acd 2000GeV have
been investigated. Unitarity considerations for each opesator have been used lo translate
these sensitivities into magnitudes of NF scales which can possibly be felt in the e™e™
colliders. The Montpellier Thessaloniki group([3] finds that one could attain scales of a
few tens of TeV in bosen pair processes and up to £3TeV in single Hizgs production.

Ox the other hand, especially if the Higgs is too heavy or not present. the W's ace our
best window on SZ . In this case one needs to perform precision measurements involving
2 variety of chservables provided by diffiereat W production mechanisms. In this respect
W production both in the 272" and 4+ mode offers probebly the best prospect, through
tests of the so-called anomalous couplings of the W. The already detailed investigations
that have been performed in the previous Worksheops have been improved and carsied

over 1o the higher energy regime, above the TeV scale. On the theoretical side there is

now a general consewsus to express these anomalies through an explicit pauge invasian:
formulation whick leads to a hierarchy of couplings. It is important to stress that the
LEP data do zow require the genuine non- Abelian contributions/s’ and indirectly suggest
2 natural order for the expected magnitude on the sarametess of the effective Lagrangian.
For instance one expects Ax of erder O(107. The studies on W pais production do show
that this order of magnitude can well be experimentally resolved already with a 509GeV
collidex5. €.

. 6.7 with vet about an order of magnitude improvement ar 1.5 2Ta\ 8, Gl As
an example. the contribution of the supersymmetsic spectrum to these toi-linear couplings
bas been found 10] to be of the above order. Therefore cne could hope to indizectly probe
some supers¥mmetsic particles before one reaches their threshold. Note however. that in
this case. one should rely on the full supersymmetric consribution to e=e™ — W=~ _
For instance. box effects that can not be parameterised through td-linear couplings are
zoa-negligible.

Coxsiderable improvement in the extraction of the seli-couplings of the W, especially
iz ¢%e™ — W, has been achieved with more reafistic simulutions of the experimental
siteation @, € as well as more powerful fitting procedures (5, 6, 7. Most azalyses now
exploit the full information coztaized in all the avallable kinematical vasizbles provided
by the four-fermion final states, rather than the resisicted angular distribution at the
level of the W, At the same time since binning in the full 5-dimensional variables requires
bigh statistics, 2 x* At (as had been done previously when using few vanables) is not
the optimum way of exiracting these couplings. Mest analyses now rely on the max-
mum Ekelihood method. Another alternative has been suggested based on using optimal
cbservables|l1]. Initial state polasisation is easily implemeted and is of some help in im-
proving the lmits(3]. Although most studies resirict their analwsis to the semi-leptonic
decay mode of the W pair, it has been found that ons should alsc exploi the other modes,
notably the all-jets events[6. The impact of the i-fermion final states background not
mediated by the ¥ hes also been investigated with the conclusion that it can be brought
tnder control and does not degrade the results based on the resenant W conrdbution!T I
Another imporiant aspect that bas also been addressed 6. 8] and which is particularly cru-
cial as the energy of the collider increases is due beamstrablumg. The latter induces 2

@

large energy loss that can lead to 2 bials which

is larger than the expecied precision on
the couplings one wishes to extract. Luckily, It has been shown that this can be easily
taken care of. 21 the expense of some Little loss in the precision on the measurement of the
couplings. However. since the large energy loss éue to beamstrablunp prohibits the use
of constrained fitting techniquas proposed for lowe:r epersies. o 2004 detector resolution

becomes more impoartant.
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(31}




S ——

T.pn:‘:(,: Lo the tesults thet one would obtain from tae LHC concerning the limits on

r couplings. the NLC fares better, even with & = 300GV 7). Unfortunately,

comstraining as regards the quartic couplings if the =77 enezgy 15 below 1Tel.

1

joing kigher in energy. the efiective W luminosity becomes substantial enough o allow for

study of WW scattering. Most interesting is W W that may reveal new resonances

and 4 new regime for the electroweak interaction. In fzct. even in this eventiuality the

smen e WU cross section is very usefe] sinceit could be exploited to extzact the strong

sescattering effect. W — UV, For instance, Barklow/8/finds that with 2 luminesity of
80f4~" one could exclude a techni-tho vector boson up to 2 mass of about 2.5TeV. Az
15TeV & 2TeV techoi-rho would produce z 37e signel while that with a £Te\ mass to
480, OF course with these energies scaler dominated models can be probed through the
effective B contained in the electron in ¢7e” — IV, Vs, For these models, and with 1.5
9TeV the NLC is very competitive with the LEC. The combination of these two machines
will thus be invaluable and will probe all the currently discussed scenasios of S5 .

The v — W™~ channel, especially when combined with the conventional eTe” —
W-W- mode caz be most welcome|T]. Because of the impertanes of this channel and the
very large statistics that it offers. 111: full radiative corrections have bcen calculated[12].
There is pesfect agreement batween two independent calculations[2'. One of the charac-
teristics of the effect of these corrections is that they do mot mvohc those usually large
corrections. like those zssociated to the running of & (because the photons are real) as
well as the usual collinear logs. Moreover 2 heavy Higgs decouples. Oz the other hand,
especially at very high energies, purely bosonic loops from boxes and triangles (W
sascattesing) can be large. The extraction of the anomalous couplings in this chaane] has
2lso been improved by taking into account the full 4-fermion final state and relying on
the maximum Lkelhood method 7). In conjuction with =7e” — WT™W" one can reach

much better predision on these coupngs.

The = mode has alsc heen re-investigated[13], not ealy in probing the anomalous
couplings but alse us = means for producing & right-handed W and beavy neutrino as
predicted in lefi-sight models. This channel does not seem tc compete with the v~ —

W-W~ and eTe~ — W™W ™ mode as concerns the self-couplings.

W< pair produetion in ¢~ has also been investigated afresh’14]. Observation of

this process would be 2 sign for lepton number violation zad thus = goed test oz new
physics, like for instance the presence of Majorana mevtsinos. It is found that although
preseat constraints on neutsine messes and mixings, as well as unitarity considerations,

could allow for a signal at a Enear collider in 0.5-2TeV, the constraints from peutrinoless

dou

bie beta decay are so strong that only extramely conirived and unnatural scenarios

could possibly lead to 2 signal
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Cross Sections for Electroweak Boson Production at
the Linear Collider

M. Baillazgeon

Onee the thresholds for W ané Z production open up. the cross sections for the pro-

duction of the electroweak gauge bosons quickly pick up to the point that the Linear
collider can be considered as z W factory. This occurs in all modes of the collider: &TeT;
€7¢™, ev and 7y, even if 1t is more pronounced in the photon mode (ses Figs 1, 2). For
the linear collider energies these cross sections are much larger than the usual pair pro-
duction of fermioas and therefore they have to be known quite precisely since they could
be potential backgrounds to searches for new physics. Note, however, that for the largest
cross sections, the W's are rather forward. Nonetheless, even zfter imposing moderate
cuts these processes correspond to large W oand Z vields. For many W processes, contrary
to typical s-channe! annibilation reactions one will be doing “pb physics™.
Iz is also worth observing, that within the SM , all the W aad Z processes in e~ e~ have
an equivelent process in the «”¢” mode with roughly the same total eross sectior.
Fig. 1. Radiative corrections to all the two-body production mechanisms have now been
performedl]. Higher order corrections 1o single W production in e”e™ and e=e~. which
are domiruted by 4 t-channel photon exchange, can be implemeated by correcting the
progess ey — W and convoluting with the photon Sux.

A remaining challenge is te take into account the finite width of the massive besans.
This will lead to multi-fermion final states which have to be combined with nou-resonating
ontzibutions [not proceeding through @ Woor 2 Z). In the case of 4-fermion final states
2 energies/2]. However thev

¢7e”, mary programs exist and agree very well at LEP2

« optimised when going to high energies. A similar analysis for the 4-fermion

tr
[
e
"
o
o
o

final state in 9+ is in progressi3l. One muy, ar high energv. need 1o consider Processes

with mor» than 4-fnal stazes.
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cocTections on ey — =7, ¢Z and W is summarised by A. Denner and 8. Dittmaier in Past
C of the DESY «* ¢~ Proceedings, DESY-83-123C, p. 171, edited by P. Zerwas.

Radiative to v+ — W*W ™ are discussed in this volume, see the contributions of G. Jikia
and A. Denser, S. Dittmaier and R. Schuster.
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Electroweak Radiative Corrections to vy — W™W~

Denner'. S Dittmaser® ana R, Schuster
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1 Introduction

v interesting process &t ~~ colliders s Wepair production. I total cross-
section approaches & constant of about 80pb 2t high energies corresponding to § % 10*
W pairs for 1057, Althoug

section is drastically reduced by angular

cute. even for lcos#] < 0.8 it ¢ po &1 & center-of-mass energy of 300 and
1000 Ge\'. respectively. and thus much larger 2s e.g. the oge for e™¢™ — W-W~ Hence

wn = WIWS s very well-suites for precision mvestigations of the SM

Most of the existiog works o 4~ — W™W~ concenitated on treslevel predictions and

on theirfresce of anomalous nc:l-.—.:pel:;m gauge couplings [1-3]. Az trew level, the process

v — WTW*" depends both on the tople ~WA and the quartic v~WW coupling, and
no ather vertices are involved in the unitary gzige. The sensitivity to the aWW co ipiing

is comparabie and complementery 1o the reactions 676" = W WS azd o2 — Wou

2 Because the sensitivity 1o the =~ WW coualing is muck larger thar the ane in e

processes, 3% — WHFW™ 15 the idesl process 1o st udy this ecupling (3

The one-loop diagrams invelving 2 resonant Higss bosen have been caicilated in or-
der to study the possible mvestigation of the Higgs beson via ~~ — H° — W-w~ f-T1

Based on our complete one-loop calculation (3], we have supplemanted these investiga-

e

tons by @ discussion of the heavv-Higgs effects in Red. [9. As & matter of faci. only

essed ) channels of longiiudina W-hoson production are sensitive to the Higgs

hut :he {dominant channels of purely transverse W.boson production are

msensitive, This insessitivite 1o the Hzgg-» sector renders = — WTW™ aven

Ve ¥, s et
i or 1Ne iovestigaiin

an seif couplings.

In tnis paper we summarize sur results far

¢ wvirtuel ane soft-photonic
Qe corrections.

We give 2 surves of the leading corrections and restrict the rurmesical

i

upoorted oy the Deutache Fosschunpgszemeinuchal

'
(e

More detaileg resul's ané 2 disc

& cussion of e

evaluatiaz can be found

2 Lowest-order cross-section

The Born crass-section of v+ — WTW" 1o giver by the formulze

(do\>™ _ 3a%3]. 2¢2¢ = 3MF | 28+ 3ME Y ) |
E-‘c'.. )urp Tt | 3ME -H(ME —ul 3G — TG - ui :
for the unpolarized differential cross-section and
[l=Jdeosb) | 16(s*=3M) !
1~ 3eosbo.) 371~ Feestby,) |
|.l:."

for the unpolarized cross-section integrated over 6o, < ¢ < 180° — §.,. Here 5 =
/1 ~4M /s denotes the velocity of the W bosons and . t. and v are the usual Mande!-
stam warizbles. Concerning kinematics, polasizations. input parameters, etc.. we follow
the conventi

of Ref. [8] throughout.

As can be seen from Table 1. the lowest-order cross-sections are dominated by traps-
verse [T} W bosons. The massive t-channe! exchange gives rise 10 a constant cross-section
at high energres. s 3 MY, for 6, =0

Bomn SBern_Borm

=3l T T=xTT-FzzT7 3

e T = §0.8pb. 1

For 2 fnite cut, 297, and o297, behave as 1/s for sarge 5. This is illustrated in Fig |
for two differert anguler cuts o, = 10°.20°. Clase to threshold the difereatial and
integrated cross-sections for all polarization confgurations vanish like 5.

4 BT

3 Leading corrections

Electroweak radiative corrections contan leading contributions of .

rsal origin. In
the on-shell rencrmalization scheme with input perameters o. M. My these afec 1re

corrections to v~ — WW™ ac fgllows

 Since the tiwo external photons are on mass shell. the reievant eSuctive coupling 1

the one al zerc-momentum t running of o 15 not relevan:




5 GV
=

500 El
S
1000

(50T

=% =

Table 1: Lowest-arder imizgrated cross-seciiens m ph for severe! polamsations, the lowest-

onier cross-seciion for ==ILT + TL) venisies

» In order to handle the Higzs-boson resonancs 21 s = M3, in the lierature 37 the

Higgs-boson width has been introduced na the replacement

FA(s) By
Py 77 P Y Y oY <

n ihe o nt contribution. Howe

this treatment destroys gauge invariance at
the level of non-resonant Qad corrections. Iz arder to preserve gauge invariance,
we decompose the Higgs-resonance contribution into a gauge-invariant resonant part

and a gauge-dependent non-resonant part and inroduce [y only in the former:

Fis <) FE
re 73 i3
"r- o= My

o Qutside the region of Higge resonance the

A

polarized W
MG MG axis

tioas proportional to MZ/ ML appesr for the cross-sections involving longitudinal

sons. For all polasizations no cormeetions invelving logl My M jor

in the ':‘.ea'x".—ﬁin}:s lmit ™ Heaw

r.for & 3 Mz 3 My correc-

L] gauge bosons as & remnart of t1he uaita ions. These terms gve rise

large efects 1 particular for «

» The tep-mass-aependent cormections are alse smal

mass-dependent corrections for 5 ™ m. 3 My

proportivnal

propertic

to log m. ooour

o Geomm e WTWT inolies oo I sitertial particles, no lasge log

Teslions as lon

soziated with collinear nhotons show up :apan from the Tegiol

tv high ener 3 M. As a consequence. ihe photozic corrections are not

(V3

enhacced with respect to the wezk corrections.

[N
i

e

i iw lor ° @ 1. the Coulomb singuintity gives rise 1o the large

v of stabie ‘on-shell | particles. For

The factor 57" s typical for the pair procuciu

the generaiization to unstable (of-shell] particies see Hed (10

s M. the radiative zorrections are dominated by terms like

ch arige from vertex and box dizgrame. t TeY these are abour

10%. sexting the sczle for the 1 weak! radiative corracticns an

]

4 Numerical results

Electromagnetic and genuine weak corrections cannol be separi -ed in & gauge-invariant
way on the basis of Fevnman diagrams. As no leading collinear logasithms occur in
an — W=, the only source of snhanced photonic corrections are the soft-photon-cut-

off-dependen: terms which vield the melative correction

Since we are mainis interssted in the weak corrections. we discard the [pauge-invariant
cut-ofi-dependent terms (7! by setting the soft-photon cut- off encrzv AE equal to the

beam energy £ and consider the rest ag 2 suitable measure of the weas corrections. 1f

nae stated otherwies, the correction & stands in the following for the complete relative

soft-photonic and virtual electroweak corrections with AE=E.

Figure | shows the “weak” corrections to the total cross-sections integrated over 10° £

8 < 170° and 20° € & < 150 for unpolarized W bosens. The correciions for differsar
photon polarizations almost coincide with each other and reach rougaly —20% for 8 =
10° and =35% for G0 = 20° a1 /5 = 2 Te\'. At low energies the cross-sections with equal
shoton and W beson helicities are dominated by the Higgs resonance. Nate that owing
to helicity conservation the other cross-sections are rot affected by the Higes resonance.

In Tabie 2 we list the unpolarized cross-sections and the »:o.-r-:spcn\iin'.' corrections for
cevers] enerpes and seattering angles. We include the corrections for a sdfz-photon-energy
cut-off AE =0.1E. i.2. thec

ut-off-deperdent corrections dex from (7', and the iadividual
art) fermionic &

(gauge-ins . and bosonic corrections &, Loe fermionic corrections

cons

21l loop dlagrams and couaterterm coniributions invelving fermion loops. &ll

(¥
[
4]
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Table 2: Lowest-order cross-sections and reletive corrections for unpolerzed particles

other contributions form the bosonic corrections. The fermionic corrections stay below

5-10% even for high energies. The bosonic <oniributions are responsible for the large

corrections at high energies. in particalar in the cenzral angular regiosn.

In Ref. [2] the total cross-section and the ratios
- cilcosf| € 0.4) - TLL _ - - 5
Ao = =—————, B = —, Faz = 1 =
cicosb| < 0.8 cTT O--

" to anomalous couplings.! We iist the

have been investigated in view of their sensi
lowest-order predictions together with the Cle -corrected ones and the relative “weak™

corrections for these observables in Table 3 using cos | = 0.8,

Teclions using

s resonance is hard

*Xcie that we do not perform 2 convelution with 2 realissiz shoton spest

ehramazic

b

o
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5  Summary

5/ Gel i
g i mm — WU wil] be ane of the mosl jnteresiing reactions at future 77
| || Born lavel || | ' ) = )
| “an ! ; ! 1 particular, 1t is very usefiz] to study non-Abelian gauge couplings.
| e corrected | i
correciions, o ‘ We have calculated the one-loop radiative corrections 10 %% — WA= within the
, Born level | dloctroweak Standard Modsl in the soft-photon approximation for arbitrary polarizations
I 1000 cotrected || of the photens and W bosons. An interesting peculianty of 37 — W=W~ is the absence
corrections| % { most universal leading corrections, such as the runmng of a and ieading logarithms as-
Born level sociazed with collinear bremsstrahlung. Therefore. theoretical predictions are very clean.
2000 correcied The variation of the crass-sections with the top-quark and Higgs-boson masses is smaall if
corrections; % || M is kept fixed with the exception of the cross-sections involving longitudinal W bosons

at high energies. In the heavy mass limit no leading m?-. log my-. and log My-terms exist.

Tauble 3: Tree-level and Glal results for various abservables using jcoséq. = 0.8 oo . - . 3 "
The soft-photon-cur-off-independent radiative corrections to the total cross-section are
of the arder of 10% and czn reach up to 505 at 2 TeV. The large corrections are due 10

bosonic loop dimgrams whereas the effects of the fermionic ones are of the order of 5-10%.

F/pb
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Residual New Physics Effects in ¢7 ¢~ and -~
Collisions at NLC~
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1 Introduction

The search for manifestations of New Physics (NP) is an important part of the program
of future high energy colliders. If it bappens that all new particles are too heavy to be
directly produced at these colliders, then the only way NP could manifest itself, is throngh
residual interactions affecting the particles already present in SM. The possibility for such
residual NP effects involving the interactions of the gauge bosons with the leptons and to
some extent the light quarks. bas already been essentially exciuded by LEP1. Thus, the
self-interactions among the gauge and Higgs bosons and possibly 2lso the heavy quacks
comstitute the most probable space for some NP. Oz the other hand the scalar sector is
the most mysterions part of the Standard Model (SM) of the electroweak interactions and
is the favorite place for generating New Physics (NP) manifestations.

High energy ¢¥«” linear colliders will offer many possibilities to test the sector of
the gauge boson and Higgs interactions with 2 high accuracy. firstly in e”e™ collisions
and secondly through v+ collisions. The most famous process is e"e™ — W=W=. This
has been carefully studied and it has been shown that indeed the 3-gauge boson vertices
+WTW” and ZW W™ can be.t'c:y accurately constrained through it. I the Higgs boson
is not too heavy further processes 10 comsider are 2~e~ — Z &, 4. In SM, the process
e7eT — Z — ZH is allowed at trec level, while 72~ — v H is only possible at 1-loop lev
and is .he:n:fo:c 2 dedicated place to look for anomalous Higgs-gauge bosen interactione.

A new facility offered by high energy Lnear e%¢” colliders is the realization of v+
collisions with intense kigh eacrey photon beams through the laser backscattering method.
This will give access to a new kind of processes namely boson-hoson scatteriag. Five boson
pair production processes aze thus accessible. vy — W~W=. ZZ, Z~, ~+ 2ad FH. Such
processes are very interesting. since they are semsitive not only to the 3-gauge bosen

vesiices, but alse to s-gauge bosen as well as to Higgs couplings. [n addition. provided

“Partially supported by the EC contract CHRX-CTE4-0570,

il K |
e

the Higgs particle will be accessible at the future colliders, the 4 fusion into & single Higgs

boson will give direct access to the study of this particle and thus test the scalar sector

in & much desper way, particulazly because the standard contribution to ~m — H only
occurs at 1-loop. With the high luminosities expected at lineaz €™~ colliders, thousands
of Higgs bosons should be produced. The semsitivity to aznomalous Ha=~ couplings is
therefore very strong.

Below we summarize the studies in |1, 2, 3] and show that they provide verv semsitive

tests of the vazious possible forms of NP.

Assuming that the NP scele Ayp is suffidently large, the effective NP Lagrangian
should be satisfactorily described in terms of dim = § bosonic operators only. There exist
only sevea SU(2} x U7[1) gauge invariant such operators called "blind™, which are not
stroagly constrained by existing LEPI expeciments. Three of them

1f—e ¥ — 3 — &
Ow --(W' W -W. (1
" . —t
Owe =:(D,9VF - W (D,@) . Cpe=1(D. &) B*(D,&) (2)

induce enomalous triple gauge boson couplings, while the remaining four

1 PRy :.: i = ! ; :
Og-w = 1—__;“("?‘ —2" R W w +» Ops= :,—.. "6{’ e :;_)EM B-'-w 1 (3.-'
1 . = o —_ 4 - =
Tow = ;:(‘F"ﬁ’] W W, . Ors=—(9'¢)3* B, {4)
2 o2

create anomalous CF conserving and CF violating Higgs couplings.
In addition, the “superblind™ operator
Qe = 43.(°P10*(&°%) {

which s insensitive to LEP1 physics even at the l-loop level, induces & wave function

renormalization to the Higgs field that may be observable in e — ZH.

The efective Lagrangian describing the NP induced by these operators is given by

Lyp = dwi-Ow

M

) iz

n_-(“ ™=

T

*Beenuse of lack of space. the extensive

E sature on thr sohject is 10t given expbeitely and ean ke
found in (1. 2, 3].
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which defines the various couplings. dying unitarity. we have cstablished relations
between these coupling constants and the corresponding NP scales Avp (defined as the
energy value at which unitarity is saturated). This allows us to express the observability

Lmits directly in terms of Anp.

We now study how the aforementioned processes accessible 2t NLC react to sach of

th
Ll

se Gperators and what is the observability Lmit for the associated NP scale. We also

give ways to disentangle the effects of the various operators.

2 Analysisofe’e”™ — Z,;H and e7e” — ~H.

Using the NP lagrangian given by (). we have computed in [I] the helicity amplitude
for e”¢™ — ZH. They depend on the SM couplings and on the combinations of NP
couplings &,z = swewl(d —dg) , dzz = d&§ + dasip . &y = dsiy = dpchy | 2s well as the

corresponding € P-violating ones for 4. Zp defined in (§).
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The corresponding total cross section as a function of the e ¢™ energy is shown in
Fig.l assuming mgz = 80GeV. In this figure. we present resuits for verious valves of the
d aad dg couplings, indicating also the NP scale they correspend to. Identical results
are of course also obtained for the same values of the C P-siclating couplings 7 and
dz respectively. The HZ angular distribution depends on fer through the Higgs field
renormalization factor Zg. while its dependence on Opw 2nd Opg is mainly given by

combination dzz (see Fig.2)

b bobar)

LITH 5

Thus at 1 TeV. witk 80 f&7* per year, the SM rate mves one thousand eveats per vear,

(One can thez expect = measurement of the cross section with a 3% accuracy. The implied

sensitivities to the various couplings are feo| = 9.004, [d! 0.0085 and dg

;
1o NP scales of 10, 11 and @ Tel” respectively: compare Fig.l an

CD:TCS?OH(‘.

Moreover. with such a pumber of events, informartions from the fermionic decay disiribu-

tiez of the Z can be used in order to disentangie the vanous d-type coupk

We then compute the 7 density matrix in the helichy basis and, assuming that the de

cay Z — fFis sienderd, the angular distribution for the ff systemin the Z rest frame. [a
1 it was shown that the ¢, azimuthal distzibution atlows to define four asvmmetnies A;y,
Asa. Ase, As. respectively associated to the sin 26, cosZoy, sin gy, cosoy dependences.

The remarkable features are that Au, A;: are mainly sensitive on the combination &,

t3

22d on its CP-violating partner d,z. Thus, the dlustrations made for & (&) apply alse

to —dz, (—da). They are shown in Figs.3.4.
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These asymmetsies depend on the favour of the fermion f to which 7 decays and
are mostly interesting for the Z — b ease. The asymmerry Ay; shown in Fig.5 does not
depend on the type of the fermion § and it is sensitive to the O P-violating combination
Zzz. Thus, sensitivities to this coupling at the percent level should be possible Lang
this asymmetry, Note that in this case the sensitivities to dg and  aze related by g >
écé/s,. Finally the asymmetry Ag shown in Fig.f. is also mainly seasitive to dzz and
independent of the flavour of the j fermion. Consequently, the differential cross section
for e"e* — ZH, together with the above asymmeiries, provide considerable information

for disentangling the aforementioned five relevant anomalous couplings at the percen:

(5]
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level. It follows that NP scales of the order of a few Tel’ could be searched for thic wav
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We next turn to the process e~ — YE. In this case [1] the NP contzibution is added
to the 1-loop S contribution.
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We have azain neglected tree jevel coatributions quadratic in the anomalous couplings,
and also I-loop contributions lnear in the anomalous couplings. This implies tha: no
contzibution frem Dgs showld be included. At SM the cross section is unobservably
small, but it is very sensitive 10 the four NP interactions and provides informations on
combinations of couplings tha: are different from those appearing in ™2™ — 75 The
differential cross section conld hecome observable if nor negligible anomalous interactions
occur . Fore 17V NLC, Fig.7ab show the sensitivity te & = 0.005 and |[dz| = 0.0025

corresponding to NP scales of 11 Tel" and 22 TV’ tespectively. In these figures we bave
used for illustration mp = BOGel . but of course similar results weuld have bees expected

for any myg < 1TV

3 Boson Pair Production Processes in ~~ Collisions

The boson pair produetion processes that we consider here [3] 20 w9 — W~ a
ZZ. v~ — BEF and alsc Y=y — v

An eficlent way of doing this is by leoking at the transverse-momentum distribusion
of ene of the final bosons B, and By zad cutting-off the small pr values. [t is given by

de JoT (7

= BT gy o (D) Sip (e - pop :
Gordy ~ Fren Al e TR () Sy - BB )

. = . e feee =¥ Fo r 2 24 i :
wiere y = /7 = Vin Al = VSrldn —d{pr +m N < ==~ m® and Flyy —
B3B,) is the invariant amplitude of the subprocess given in (3. f_“j:"(:} is the photon
flux distzibution.

The f‘;; distribution provides a very useful way for searching for NP, since it pot only
takes care of the events lost along the bezm pipe, but also because its measurement
does not require full reconstruction of botk final bosoms, at it would be the case for
:: For the illustrations below we choose pr > p° = 0.1TeV/e. The correspondingly
expected number of events Per ¥ear is obtained by multiplying the above disthbutien by
the integrated e*e~ annual luminesity Z,, taken to be 20,80,320 5 year™? for 2 0.5, 1.
or 2. TeV" collider respectively,

i

We now summarize the properties of each of the fve channels and the way they react
to the residual NP lagrangian, SM contnibutes 10 vy — WTW ™ at tree level {through
W exchange diagrams in the ¢, u chanpels involving the YWH vertex und the WW
contact term). and at the l-loop leve] to the other processes. So the search for NP
efiects can be done by precision measurements in the WrW= channel and by looking
for a2 observable enhancement in the other chanaels. see Fig.811. The results presented
below are obtained in el using asymprotic expressions for the anomalous parts of the
amplitudes in vy — W=l 4 ZZ, %% — ~Z. vy — mn, but EXACT expressions in
the v — B H cose,

[18]
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iz final W or Z spin density matrices observable through the decay distsibutions er the

measurement of asymmetnies associated to linear polasizations of the photon beams.

| | §M | Ow Ows Oze Qow s Cow (-’-'.:,‘E‘

‘v —WW | TT|TT LI LL| LL LI LL L
+y = BF TT TT! Il LI LI Ll

| oo — HH X X x x x X

| =2 1 'TT TT TT TT
- ITT TT TTr TIT

L

Table 1: Contributicns from the various operators

Table 2 summarizes the observability limits expected for each operator on the basis
of W~W" production zlone. To derive them we assume that a 3% departure of the
W*W = cross section in the high pr range from the SM prediction, will be observable.
These observebility Hmits on the anomalous couplings give essentially lower bounds for

the couplings to be measurable, that corzespond to upper limits for observable Ays.

i Gw "'L'W or 5;:;;' } Oug or O{;g OBQ or OWQ

|2E,(TeV) dw! | Awp (dorld | Axp | [€slor ds| | Axp | falor|fw| Awp

C 05 0ot 17 a1 |24 oo so | 02 18,1 |
I 0.01 | 35 004 | 4 0.015 9 | 005 | 352
: | |

> og0a| 64| ems | T 0005 | 16| 0015 6538

Table 1 shows how each operator contribuies to the vazious channels, and one observes
that the disentangling is possible between three groups of operators. In the Op case
WU aze produced in (TT) states whereas in the Ogg and Owey cases it is mainly
(LL). There is no way to distinguish the contzibutions of Ope from that of Owse in
+y collisions. The discrimination between these two operators requires the use of other
processes, ke ¢~e” — W*W~. The disetangling of Oy frem Opp can then be done
by looking at the ratios of the £Z and WW cross sections. Notice that the linear terms
of the WW and ZZ amplitudes for Opn muy be obtained from the corresponding tesms
for Oyrw by multiplying by the factor - sk

There is no way to separate the CP-conserving from the CP-violating terms in these

spectra. More detailed spin anelyses are required, ke 2.0, the seazch for imaginary parts

&ILE

Table 2: Observability Limits based oz the W™ W~ channel

1o the anomalous couplings and the related NP scales Axp (TeV).

At 2 TeV, in the case of the operators Opa, Opw, Oyp, Ouw slightiy better Limits could

in princple be obtained by using the 49 — ZZ process. Demanding for example that

the NP conizibution to this process reaches the level of the SM result for 4~ — 22, we

can decrease the limiting value for the couplings |4 (or d|) and /g (or [dp|) down to

0.01 and 0.003 respectively. This means that 2 2 TeV collider is sensitive to NP scales

up 0 20 TeV. A more precise analysis usizg realistic uzcertaintics for the detecsion of

the ZZ chanzel aad taking intc account the interference between the SM and the NP

contributions, could prebably improve these limits. This needs more work,



4 The fusion ~~ — H

The cross section for v5 — H is given by 2]

-~

Ty for rg = m3 ‘s, is explicizly gven in terms of the

n

2. 3|, Essentially L., is close to the e”e” linear collider luminesity

The H — v+ decay width is computed in terms of the one-loop SM contribution ané
tree level NP ones 2 obtzined from the Lagrangian given in ags. (&):

G a4 . 5 12 7 .
TUB — yy) = iy |GE + Fw) - 24 - 2dsch| = 4idel, + dpcic?)
rd .2 E

where the standard top [F.) and W (Fiy Jeontributions are explicitey gven in [2].

The resulting rate is shown in Fig.12.13 for a 1 TeV coliider. The number of events

indicated in these figures corresponds to an e™¢~ luminosity of 80 f57°.
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Strong interference effects may appear (depending on the Higgs mass) between the
SM aad the CP-conserving NP contributions: (compare Fig.12). But ia the case of
CP-violating coatributions (Fig.13) there are never such interferences. In the fgures
we have only Hlustrated the cases of Ovw and Upg. The corresponding results for

Ovgs 20d Opg can be deduced according to eq(9) from Fig.12-13. by the replacement

248
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did. — i s dp |dpl. So the seasitivity 19 these last twe operators is enhanced by more

than a factor 3 in the cross section.

Witt the aforementioned designed luminesities. one geis a few thousands of Higgs

¥ an
experimental detection accuracy of about 10% an the preduction rate. one still gets an

bosons produced in the ligh: or intermediate mass range. Assuming comservativel
observabilizy limit of the order of 1073, 41072, 3.10*, 10~° for 4, 4, s and dg respec.
tivelv. The corresponding constraints on the NP scale are 26. 13, 65. 36 TeV respectively.

5 NP searches through ratios of Higgs decay widths

In this Section we show that independently of the Higgs production mechanism, the study
of the Higgs branching ratios can be very fruitful for NP searches and for disentangling

contribations from the various operators.

The expression of the H — 47 widih bes bees given in (9). Correspondingly, the
H — 7Z width is also expressed in terms of 2 1-loop SM contsibution and of the NP
contributions from the four operaters. The H — W-W=-. ZZ widths are explicitely given
in (2. They receive 2 tree level SM contribution which interferes with the ones from the
CP-conserving operators Ops, Opw. Finally we cote that the B — b5 decay width is
purely standard and particularly important i my < 140GeV. Ia Figs. 14ab the ratios
T(H ~ vv)/T(# — &b) ané [{H — ~Z)iT(H — Bb) are plotted versus my for a given
velue of d or . Thke case of dp or dg can be obiained by the respective replacements
d — dzcy/s} for the vy amplitude and of d — dg for the vZ one. The my aad ¢
dependences of the ==/ ratio are obvicusly similar to the ones of the production cross
section o7y — H). The ratios ~Z/bb and v~ /'~ Z have independent fcatures that may
help disemtangling the vadious couplings. They can also be seen from the ratic showa in
Fig.14c.
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The seasitivity of the WW /b and ZZ b ratios is muck weaker as expected from the

occurrence of tree level SM contributions. Because of this these ratios are only useful for

2l Z 0.1. The ratios v4/WW and ++,/ZZ are shown in Figs.14d.c 2nd present the seme
features as the ratic vv/b6. They can bowever be usefnl in the range of my where the

WHW.Z2 modes are dominant.
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Finally we discuss the ratios WW/ZZ and 47/9Z for a given value of myg (chosen as
.27V in the ilustrations made in Fig.15a,b), versus the coupling constant values of the
four operators. This shows very explicitly how these ratios can be used for disentangling
the various operators. They have to be taken in & complementary way to the oy — )
seasurement. As in the WW/bD case. the WW/ZZ ratio is ozly useful for id] 2 0.1,
while v~ /~Z ratio allows for disentangling 4 values down to 107 or even less. The cor-
responding seasitivity limit for da. dx should then be lying at the level of o fow times

107

[ 3]
o
o



6 Final discussion

We have concentrated our

i« on the residual NF effects described by seven hlind

PR 5

and one superblind 7 = § SUI2) = Uf1) gauge invasiant operators Ow. Cas. Cu P

Org. Qvw. Ova, Cow. Os. The first three ones should be essentially studied i the

)
process «7e” — WU but they also contribute to ~= — W' . The five other ones only

the Higgs couplings 10 themselves and to gauge bosons, and their effects have hern

w

coasidered in all proce 2 a Eiggs can be exchanged or produesé.

We stacted with the Higgs production process ¢~ — ZH. We have analyzec the
angular distmibutions for HZ a: well as the four azimuthal asymmetries in Z — fF
decays assodated to the cos o, sin oy, sin 22; and cos 20, distributions controlled by the
Z spic deasity matrix elements. The disentangling of the five relevent oparators should
be achievabie down 1o the percent level for the NP couplings. implying sepsitivities 1o NP
scales of the order of 18, § and 12 TeV for Oz, Cog and Opw respectively. This stody is
further augmented by looking at the angular distbution of e e — =+, which is sensitive
1o & aifferent combination of the Oy s and Opx couplings. implying also sensitivities to
NP scales of 20 and 12 Tel’.

We have then considered 4+ ccllision processes. In boson pair preduction one can frel
NP efiects associated 1o scales ap to Axp = 20T eV for collider energies up to 27eV, This
caa be achieved by simply measuring final gruge boson pr distributions. A comparisen of
the effects in the various final states WW. Z2. BF. v 7 and 7 including an xnalysis of
final spin states, [i.e. separating Wr(Zr) fom WipiZ:) states), should allow = selection
among the seven candidate operators.

At a linear «Te™ collider the cross section of the process 4y — H is the best way o
study the Higgs boson, if its mass aliows its production. We showed that the sensitivity
limits on the NP couplings are at the 10=2 level, implying zew physics scales up to 63
TeV, depending on the nature of the NP operator.

We have then shown that independently of the production mechanism, having =t our
disposal a few thousands of Higgs produced {(eitherin =7+~ — BZ orin T = H}. enubles
the disentangBing of the Opp and Jpw operators by laoking at the Higgs braaching ratios
into WIW. ZZ ~~, +Z. Because these braaching ratios react differently 1o the presence
of cach of these operators. This is lustrated with the ratios of these chaanels to the
5% one whick is unaffected by this kind of NP. Most spectacular for the disentangling of

the various aperztors seem to be the ratios WW/ZZ and vy /+Z. The first one. which

¢ applicable in the intermediate and high Higgs mass range. allows to disentangle Opp

from (e down to vilves of the order of 107}, whereas the second one. applicable in the

bght Higgs case. is sensitive w0 couplings down to the 107 fevel ar less

A direct identificazion of CP viclation requires either an analvsis of the W or 2 spin

den

ity matnix through their fermionic decay distbutions [1]. or the observation of a

suitzble asymmetry with Gneariv polarized photon beams.

Finally we emphasize that the occurrence of aromalous terms in gauge or Higgs boson

couplings would be of zreat interest for tracing the osigin of NP and its basic properties,
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Anomalous couplings and chiral lagrangians:
an update
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1 Introduction

In case = Higgs boson is not found by the time the lnear collider is running, one will
have to rely on studying the dynamics of the Goldstone Besons, e how the W and
7 interact, in order to probe the mechanism of symmesry breeking. [n this scezatio
one expects the weak interactions to enter = new regime where the weak bosons become
strongly interacting at eflective emesgies of the order of 2 few TeV. At this scale new
resomances might appear. However, the new dynamics could already be felt at lower
energies through more subtle 21d indirect effects oz the properties of the weak bosons.
These eSects may be revealed by precision measurements with the most prominent effects
appearing in the self-couplings of the W and Z bosons. Detailed investigations of these
teli-couplings therefore would provide @ window to the mechanism of symmetiry breaking.
Present precision data leave no doubt zbout the local zauge symmetry i1, 2! while the
proximity of the p parameter to onc can be considered as strong evidence for & residual
global (custodial) SU(2) symmetcy. Whatever the new dynamics may be, it should respect
these “low cnergy” constrainte. In turm, this makes it possidle 1o easily parameterize
possible =fects of new physics in the W sector by the intreduction of a restricted set
of higher order operators. Suck coastructions have been discussed at length {3, 4] 2nd
therefore, in this short mote, we we will only recall the minimal set of operators that
describe the residual effect of the new dynamics in the absence of Higgs boson field:

. L S Ty Lar .

Lon = ~ig ZEIHB*DID,E) Lo = -z'gw“i To{W*D,ID,I")
L, r........ 2 . L, . V2

L= T5=1 (Tr{D*T'D, X)) L= _'5—' (Trip~£7D.T)| {1
ToT b 7507 \ ] (

TV Eecn . = 135 -

The fzs1 two operators contmbute to the tri-Hnear couplings As, and Az . Only Loz
affects Agh . L; coatributes solely to the guartic coupliags (see for instance [3]). There
, vel another operator in conformity with the sbove symmetnes:

Lig = Tr{ BT W™T) 9

However, because it contributes to the two-point function. it is strongly constrained
through the § parameter 5 by LEP datw: Lyg = —=8. Current Lmits (2 lead to

=07 <Ly <24 (3

q be very diffetlt to improve this limit in expenments at future colliders. This

soses a naturalness problem. since one would expest the other operators to be of the
came ordes 6. Ii this were the case the improvement that might result from high energ

colliders would, at best, be marginal. For instance, such a situation is encountered w

aive scaled-up-QCD technicolour. One way out i to associate the smallness of Lg to 2
symmetry that forbids its appearance, in the same way that the custodial SU(2) symmetry
prevents large deviations of the p parameter from one  Lyg represents the breaking of the
wdal global STU{2) symmetry [7]. Models hat saturally incorporate the Lo constraint
include dynamical vector models that deviate from the usual scaled up versions of QCD
by having (heavy | degenerate vectoss and axial-vectors like the extended BESS model (3],
The latter implements aa (SU(2); * §U(2)a)* symmetry. In the following we will follow
« model independent approach. assuming that the couplings of Eq. (1) are independent
parameters, Taking Ly ~ 0 we investigate whether fuiure machines could éo as well as
LEPI in constraining the remaining operators.

n

2 Tri-linear couplings: Laz. Les

Iz the past. extensive studies on the exiraction o the anomalous tri-inear couplings have
been performed. Our aim here is to update some of those results for the particular case

of the chiral lagrangian approach (Eaq. (1}

2.1 Strategy and analysis at the NLC

At the NLC. the best channels to look for Loz m ate 7e” — WW™ aad 47 — W™W~ .
Tn the e~ meds one could also use e7e™ - vy [ (which singles out the phetonic
part) or e”2” — vFZ [10] [which isolates the WW Z part). Beside the fact that within
the chiral Lagrangien approach both non-standard W+ and WWZ couplings appear,
the latter channels are found not to be competitive with W pair production. One reason
is that W pair production has = much richer belicity structure that can directly access
the longitudinal modes of the W, WHW> and WWZ [11] production in e7e™ collisions
ae quite interesting but, as far as tri-lnear couplings are concerned. they can compete
with the WW channel only for TeV enezgies since they suffer from muck lower rates [11].
However they are well suited to study possible guastic couplings. In this respect WWZ
production cun probe the all important L;» operater.

Tn the e~ e~ mode one can investigate the tri-linear couplings through e”e™ — 2~ W™ w [12],
which unfortunately exhibits the same shortcomings as e™27 — Doy Z. Cuypers bas stud-
ied the potential of this reaction in probiag the t1oi-linear couplings by taking into account
the possibility of polarized beams. fts have o Iy been done to the scattering angle of the
Anal slectron. The limits do ot compare well with those obtained from eTe™ — Wi .
The ~+ mode is ideal in probing the photonic couplings due to the very lazge cross section
for WW production 131 In the chiral approach this reaction will only constrain the
combipation Loy ~ Lea but, as we shall see, in conjunction with the £”¢” mode this is

ra
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very helpful.
W pair produciicn. both in v~ aand =<~ collisions. provides a large data sample azd
i - To fully exploit these reactions it is then important to
reconstruct 2ll the elements of the density matsix for these rezetions (both in the 7 and
27e” mode|. This can be achieved by analysing all the information provided by the com-
setof the kinematical variables relzted to the deeay products of the W's. rather than
ibution at the level of the W. Since binning
ziables charactedzing a WW' — 4 fermion event requizes high statistics. a x?
it is not very efficient and a maximum likelihood technique is used. Initial state pola:-
ization can alsc be easily implemented. The results presented here are based on using
the semi-leptonic final states only. The impact of the the non-resonaat diagrams [which
could introduce a bias) is also quantified. The issue of luminoesity and the improvement
in the Emuits by going to higher energy will be discussed, and we shall compare our resuits
with those of Barkiow [14] which include initial state radiation efects.

¢
restricting the analysis to the angular di
in the 3 v

2.2 Analysis at the LHC

Before discussing the fimits on the parameters of the chiral Lagrangian that one hopes 1o
achieve at the different modes of the linear colliders it is essentizl to compare witk the
situation 2t the LEC. For this we assume the high luminosizy option with 100 ft=. The
LHC BLmits are based on 2 very careful study [13] that includes the very important effects
ofthe QUD NLO correciions as well 25 implementing the full spin correlations for the most
mteresting channel pp — WZ. WW production with W — Jets production is fraught
with a buge QCD background. while the leptonic mode is extremely difficult 0 reconstruct
due to the 2 missing neutrinos. Bven so, a thorough investigation (izcluding NLO QCD
corzections] for this channel has been done (18], which confirms the superiority of the
WZ channel. The NLO corrections for WZ and WW production at the LHC are huge,
especially at large W and Z boson transverse momenta where efiects of the anomalous
couplings are expected to show up. In the inclusive cross section this is mainly due to,
first, the importance of the subprocess g, ¢ — Z/Wgq: (large gluon demsity a1 the LHC)
Tollowed by the “splitting” of the quark g into W/Z. The probability for this splitting
increases with the pr of the guark (or Z/W): Probig; — ¢ W) ~ ay, /47 In?(p3 /MZ.). To
reduce this effect one has 1o define an exclusive cross section that should be as close to
the LO W7 cross section as possidle by cutting on the extra high pr quark. sejecting any
jet with 577" > 30 Gl |5,/ < 3). This defines a NLO W Z “0 jet" crass section which
is stable against variations in the choice of the @Q® but which nonetheless can be of by as
much as 20% from the prediction of the Born S.M resul:.

2.3 Comparison and Discussion

Tig. 1 compares the limits one expects from the NLC and LEC while quantifying the
varions approximations that can affect the e~e- — W =TF= analysis. Fist,

the issue
of the non-resorant contmbutions can be quantified. Gintner. Godirey and Couture 17

(5]
(5]
~I

T e T S T B T e P R T = R

1

igure 1: Lomats on (Lep, Lap) from c™e collisions wmeluding IS

ISR and beam polemzation
effects with only the resonent duagrems. The effect of kezping ol resonant diagrems for

the sern-leptome final state 15 also shown. Limits from ~a — W W=, cnd WZ gnd WU
preduction ot the LEC. are also shown for comparison.
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considered 2ll diagrams that contribute to to the semi-leptonic WU final state, Requir-
ing that the jj and /v invariant masses are both wiskin 10 GeV of My, one essentially
selecis the doubly-resonant, WW mediated, process. Taking into account all contribu-
tions including the backrround to WW production only marginally degrades the Emits.
Changing the lumizosity can 1o a very geod approximation be accounted for by 2 scaling
fnctor. ~ /T (compare the analysis dome with 2 lumizosity of 10 5% aand 30 fb~' ). Thic
result is confirmed also by the analysis conducted by Barklow [14] which a.ssumcs'h.‘.ghcr
luminesities but incorporates ISE efects as well as beam polazization. When polarization
is assumed. the total luminesity shown on the plot is

and 2 right-handed electron {2ssuming 909 longitudinal electron polatization ).
The important conelusion drawn from Fig. 1 is that through e”e” — W~

shared equally between a laft-handed

alone cae
indeed reaches the domuin of precision messurements with an Interrated luminosity of

(S8
tn
tn




G - 80 Fo-*, matching the zccuracy of LEPL for Lyg. It is quite fescinating that we can
achieve this level of precision already with & = 500 GeV. Moving to the TeV range. the
limits improve by an additional ozder of { magnitude (see Fig. 1\

4 — W=W*" is quite importagt. The resulis /18] shewn iz Fig. 1 consider 2 luminosity
of 20 b-% with a peaked fixed spectrum correspending to 2 center of mass 7y energy
of 400 GeV (80% of /5. = 500 GeV). Convelution with a photon spectrum has nat
beer. done. since recent studies show that there is still much uncertainty concerning the
form of the spectrum due to multiple rescattering effects [19]. Clearly the vy mode helps
te improve the lmits extracted for ¢7¢” collisions at s = 300 GeV aand integrated
luminesities of 50 b7 or less.

Fig. 1 also compares the situation with the LEC. One observes that the limits obtainec

m W=7 production are considerably better than those desived from the WIW chaanel.
This is mostly due to the absence of serious background contributions in the WZ case.
In the WW case. ¢f production is the main background which is difficult to suppress | i16].
Howaver. since pp — W Z effectively only coastrains Ler (through Ag?), the LEC is not
very semsitive to Loz, A5  result, with 50 fb~F and 500 GeV, the NLC coastrasns the
two-parameter space much better than the LEC.

Finally, we briefly comment o the geauine quartic couplings, which are parameter-
ized through L,.. These are extremely important as they are the only couplings which
iavolve the Iong:tudmul modes and hence are of cruciel relevance when probing the Gold-
stone interaction. They are best probed through VpV: — ViV scattering. However, for

/5 = 500 GeV the V; luminosity inside an electron is unfortunately rather small, and
one has to revert to eta~ — WTW™Z production, as suggested in [11]. This channel
has been re-investigated by A, Miyamoto 20] who conducted a detailed simulation in-
cluding & o—:agg:ng to reduce the very large aa.d.zrounc from top pair production. With a
luminosity of 50 5% at 500 GeV, the Limits are not very promising end do not pass the
benchmark critegum L, < 10. It is found that —85 < L) < 71, =103 < Ly < 100 (ene
parameter fits). These limits agree very well with the results of & pre\'ious analysis (11]
To seriously probe thesc special operators one needs energies In excessof 1 TeV, At Tc’\
the bounds improve 1o Ly z ~ 6 [3]. Howeves, it is difficuls to beat the LHC here, where
limits of O[1) 2re possible [4] throvgh pp — W WL .

In conclusien, it is clear that already with a 300 GeV ¢7¢” collider and an integrated
lzminesity of zhout 50 — 80 fb=* one can reack & precision on the parametess that probe
SF in the genuine tri-linear WWV couplings which is similar to that which can be
achieved with LEP1 fom oblique corrections to the Z boson parameters. The sensitivity
of the NLQ is further enhanced if »~ — W™~ can be studied.

Resuits from this channel would provide invaluable information on the mechanisms of
symmeiry breaking, if no new particle is observed at the LEC or NLC (Light Higzs and
SUSY). The NLC is particularly unique in probing the vector models that contribute to Lg
{with £, ~ 0) and hence is complementary to the LEC. The latter is extremely eficient

u
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at constraining the “scalar” models To probe decper into the structure of

breaking, & linear collider with an energy sange v s > 1.5 TeV would be most we
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Timethy L. Barklow

1 Imtroduction

With the discovery of the too quark and the measurement of its mass. the Higgs boson
mass has become the only parameter of the Standard Model about which we know very
litsle. The Hizgs boson mass is a {ree parameter of the Standard Model and can only be
determined by experiment: indeed it is only through experiment that the question of the
existence of a Higgs boson resonance can be resolved. From an expenmental standpoint
alone it is therefore appropriate to consider Higgs bosons of arbitrary mass, including
very large masses, as well as to consider the possibility that the Higgs boson resonance
doesn’t exist.

When the Higgs boson mass gets very large (greater than sbout 300 GeV). or the Higes
boson rescnance disappears altogethes, the interactions between the neawvier particles of
the Standard Model — the W=, Z bosons and the top quark — become sirong at 2o
energy scale ¢f 1 TeV. The Higgs sector is then said to be sirongly interacting. It this
paper we examine how well an ¢”¢” linear collider with a center of mass energy of 500~
1500 GeV ithe NLC] can study 2 strongly interacting Higgs sector. We zlso compare the
estimated sensitivity of such a collider with that of the LHC.

2 The Reaction eTe” — W W~

Strong electroweak svmmetry breaking afiects the reaction €7+~ — W' through
znomalous couplings at the WW — =~ and W™= Z vertices and through enhaccements
in the production of WIW. frem [ = J = 1 resonances. This dual effect on e*e™ —
WW'" is cisplayed schematicallv in Fiz. 1. Form factors at the three-bason wvertex

ibe multipole moments of the W boson such as the magnetic dipole and electri
describe multy; ts of the W~ boso bl he magn I d el ¢

quadrupole moments. These muitipole moments are related to the chirzl Lagrangian

parameters Ly and Lea. [1| The technipion form facter Fr parameterizes the strong
WoW,o [

interaction ip the [ = J = I stale (1 is anzlogous 1o the rho—domirated pion

lactor ipe™e” — 77"

38
(o1}
i
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L Form Fagier
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Figure 1: Generalized form of W' pair-production in ¢7e” annihilation

Whether one is measuring trilinear vector boson couplings or searching for an enhance-

ment in W W production. the experimental goal is the same: disentangle the WU
We shall use

the final-state helicity analvsis described in the paper by Barklow [2) for this purpose.

polarization states, znd in particular solate the polarization state WYT

2.1 Experimental Cuzs

Experimental cuts are used to suppress background to e7e” — WU and to ehminate
genuine W7~ events with initial state radiation (beamsirahlung and for bremsstrahiung |
oz offi-shell ¥ bosons. We impose two cuts. First, we requirs that |cos @ < 0.9 in orde:
1o ensure that the event is well within the detector (assumed hermeticfor |cos &1 < 0.98.
For the second cut we form a y* variable which tests the consistency of the event with the
production of & pair of on-shell W=W'~ bosons with W W™ center of mass energy equal

to the nominal e™e™ center of mass energy. In order to construct this x* variable we re-

construct the mass of the leptonicaliv decaying W (M | and the mass of the hadronically

decaving W ( Mu. .

The masses My, and My, are reconsiructed by performing 2 kinematic fit of the

riomentum of zhe lepton. F. and the momentum four-vector of the hadronically decaving

I

¥, | Eg. Py), subject to the constraint

Ep+E =B = & (1}
where
Jb- = f'.l": '-.P"H\ (2]

and E iz the lepton e




2.2 Resules for « 75 — -0~

The maximum likelinood method is used to fit for chural Lagrangian parameters or for the
real and imaginary parts of the technipion forn: facior. Our maximum likelihood funetion

L is given by

L=T]7iz.3) (5

where N is the aumber of everts, [ is the probabili

ensity {uaction, 7. are the measured
variadles I fer event i, and @ are the it parameters. The probability density function is
normelized 1o unity. The measured variables F are £ = (cos®, cos 8. ¢~.cos#. o). The
it paramerers are @ = (Lo, Lggl o7 @ = (Rel Fri I'm|Fr)). The covariance matrix V' for

the & whick maximizes [ is given by

5 1848 "
iy t-'l‘ = A\ 'i' EF = == | == (8]
’ J f\a; ! \Ba, !

usually more convenient to work with an unnormalized probability density func-

=
o~

tion wlZ.@) 1 which case we haw

LA o e e e
F== Zlg)= f»::_wf:.a,l ) i7)
—_- 4

Our unnormalized probability density function s given by

piFE = Rer il

o

where 215, 2 i the narrow width multi-differential cross section at the pominal ve The

factor fr = 1.4 s the ratic of the toral M'=U'~ cross section calcuinted with beam
sirahiung. bremssirablung, and fnite W widih effects iacluded 10 the total W11 sross

section calowiated 1 the narrow width approximation at the nominal vs. The factor

event sample generated with beamsirakliung. bremsstrahlung. 2nd Anite W width affects

LT

L
o~ L Q) -
]
¥ = 1500 GaV
-2 | !
-2 -1 0 : z

Figure 20 The 35% confidence level contours for Lap and Lep a1 /5 = 300 GeV with &0

f57 and at /5 = 1500 GeV with 180 f5-%. The outer contour is for /3 = 500 Ge\'. In
each case the initial state electron polarization iz S0%.

Fig. 2 shows the 935 confidence level contours for the chiral Lagrangian parameters
Lop and Lop at /5 = 300 GeV with 80 f6%. and at /5 = 1300 GeV with 190 /5. The
outer contour is for /s = 500 GeV. Techrirho resonances with masses of 1.5 and 2.0 Te\'
would induce velues of Lyp = Lag = 2.6 and L6 respectivealy. [1] Hence, an e™¢™ collider
with /5 = 500 GeV would be sensitive to technirhe’s with masses of a livtle over 2 TeV'
tarough a measurement of Ly and Log. An e e coliider would probe much higher mass
scales by measuring Lar and Lop at 5 = 1500 Ge\'

As the e7e” center of mass energy approaches 2 technirho resonance the production
of longitudinally polarized W's is enhareed. The effects of 2 [ = J = | resonanace are
incorperated (3] by multiplying the standard mode! amplitude for e7e™ — WM by the
complex technipion form factor Fr where

101

v = 240 Gel' M, is the techniro mass and I, is the technirho width, Note that for an

infaite techasrho mass £(s) becomes

1L




reflecting the low energy theorem (LET | amplitude for longitudinal gauge boson searnter

I
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Figure 3: 85% conSdence level contours for the real uad imaginary parts of Fr at /5 = 300

GeV with 80 57", The values of Fr for various technirho masses are indicated

The maximum likelihood formalism is used ta fit for the reel and jmaginary parts of
Fig.

?

vy
al /& = 300 Ge\' with 80 fo™*'. Initial state eleciron polarization does nat play 2
o both the WHW == and WW=Z

shows the 93% confidence level contour for the real and imaginary parts of

e 'y
o 11"

role in these fits since the form factor Fr is common

amit plitudes.

We see that the NLC at /5 = 300 GeV can exclude technirho masses up to about
2.5 Te\' and can discover technitho resonznces with masses of more than 1.3 TeV The

significance of the 1.5 TeV technirho signal wouid be 9.7¢. A 1.0 TeV technirho would

produce an 17.Tr signal, Note that the technirho mass reach using the technipion form
factor formalism is roughly equal wo the mass reack using the chiral Lagrangian formalism.

e real and wmaginery parts of Froat

idence level contour about the

ievel (le.. 1o probability| contour
i the non-resonany LET point is well
outside the light Higgs 959 confidence leve] region and corresponds to a 4.30 signal. The

& TeV. § TeV and and 3 TeV technirko points cerrespond o 4.8c. 8.50, and 117 signais.
A 2 TeV technirho would produce a 37- signz..

{ Fr.and hence the

_L

= 1
i
-

-0z ‘ o
08 e 1 12 13 14
- Re(Fr) i

Figure 4 Confidence level contours for the real and imaginary paris of Fr at V3= 1300
GeV with 180 fo='. Tke contour about the light Higgs value of Fr = (1.0) is 83
confidence level and the contour about the A, = ¢ TeV point is 63% confidence level.

would be very sensitive 1o the technirho widih when /5 is much less than the technicho
mass. This is not true, however. The results presented above were obtained assuming
that T,/M, = 0.22 5. for example. the technirho width is reduced to T,/ M, = 0.03 ther
the 1 Te\ signal at /s = 500 Ge\' is reduced from 17.7¢ to 16.30. the 1.5 TeV signal at
5 = 500 GeV s reduced from 6.77 to 640, and the 4 Te\ signal 2t /5 = 1500 GeV' s

teduced from €.3¢ to 5.3¢0.

3 The Reaction e”e” — vTW W-and 7ZZ

The imtportant gauge bosor scattering processes Wy W — W W and WYW, — 202,
are studied at the NLC with the reactions e”¢™ — vFWTW ™ and e*e™ — vFZZ. [n this
Tl

section we describe the analvsis that Barger et ol [4] have performed 10 estimate the size

of strong svmmetry breaking signals at the NLC from these processes.

use severzl models to test the effectivaness of their analyveis of ¢7e™ —

2. Chirallv-Ceoupled Scalar (CCS) Model (Teckni-cl. A scalar maess and width of

I Te\ and (.35 GeV', respectively. are used



1 Techni-g]. A technirho mass ana w

When the WU center of mass enerey

- of the lightest résonance. thern W\TW[ scatzering i

In the LET model, the amplitude for WITW,T — Zp 7, is giver by

is the LET amplituce for =* 7~ — =% with the pion decav constant

repiaced by the Higgs vacuum expectation value .
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Figure 5: Total cross section versus ¢“ 2~ center of mass energy for processes of the form
eTe” = Li;Vil; where [, denotes an electron or eleciron-neutrino and V, denotes a W=
or Z gauge boson.

The 1012l cross section for processes of the form e™e™ — L L1} Va. where {, denotes an
electren or electron-neutsino and Vi denctes a W= or Z gauge boson, is shown in Fig. 3

as & function of £7¢™ center of mass energy. The cross sections for the Standard Model

r the deshed and solid curves.

Basper «f ol utilize & series of cuts to produce an event sampie that is sic

tich in the
L gy - 5 —ry - n y - . - -
nnal states VPHT W and vBZ  Z;. Fiz. § shows the Miw and Mzz distributions after

all cats. The 1 TeV Higgs scalar resonanee stands out in both the »FWW and w727
final states. The I Te\' vector resonance is prominent iz the My distzibution |

such a resonance wo
p
T

uld have been seen much earlier as 2 162 signal at /3

he LET signal is

£Te” — WK,
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Figure £: Expected numbers of W™W~, ZZ — (;/1(;7) signal and background events
after 2ll cuts for 200 (b~ luminosity at /8 = 1.3 TeVila) eme¢™ — oFW W~ (b) e™e™ —
»ZZZ. Dijer branching ‘ractions and W=/Z identification, misidentification factors are
included, The dotted histogram shows totai SM background including misidentifications.
The solid. dashed and dot—dashed histograms show signal plus background for the LET.
SM. and CCV models, respectively: CCS model results are close 1o the SM case.

Signal (5] or
| Background (B

| SM Seafar | Vector | LET
| Mg =1TeV | Ms=1TeV | M =1Te\ |
I i | ‘ [

Slete” — P W 160 161 14 31
| Bibackgrounds 170 : 170 15 L0 |
-] ‘ 12 g 24
Sfemem —wmZi 120 . 35 3
| Bibackgrounds 63 ' &3 53
| & 5 7 43 5.7

Table 1: Signal anfd backeround for e7e™ — oWW™W™ an
state eleciron polarize

ith 0% inita!

270




Backgrosnd [B) | Ma=1TeV | Ms=1 Tev | M, = TeV
Siete” — oBTYT) . 330 320 a2 62
Bibackgrounds | 230 250 T 230
SVE S 35 & |
. ‘
SieTe” — T2 Z) 260 2 &0
| Bibackgrounds) | 110 110 110
SiVB 23 6.8 .5

Table 2: Signal and background for e¥e™ — oW U~ and ¢~ vTZZ with 100% inital
state electron polanzation.

The s:atistical significance of the sigpais for the different models is given in Table 1
assuming 0% ¢~ polarization at /& = 1.5 TeV and 200 47" luminesity. It is advantageous
to give the electron beam a left-handed polarization. 2s illustrated 1z Tzble 2. With
100% init:al state electron polarization the number of signal events is doubled while the
background to vFWTW ™ is increased by only 63%. Note that the statistical significance
of the LET signal is 8.3¢ 1n the vFZ 7 channel.

4 The Reaction ee™ — yott

f there s no light Higgs boson then the process tf — WU~ wiolates unitarity at the

1 TeV energy scale. It is natural then to ask if strong symmetry breaking can be detected

through the process W~ — rf. This process wat

d be studied 2t the NLC by observing

the reaction 7e™ — uTL

The total cross sections

gections are shown as 2 {unction of top quark mass

energy is 2 TeV. The cross sections for 5 = 1.3

For 5 = 2 TeV and 2006 luminosity we would have 1200 events from «* ¢~ —

T and 60 (4000 events from «%e” = vBtf for mz = 0.1 11.0) TeV. A 1 TeV Higes
boson therefore preduces 2 30% incresse in the sum of the cross sections for e%e™ — ¢7¢ 71

and eTe” — pPiT before any cuts are applied. The same 1 Te\' Hisgs teson produces

e
“«1 L

Wy
1077y
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&

.
[=1
i

B

5
L
PINTRCTTIT T ATy 4
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igure T: Contributions from various subprocesses 1o the tolal cross sections for £7¢™ —
“e” d e7¢” — yott. The contributions are plotted as a function of the top quark
mass 7. The e™e” center of mass energy is 2 TeV

anly a 0.3% increase in the sum of the cross sectioms for £7e™ — eTe™ W= and

TeT — WU

-~

The strong svmmetry breaking signal can perhaps be further enhanced by performing

& helicity analysic on the tf final state to isolate the helicity combinations tz%; and tzix.

Projecting out these helicity combinations would be the analog of projecting out the

WEWT and ZrZ; final states in gauge boson scattering.

5 Statistical significances at LHC versus NLC

The stetistical significances of strong symmetry breaking signals at the NLC and LHC

are summarizec in Table 3. The LHC resulis come from the ATLAS collaboration. [6]

[f &n entryv is blank it may mean that the process is insensitive 16 the corresponding

has not been douwe: 1o distincuon 18 made between the two

made] or that the anzl
possibilities. The entries for the direct gauge boson scatiering processes at the NLC

W=~ — ZZ and W'~ — W~W "~ assume tha

= electron beam always has 905
left-handed polasization. For both the NLC and LHC results it was assumed that the

1.3 Te\ technirhe had a width of (.33 TeV.

2

ome points about Table 3 are worth noting:

g

[ ]
=l
(]



Pines E Va M, = [ Mp="LET |

o _ ! | 6 Conclusion
NLC | amem — WU ; < 7 -

- Ry z -
'NLC i emem — WHH- LU | 200 | 35¢ - = |
NEC eTeT — Wi L.3 1940 366 e | Az «7¢” Linear collider with /& = 300 — 1500 Ge\' would be an of flective paricer to the
‘ ‘\:U: \ Wi — 2':? i3 180 - 2 | 8o ! LEC ir the study of strong symmetey breaking. It provides important complemen
NLC L S (AR At £ R L3 180 - e | B . . T
‘ ‘ capabilities for the discovery of vecter reconances and the extraction of chiral Lagrengian
LEC WeW- = W-0"~ 13 | 100 “ = g | - parameters. The NLC and LHC ase expected to have similar statistical errors for scalas
LHC | W0+ — W*lU~ 14 100 i - 3z b resonance and non-resonant signals in gauge boson scattering: however, the phvsics save
LHC W=Z —-Ww=Z B 100 ‘ v - - Tonments at 1he two machines are very different, and the svstematic errors for tae NLC
| - ! | analyses are probably smalier. The NLC is the on! v machine that can study Wit'- — %
- & process that locks very promising for the study of & trongly interacting Higgs secter,
able 3: Statistical sigmif : ing

Staustica significances of strong svmmetsy breaking signals a: the NLC and
LHC.
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Aspects of the Determination o’f' Triplp Gauge Coupling

Parameters from the reaction e7e¢” — WW ™ at aOD Ge\
R L Sek
Rutherford Appleton Laberatory. Chilton, GB-Didcot OX17 OQX. UR
1 Introduction
In this report | consider two aspects of the determination of the trilinear gauge coupling

(TGC) parameters from data annc‘pazec 2t 2 possible e7e” collider 21 500 GeV from the
reaction 27" — WTW'~ — ;,};_,3,1". First. the precision attainable in mezsurements
of particular couplings is estimated using = sample of simulated e™e™ — W™W™ events
corresponding to statistics of 1057 in the j7ifw chanmel. in which one W decays into
hadron jets and the other leptonically into ¢ or z. Results are given for fits 1o one and
wwo TGC parameters. Second. the ambiguities encountered in cerizin 2-parameter fits

are investigated

The study follows closely 2 similar one performed for anticipated LEP2 data [1]. and a
comparison is made with some of the results obtzined in [1]. These studies were performed
using events generated in the narrow W.width approximation and without inclusion of
initial state radiztion or of the possible effects of the experimental reconstruction proce-
dure. Subsequent studies [2] bave shown that the degradation in precision due to neglect
of these factors is not too sericus {~ 20 — 30%) at LEP2 erergies. On the other hand,
the ambiguities in 2-parameter fits are shown 1o erise from properties of the production
helicity amplituces, and the discussion of such effects is best conducted in the present
idealized framework.

The TGC parameters considered here are those derived from the C- and P—onserving

effective Lagra:.gian desc ibing the interaction of three vector particles.
L = —weld, =+ gz“-;;-Zh](i-ﬁ-"‘“frn": - e H-:
—te{ro F . + szgzww 2L WTHW T

e

(M F* = hgeot By T IWo IW+e, | (1)

‘where the notation is as defined in [1]}. but including enly contriburions from S072) «

]
~3
wr

mension < & whose effects have not peer excluded by

{711 ~conserving operators of

analvsis of LEP] and other low energy data. This leads [2] 1o mclusion of the Standard

\Model terms. with the W' Z coupling strength given by gziww = cotfu. the end

Z cipole couplings s. = xz = 1 and the quadrupole c;-up gc 4 = Az = 0, and 1o
possible contributions from three further operators. Luwe = <2 (D0 W=D, b . Lps =

-’2.1‘13 @D, d. ana Lo = —:]r'[;,'_.“{.'v';!"i-.‘l‘ Theit sespective contnbutions ow ..

cp. 20d cw- are related to the couplings i (1} b

where s and ¢, are the sine and cosine of the Weinberg angle 2nd dx., znd gz ep—c-

sen: deviations from SM values. The motivation for this model for the parametriz
of anomalous TGCs and alternative formulations have been discussed in detall in the
lirerasure (sea. for instance. 2]): it should be noted that they include both theoreti-
cal considerations and the practical concern that data likely o be zccumulated at any
presently conceived £7¢ collider is uniikely to be sufficient to permit 2 simultaneous

determination of zll the parametesrs in the Lagrangian (1).

2 Generator level studies of attainable precision

Tn this section estimates of the precision attzinable ia 1- and 2-parameter fits to aw..

azs a1d au are given using a sample of 13000 events simulated at 500 GeV. The method

follows that in [1]. in which an extended maximum likelihood it was made to angular date.

Three sets of such data are considered: fits to the production angle. cos 8. alone: fits to the

;\roduc:‘lon 2ngleand 16 the decay angles of the two Ws , bur with the decay angles {cosd,.

<) & hadronically dacaving W folded according to the ambiguity (cosé, — —cosd,,
@, — &, =71 and fits te the production and decay angles without 2ny fc[dmg The second
of these configurations corresponds to the situation which will be encountered in practice
io znalvsie of the 736 channel due to the inability to distinguisk guark from antiquark
jets. while the third confizuration represents the] ideal case. not realizable ia practice. The
sroduction angle 6 is that berween the directions of the incoming €7 20d the outgoing

= the decay angles (cos#,. ¢ and (cosfz. oz are defined by the directions of the

oy



1
i anilesemn
Wl a2 pton

airections in the

and U™ frames with respect o the

767 frame. Precse the=e coordinate sv the [ikelihood function

2sed 1 the max o Bt have bear given in 1) and are not repeated hers [0 tesms

of these war Fecentiel crost-section car be expressed as 2 sum of products of

zroduction

where A = and 7 represent the helicities of the incoming ¢~ and the cutging ¥~ and

W™ respectively.

Resuits of 1-parameter fits to aw,. €5, 20d 2w are shown in table 1 and of 2-paramerer
fits i the planes of { &y, 5. and | &g ey ) in fig. 1. For comparison. the table includes
results taken from ref. [2] of a study of anticipated LEP2 daza using the same analysis
procedure. It can be sewn (in egreement with the results of other NLC studies [5]) that the
assurmed statistics of 1075 2t 300 GeV provide a ~ 1 order of magnitude improvement
iz precision in the TGC parameters over that mticipmed at LEP2. Also. in common with
the conclusions of LEP2 studies [1, 4], it is seen that substantial gains in precision are
made by using all the zvailabe angular information: the use of the maximum likelihood
method, applied to production ané aveilable decay angies, ensures that this is the case. In
the case of 2-parameter fits. we conclude that. if the production angular distribution only
is used. subs:

antial aress of the parameter planes considered remazin acceptable at the
defined {95% ! significance level. and thar certain 2mBiguities remain even if. in addition.
decay angular information is used.

3  Ambiguities in 2-parameter fits

The curious shape of the regioz accepred with 93% confidence in the 2-parameter it of

(2w, g2 1o the cosd dists

2tion shown in fig. 1 (and the similar shape observed if the
&

A, Ol resulis, shown in the same fgure. are plotted on 2 smaller scale] is clearly of

some interest. | now discuse this shenomencn and show that it is 1o be expected from

tke properties of 1 amplitudes contributing to the cross-section. The discussion

~

sible occurrence of ambiguities in similar Ats 140

that such ambiguities arise for the following

e
-4
-

[Parameter Angular data nsed 180 Ge\ | 300 Gel
ane [ eosf 0.0028
| cosb. {cos b o icoth.. o Jroiged 00020
| cosf. (05 Fy. o1, [cosfy, omi 0.01% 00017
GFe | cos 0.1058 0.0050
cosé, (eos by o1, cos 0080 0.0038 |
| cosé. (cosby. o). | 0.060 | 0.0034 J
ay cos B | 0.046 0.0043
cosh. L0032 0.00%
| cosb. {cosby, oy, [cosfh. on) 0.022 1 0.0014

Table 1 | standard deviation errors ca the & F:cec values of TGC parameters aw,. o, and

+ (defired in the text) for simulared data in the Jir (=
E.a'n'notmes of S00p67" a1 180 GeV and 10F57" 2z 500 Ge\
various combinations of the angular date.

2. g} channel from integratea
. Results are shown for At o

e Since the he

ramplitudes Fi-,~(cot#) in (3) are linear in the TGO parameters.
Fk';ﬁ!:ch&‘ =fa A T P fl.-ﬂ'r' +pafe Amyrs e i4)

where 5, and p; represent the deviations of zny two TGC parameters from their
Standard Model values (0.0). the solution of the equation T, | Far o (py. ps. cos )12

Zi|Fur (0.0, c0s 8)%, corresponding to the contribution to the differential cross-
section from given W= and W' helicities. summed over electron belicities, will imply

2 continuous set of ambiguous solutions in the (p1-p2! plane described by a conic

section (which we take to be an ellipse) In general. the ambiguity ellipse will be

erent for each value of cos € and for sach helicity pair [yl

o Three treelevel diagrams consribute to the reaction e7e” — Ki=ii~ t—~channe

» exchange and s<hannel = and 7 exchange. The contribations to any helicty
amplitude from the s-c.mnnel dizgrams all have the same partial wave cormposition,
refiecting the vector nature of the exchange, xnd thus share a common cos @ depen-

dence. This mav be factored out from the equation of the ambiguity ellipse. whick

thea lakes the form ¢

‘Eq. (5 assumes nqual pna./" for the contributiag ampiitudes, which s the case for the & -—cﬂnvr\»u’"
mieraction: considerec pere. [ py and p tepresent conributians frem opesators of sppesite ©F na
ambiguitias of the type considerss hare socur
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Figure 1: Contours enclosing the 95% confidence limit in the planes of TGC parameters
(Giws. @5.) 206 (ou-.. an ) (defined in the text) for simuluted date in the 7240 ({ = e x)
channe! from an integrated luminosity of 107571 at 500 GeV. Results are showr for fits to
the production angle zlone. to the production and decay angles with the decay angles of
the hadronically decaying W folded tc refiect the ambiguity in distinguishing quark from
antiquack jets. 2nd to the production and decay angles with no folding.

where the f.. ate the fii.,~ of (4] 2bove divided by the common factor in cosé

and with the commoc indices (73] suppressed. Only the explicitly showz cosd de-
pendence remains. This comes from the v exchacge contribution to Fi-..,. which is

zero for 4 = =1/2, does not involve TGCs. and hence contributes only 0 /o —y r9mes-

The points made zbove (taken frem [1)) may now be invoked to explain the ambiguity
structure observed in fig. 1. The ambiguity ellipses for various WH' helicity paiss (my7|
are shown in figs 2a and 2b for several velues of cosé in the {ew,. ag.! plane. In
general, these are all different, due to the remaining cos & dependence in (3) and 1o th
fact that the /. represemt differen: kinematic factors for each helicity pair. Eov.w.-e:
explicis evaluazion of the factor fo_y,o for imm) = /0 ol for large /% shows that the

cos ¢ dependence occurs in the ratio {s(1—

sil—cosd) - 2M } which.
e - a - . - x ”~ . - - P
or s = 500° GeV?, is ~ 1 for cosé £ 0.3. Thus the ambiguity ellipses for this belicity

pair in the range —1 < cosé < 0.3 will be more or less coinciden:. as cac be seen from
fig. 22. Moreover.

n this region of cos @ the (00) amplitudeis the dominant TGC-sensitiv

SV
P

amplitude at s = 300 GeV, as is evident from fig. 2¢. where the cosf dependence 0:'

27

(¥

all nelicity amplitude pairs is depicted. (The (1 =1 = i=11 amplitedes provide tre

numerically greatest contribution. but. with J = 2 in the s-channel, they are populated

enly by the v exchange dizgram). Thus. in this cos@ region. the extension &7 2¢ 13
to a sum over all helicity amplitudes will show an ambiguity structure deminated o

This is demonstrated by the solutions o the

T ee, (Fiea(0.0.cos €1 7 shown in fig. 2d. As

cos € increases from ~ 0.3 1o . the {00! ambigu ose shrinks towards the engm

o

fg. Za). but the influence of the kinematic factors oteurring in the (011 and (-1,

amplitudes, which now join the (00| amplitude in numerical importance. conspires to

retain the overall ambiguizy ellipse approximarely in 1ts previous position. Ir this situation

s and for a defined siatistica

it is not surprising thet. for fined experimenial s

sigeificance level, the ambiguity of fig 1 is encourtersd wher the production enguler

distribution is analvzed However, since more than one WH amplitude pair {172 is
involved in the argument given above. it it alsc understandable that the ambiguity is
resolved when the W decay eagular distributions are usec. as these act zs analyzers of

the helicizy composition of the producec Ws |

The preceding discussion gives rise to severzl more points:

o As can be seen from the plots in fig. 2. an ambiguity persisting over much of the cos €
range occuss only in the (00) amplitude pair. These amplitudes contain contribu-
tions from the dipole TGC parameters and from dgz. but not from the guadrupole

parametess A, and Az,

« The s-dependence of the helicity amplitudes {given explicitly. for example. in 4] iz
such that, with increasing s. the dominant TGC-sensitive amplitude becomes that
from (7;=2) = (00). Also. the cesé-dependence of the factor for—1s2 Tor this helicity
pair, given above, is such that it will remain constant over a¢ increasingly large
part of the cos # range as s increases. Thus the ambiguity encountered here may be

xpected 1o become worse a2t still higher enermes.

the znalvsis

2t 500 GeV’
presented here with those at 190 GeV. discussed in rel [17. It was shown there that

o It is instructive to compere the ambiguitiss encountered in

the farm (3] for the ambiguity ellipses implied that. for given (7;72). the ellipses for
Il values of cos # Intersect at twe coramon points (one, clearly. being the origin of
the |7y, pa) plane). The ambiguity encountered in fits on the (dgz. x.) plane studied
there was ascribed to the proximity of the (00) agd ({011 = (0 =1)) intersection

aoints, shown to be at relative locztion /1. {1 = 2005 ‘s Although this ambiguir:
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wich translates trivzall

arrelat.anon the (ow.. ags

s expected to imyg = with inereasing & it ot evident that it still afects
GeV resulis shown in ng . as a secondary solution for tape. og:l it seen 1o e

1VERIS i

acceptable ever when deca: anguizr information is used in the

4  Conclusions

Two principal concivsions can be drawn from the study described above First. dets

s

cerresponding 1o an integrated [ “of 106" 2t 300 Ge\ will permit determination

of TGC parameters from the reaction ™~ — WU~ with 2 precision zbout one order
of magnitude better than that articipated from LEP? data of 300pb~" at 190 GeV.
significant increase in precision is gained by using all the avaiiable angular data rather

than that from the preduction angular distribution alone. Use of the maximum likelikood

method achieves this alm. Second. in 2-parameter fits to the data, ambiguous solutions

are eacountered, as previousiy observed in studies at LEP2 energies. These ambiguities

are particularly severe in fits to parameters affecting the longizudinal WH® ity state
if only the production angular dietribution is used. but is partially resoived by use of the

18" dacay correlations.
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Figure 20 =i, bj: Loct in the plane of parameters (ayw..eeqs) for which the contributions
from various combinations of the helicity amplitudes for ¢™e™ — W™~ at 300 GeV are
equal ta those for Standaré Model values of the parameters. For each helicity amplitud=
combination. solutions are shown for various values of production angle cosf. indicated
adjacent 1o the corresponding curve.

2): Jolutions for helicity amplitudes (7=} = (11) 2nd (201, summed over slectron helic-
tles:

bi: Solutiens for 177} = (011=(—=10] and [0 = 1)=(10]. summed over electron aelicinies
¢;: Centributions frora W' halicity states w.-_-;, 1o the diferential cross-section
dz/deosb. Eack contribution is shown summed over electzon helicities. The curves desip-
nated 25 (0~|. (0=} zné (+<) show the contributions from these states plus their charge
conjugates.

d): As a) and bj, for solutions summed over 2!l he
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1 Introduction

The production of W pairs ar linear colliders allows & detailed study of the gauge strue-
ture of the electroweak standard model in the clean environment of e”e™ collisions. The
first measurements of the trilinzar gauge couplings via the process e”e” — WTW™ will
happen with the advent of LEP2 in the near future. The results from LEP2 will improve
the bounds on non-standard trilinear gauge couplings substantially. However. with an
accuracy of the order of 0.1. only large deviations from the standard model couplings can
be cbserved at LEP2. To reach a sensitivity better than the level of radiative corrections.
i.e. of order 10~2-1072, sufficient to detect new physies far bevend the mass scales of by
then existing colliders ;

< is advantageous to0 have high energy. clean conditions. and high

statistics—ail in favour of & linear collider. The potential sensitivity with which the tri-
linear gauvge couplings (TGC) can be determined at 2 linear collider has been investigated
earlier by several authors|l, 2. 3. Here we study the possible precision obtamned under
situations closer to reality by using the maximurm likelihood method zdapted to ISR at
inear collider energies of 300 Ge| .

2 Gauge Boson Production

p—
ade Mo

2

st general parameterisation of the trilinear gauge boson sector Idvolves 14 indes-

wen dent coup

wgs, T for each WW-Y vertex. Gauge boscn pair production in e”e”
collisions has been studied in great detail. and several groups'd. 3, 6] have calculated the
helicity ampltudes for the process e — WT™W" for the full ser of TGCs'. Varicus
naming conventions exist for the TGCs:

nere we have adopred the notation in [4, where
the couplings are parameterised as deviations from their siandard model values.

INatTow width approvmat

- and for massiess fermions

[ 3]
n
()

4 complete model wméopendent anaiysis of the tilnear gauge secior would reguire
4 61 with 2ll 14 TGCs as free parameters. However, theareticzl assumplions hased on

ral symmetry requirements. dvramical behaviour znd expectec naturs of new physics.

tricts the possible non-standard TGCs and introduce constraints among the T GCs In

e following reference will be made 1o 2 cf-.uc.. models ‘4 and their respective coupling

denoted aw, and ¢p, The models and the notat

3  Determination of Trilinear Gauge Couplings

Several methods can be applied to fit the TGCs, differing in the amount of informats
rucies ar most 3 angular variables

available and the use of the information. In previous s
where used in 2 y° Ht. As binning :n the full &w dimensional angular space requires
verv high statistics, 2 x* fit is not the optimum way of extracting the TGCs. Instead the
TGCs car be determined using a generalised maximum likelihood fir [§] IGML). in which

an additional constraint is exploited by assuming that the measured number of events is
Poisson distributed around the expecied number of events. No. Le.

\-,\: &) -Ne (T N

g:'_"—;.__—--—HP‘;Q.,.a.. (1)

P, &) is the probability density for an event with angular configuration €, as functicn
of the TGCs &@. constructed from the differential cross-section and normalised 0 taity.
N, is a function of the TGCs (via the total cross-section). the integrated luminosity and
acceptance.

Srudies of the potential accuracies for the diSerent W= event topologies using the
GML in idealised Monte Carlo studies can be found in 7] or in {9,

3.1 Extending the Method to include ISR and Acceptance

As a first step towards a more realistic experimental situation we have studjed the impact
som ISR and Snite width of the Ws on che frted TGCs. Systemaric biases originating

from these 1wo effects may come from different parts of the analysis and & thorough dis-
cussion would involve both the reconstruction of 2 W™W™ avent as well as s the subsequent
i 1o the measured angular distributions. In many aspects the comments made og ISK
also apply to beamstrahlung since. fram & experimental point of view, the signatures ars
identical; missing energy and mussing longitudinal momentum.

Detailed studies at energies reachable at LEP2 [10] indicate that neglect of ISR and
dnite width introduce svstematic biases which is shightly less than the envisaged precision
a1t LEP? far one parameter fis At linear collider energies the average energy loss induced
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by ISR 15 considerably larger and the effects on the reconstructed angular informazion i

foreseen 1o be worse  Additional biases mav appear when the TGCs are extracted via

a gereralised maximum Hkelinood 8t not including ISR and finite width. Fortunatel
the corrections 10 the rotal crosssection ansing from ISRE and finite width, are smalier

o threshold region/117. bus at the same time the

a1 lmear

The energy loss from ISH. and beamstrahlung will increase ar higher energies in com-
parisun with the expected energy reselunion (FE/VE ~ (.31 of the detectors at future
Imear colliders’3] allowing a reconstruction of the ISR. The questior is then what to do
with events affacted by ISR. One opticn is to remove such events but at the cost of lower
staustics. while still leaving the sulk of events with small ISR effects in the sample. An-
other possibilicy is to include ISR in the reconstruction and the subsequent fit of the
TGCs. The advantage of this procedure is the increased statistics, but on the other hand
the sensitivity in events wich ISR is slightly reduced due to their lower centre-of-mass
snergy. Nevertheless both methods could give rise to biases which have to be corrected
afterwards. but it is highiy desirable to minimise these hiases

Here we will follow the last method and take into zccount ISR in the determination of
the TGCs by extending the gensralised maximum likelthood method to include ISR ané
acceptance

In the structure or ux function approximacion {good up 3% on the total cross-section),
where ISR factorises. the GML may be written (up to terms independent of the TGCs)

S da
(=Y ln—{.a@s)-Lx isrls. s') —,——-(Q.u " dds’, (2
£ 50 ol

for total integrated luminosity L and acceptance function A{§2), which in geaeral is net
a simple function in the Sve angular variables. This analysis uses instead

Y. do r de
Al Po el [ T S L o N0 E S dO g K
i=> 1o 4.G.8,) = Lx < A(QY) > x | Panls. s') (0.7, dds'. (3)
el | P a0

where < ATQ > is caleulated using the standard modal and the cuts discussed in section 4.
Frez 1s the spectrum of contre-of-mass energy and do /dQ) is the differential cross-section

for W™W™ production. The use of Eq. (2) or (3} requires that events can be raconstructes

including ISR, such that &) = Mj._,._. and thac §, is determinec in the W=\WW— reference

frame on an event by event basis

luced by neglecting ISR and Bnite width of the U™s are
s‘:mr::xisu:d in *_b'.f_- 1 for fizs to cew. using the full engular information together with frs

c the

an

s information which is availabie for the Gifferent W-W= event topologles:

g3

| Source of bias cosd. ©;. S | cosv. 8,. T, | cosi: @, =
Fiie width (F | <lsd | 0002 | o00m | 009
F-ISR [rescaled) |  -0.173 -0.108 -0.154 20180
F-[SR (CAIS angles) |  -0.012 |  -0012 | -0.013 . -0.020
FLISR (ext. GML] | <Isd | <isd <lsd | 0.008 '

Teble I The svstematic shifts induced by neglecting finite width of the W's and using
diferent methods to account for ISR for one parameter fits to ', Using differect ser of
angular information (e5775 ~ O(0.001}]. A set of decayv angles (cos &, @) is denoted by
9, and © means that Fo‘dmg has been applied. In the last column the folding is done for
the twe-fold lepton ambiguity.

= For purely leptonic W=W™ decays. fvév. the momenta of the 2 neutrizos are un-
determined. Constraining the mass of the two lepton-neutring systems to the W
mass in addition to the usual four-momentum conssrvation the momenta of the two

aeutrines can be determined up to a two-fold ambiguizy 3],

» la the semi-leptozic decavs, fu);, the W charge is known and the leptonic W decay
is completely determined. The missing informatior. about the original flavour of
either jets implies the ambiguity (cosd; — — cos £, 0, + 0, = 7, Le. swapping
particle and anui-particle for the quarks.

In the case of hadronic decays, 777, neither the W charge nor the quark favours
are known resuliing in an aight-fold ambiguity.

In the frst row in table 1 the shifts in the feted TGCs with respect to the ideal case is
given for events generated with Snite width but analysed in the parrow width approxi-
mation. The second row in table 1 lists the shifts in the TGCs obtained by fitting events
gererated with ISR and finite width assuming no ISR and narrow width. where cnergy
and momentum conservation is assured by simple rescalmg. The third row gives the shifts
found when reconstructing the angles in the W™ W= centre-sf-mess frame but ignosing
the energy loss due to ISR, The last row contair the shifts obtained bv fizting the events
using the GML mechad defined in Eq. 3. From the table we ses that the shifts from ISR
s larger than chase from finite width Furthermors table 1 shows thz.t the biases can be
considerably larger then the expected precision at a GeV” linear collider depending

o the raconstruction of the angles Clearly. accurare xnowledge of the energy loss due

¢ ISR (Beamstrahlung) is vital in the reconstruction of the aogular information and for
the it to the TGCs in order

. a5 can te seen from the last row.




4 Precision in TGC Measurements at 500 GeV

In this section we will present and discuss the accuracy that can be sxpected at 2 linear

collider at 300 Ge\ for the different W=~ & types in & setup closer w0 the realistic
a

xperimental situation, focusing on event reconstruction, detector resolution and back-

grounds Similar studies has been done by o

— f_‘

2.3, We will expanc on seme of these

studies and include progress made in understanding the fit of the TGCs

4.1 Experimental simulation

A compiete understanding of the many expenmental aspects that play a role for the at-
tainable precision in the TGCs will require the full simulation of a detector for a linear
collider. Hewever. these studies has beer done using e™e™ — W™W~ events gererzted
with PYTHIA {12} at 500 GeV with ISR and finite width 2nd subsequent smeared ac-
cording 1o & concepiual linear collider detzctor:

Tracking In the central region the momentum resciution is taken 1o be

ny

e

= =10"3GeV L.
o

In the forward region (tané§ < 0.71) the resolution is degraded

71
o'? = !’E——\ w 107 GeV
7 canf

Energy resolution Combining calonmeters and tracking give an energy flow mezsure-
ment with resolution

E o
= 0.3VGeV"
v

For charged particles the betzer of tracking or energy flow is applied.

nﬂ

Hermetic coverage The very forward peaked W™~ production requires a very good

Coverage in ti

» forward direction and we cousider region of acceptance

lcas8l < 0.98.

The genarated data sample has an integrated luminasity of 10 fo}, corresponding w one
year of running. Finally. two background samples with ZZ and Z~ respectively. have been

generated and pessed through the same smeaning.

4.2 W-W- — Hadron-Hadron

3

a W hadronic branching ratio of §, the purely hadronic W=W" decay cha
stical superior [~ 485 with QCD corrections] when compared to the sem

and purely leptonic channels. The mi:nﬂ‘-‘d,n\.a.g% of this decay channel is that a

knowledge of the primary particle
ro the missing information on the W.charge. Furthermore the background con
from ZZ apé Z~ are difficult to ramove.

The main characteristics of ;47 events are high muluplicity and large visible enerpy

and this is reflected in the selection criteria:

- Large multiplicity, Nenarpes > 13:
- Significant visible energy, By > 400 Gel:
- No high-energetic leptons, E¥,. < 50 Ge\t

- The even: is forced inte 4 jets with at least 4 particles in each jet to ensure well
reconstructed jets

In 2ddition to the above selection ecriteria cuts on sphericity ‘thrust and angles batween
jets give high discrimination against the background but their eficiency dimumnisk with
energy and any cut on angular distributions is 2 potential source for biases.

For events satisfving the cuts 2 kinematic fit is applied to improve the resolation of
he jets by impesing external constraints. In contrast to simple rescaling® of the jers o
fulfill energy and momentum conservation, the kinematic fiz allows inclusion of additional
information using the characteristics of W= W~ events. Many different kinemazic fits exist
110]; for this study a fit taking intc account the ISR spectrum in the LL approximation
and Breit Wigners for the two W's has been used.

The advantage is that we get an estimate of the ISR from the correlations among the
jets in the event. Instead one could just tzke the ISR z¢ the missing momenta along the
beam. but then missing particles would also contribute as well and the ISR spectrum well
be overestimated. The ISR spectra for the two d:nere—m methods are plotted in Bgure 1.
From the plot it is evident that the kinematic fit does a better job in obtaining the ISR
spectrum. The bend-over observed in the specirum from the kinematic £t originate from

: v to separate [SR and deractor resolution effects. and it can be seen ther the fit
can reconstruct ISR down to about 3 GeV.

500 GeV the difference in improvemant ta resolution of kinemartic Btting versus rescaling s small



Figure 1: The ISR spectra from simpie rescaling and kinemaric Stting: plotzed togezher
with the generated spectrum

The inclusion of Breit Wigners in the kinematic £t can be combined with a cut on the
A* from the 8t to choose the best pairing of the 4 jets into two W’s and further constrain
the background while at the same time improve the energy resolution of the jers. The
obtained eficisncies for W-W~ and background events can be found in table 2,

4.3 WTW~ — Lepton-Hadron

The semi-leptonic W+W- decay chanznel is in general considered o be the optimal for
measurements of the TGCs because almost complete information can be obzained on the
W-pair production. In contrast to the purely hadronic W= W~ events only the Savour
composition of the hadonic decay is unknown, but the drawback is the missing neutrino
affecting the kinematic reconstruction. The branching fraction is sizable (~ 42% J» but ;
of the avents contair a + which give additional complications and have heen excluded in
this analysis. reducing the usefy! branching ratio to about 285

The dominant backgrounds are expected 1o come [rom semi-lepronic W*W= evens
with 2 leptonic 7 decay | B, ~ 35%). Z~ events with leptons from heavy flavour de-
cays and ZZ events. The tvpical selection eciteria used for £vp) aim at reducing these
backgrouads by raquiring

- Significant multiplicity. T <Nchasges < 30

v

Identidied electron or muon with large momentums. P> 100 GeV,;

-]

- The missiag trunsverss momentum should be larger than 10 Ge\' Eliminates 7-

events with 2 photen down the beam-pipe

- The hadronic part of the even: is split 1ato 2 jets with at least 4 particles in sach
Jet to ensure well reconstructed jets.
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As for the hadrome W=W~ events 2 kinematic fit with ISR and Breur Wigners ts anplied
but the effect on the energy ros

lution 15 limited due to the mussing neutrine momenrurs

fram the kinematic #r -

lowering the number of constrainis. A cut is imposed on the 17
The resulting efficiencies for W™W= and background events can be found in table 2.

4.4 WT™W~ — Lepton-Lepton

Witk a W leptonic branching ratio of i. the purely lepronic 1114~ decay channel is the
least statistcally significant (~ 10%0) when compared to the semi-leptanic and hadronic
channels. The extra neutsine in W — 75, — Xu.5. decavs makes it impossible w0
reconstruct such events, reducing the effective branching ratic to around 5%. Further-
more, the missing neutrine momenta imply that the W-direction cannot be daetermined

unambiguously. a priori making this channel dificult to expleir.

The selection criteriz used in this stucy to select {véy events are

- The event contains exactly 2 reconstructed leptons. electrons or muocns.

The missing transverse momentum should be lerger than 10 GeV. The purpose of
this cut is to remove 7 — (I with a possible photon down the beam-pipe.

In case of equal flavours the lepton-lepton system should not have 2 mass close to
Mz,

< Mz =40z and Mz +4l2 < My

The background from Z~ and ZZ can be easily discarded by requiring differsn: davours
of the 2 leptons, but this would remave half of the sigral events.

For évfv events the mementa of the 2 neutrinos are unknowz, but in the case of no
ISR and under the assumption that the event consists of two decaving H7s, we have six

S up to a two-fold

constraints allowing us to reconstruct the momentz of the neutsi:
ambiguity |

Finite width effects and ISR infuence the existence of solutions®. and for

background events the required existence of solutions LIVES & VAV SLIONZ suppression

It should be stressed hat the recopstruction of purely leptonic

" events requires

the use of all kinematical information available in the event. Jo aving no further possibilizies

of removing background events or account for ISR and finite w

“Abour 20% of the events a: menerator bevel have no sciutions d

(%]
o
r




o DN e

£3) £l
TN i
0.~ i 345

il

i (530K events) | 0.24

Tahie 2

grouad processes for smeared Monze Carle

cos v, 8. B B
| Bias -0.073 -0.060
! Precision 0.002 0.008
| Bias (ISR) | -0.072 2 '
- o 1
| Precision (ISR} | 0.002

Tabie 3: The total svstematic shifts and precisions obtained for one parameter fits 10 Guge
for different set of angular information. The fits have been made using the GAL method
the assumption of no ISR and with ISE, respectively.

4.5 Results

The resulting efciencies for the different W™W™ event topologies after selection and
reconstruction can be found in table 2. The table also lists the rejection efficiencies for
rhe various backgrounds. From the resubts in table 2 it is seen that the aver i efficiencies
for the various WTW™ event types are similar, with £v7; being lowest. The background
rejection efficiencies show that the Z+ background is the most dominant (Cwnw ~ G.loz. )
especially for the fwér events. whereas ZZ comzribute o 7] JHowever, it is possible to
further improve the efficiencies by more sophisticated cuts. The main reason for the low
efficiencies is that a substantial part of the events are lost because the decay particles
from the very forward W''s are boosted cutside the angular acceptance region. For the
jijj and fvj7 channels there is furthermore an implicit cut on very larger ISR viz the
cut on the ¥° from the kinematic fir. To study the effects of detector resclution and
events Teconstruction one parameter fits for Gw, and twe parameter firs for (ow,.os,)
bave been performed for the 3 basic decay modes with events passing the different sets
of cuts. For a definitien of the frted TGCs and the related theoreticel assumptions the
reader may refer 1o |7, in these procesdings or [10. In the one parameter case the fits
were performed using the generalised maximum log-likelincod method adapted to ISR
described in section 3.1 and. for comparison. with no ISR. The obtained precisions and
biases from the one parameter fts are summarised in table 3. In figure 2 the corresponding
93% confidence plots from the two parameter fits are shown for fits to detector smeared
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Figure 2. The 95% confidence plots for the two parameser A of (aw,.0p,) using 737

(2). w37 (b} and fxfu [c) events. For 2 discussion of the complex structure seen in ¢) the
reader may refer to (9] or [7].

events and fits using parton level information for vents passing 2)l cuts. From the results
in table 3 and the 95% confidence plots in figure 2 several conclusions may e drawn.

In the pure hadronic channel the S-fold ambiguity result in loss of sensitivity but
given that this is the dominant decay channel in W™W~ events the higher statistics
partly compensates for that, and besides. the use of this channel ciearly can be improved
by jet-charge and quark tagging techniques — after all, half of the hadronic W' decays

contain 2 c-guark with very listle background from b-guarks. The purely leptonic channe
is seen 10 have a very high sensitivity to the TGCs — as good as (or better) than the
semni-leptoaic case considering the limited number of events used in the fit for this channel.
The reason for this is that the five-fold differential cross-section used in the fit is largely
unaffected under the transformarion of one solution of the neutrino momenta 1o the other
and preserves & clear one to one correlation in contrast 10 the semi-lepzonic case, where
no correlation is observed. The stromg correlation remains unafected Var¥ing aw, from
—~1to 1. Furthermore, from the different plots it is clear that the acceptance for the 717
and éwiv decay channels gves large biases compared to the precisions.

Table 3 shows that the inclusion of ISR in the fit results in very small changes however,
the dominznt effect comes the reconstruction of the angles. which is common for the 7777
and fvy; fits in table 3.

As can be seen the fvfv and ;) chennels suffer large biases due to reconstruction
For fvéy this is because the reconstruction cannot take into account the ISR, while for
the jjj; channel the reasen is due bad jet reconstruction affecting the resciution and the
igt-jet pairing. Naively one would expect that the jets at linear collider energies would be
narrow and easy to separate but the s tend to decay along the direction of flight and
the “backward” jer is boosted on top of the forward jet. mimicking & single jet. or ocne

could lopse part of a jet in the forward dead area

(8]
u
(8]



Conclusion

ot

The purpose of this study was 10 nve

ate the expermental aspects of rmlinear gauge

coupling determination ar 300 Ge\™. We have emploved o method that have recently bean
pling P :

used 0 the preparations for LEP2. With LEP? the quantitative content of the many

Monte Carlo studies this method can be cross-checked 10 zonsolicate and improve

the statements for toe Linear collider We have studied the usefulness of the diferen:
WIS gvent ¢

n more realistic experimental enviconments. OF parucular interest ig
the observation that 1SR and Beamstrahlung can be controiled and accounted far i the

fits. Finally. it is obsesved thar acceptance and reconstruction can give rise to substantial
viases.
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Measurement of the Three Boson Couplings at 2 TeV

Rlaus Ménig, CERN

1 Introduction

I no light Higgs boson can be found at LEP or LHC the precise undesstanding of the
thre= boson couplings is a good possibility 1o get some inside in the mechanism. masses
are generaied in oature. It is generally koown since some time that the precision. these
couplings can be measured, gets better with increesing centre of mass energy. On the
other hand at very Ligh beam emergies analyses are seriously disturbed by & latge energy
spread due to beamstrahlung.

The aim of this study is to get 2 quantitative estimate how well the three beson
couplings can be mezsured at a centre of mass energy of 2 TeV. Events have been generated
and smeared according to a given detector. These eveats have been fitted taking into
sccount 2ll smeasing and acceptance effects.

2 Event Generation

For this study events bave been generated with the PYTHIA Monte Carlo (1] ané tracks
have been smeared according to the “TeV detector™ described in [2]. Only events of the
type ¢te” — WW~ where one W decays leptonically and the other one hadronically

kave been considered. The main features of the simulated detector are:

» Charged track resolution: 88 = 2:107'GeV ",

+ Electromagretic calorimeter resolution: & = 0.1y GeV,
V&

=/

1 . ¥ . E - o
* Hadron calorimeter resolution: = = 085V GeV,

s Hermeticity: |cos8| < 0.985.

For the beamstrahluag an energy spectzum with a mean encrgy loss of 18% and an

energy spread of 16% has been assumed.

)
w0
L

3 Event Reconstruction and Selection

The event selection has been designed not only to refect background but also to reject
events thet have beea badly reconstructed of where too much energy was lost due to
radiation. The follewing cuts have been used:

« Exactly one leptlon is seen cutside hadronic jets.

a The polar zagle of the lepton is larger than 20°.

¢ The number of charged particles is larger than 6.

o The hadronic energy is larger than 700 GeV'.

» The hadronic mass is between 70 GeV and 100 G2V

o The sguare of the missing mass is less than 4.3 10°GeV*.

Fig. 1 2) shows the centre of mass energy after radiation for all events with [coséy- < 0.9
and fer those passing all cuts.

Since at 2 TeV the detector resolution is smaller than the average energy loss due
to radiation the constrained fitting technigues propesed for lower energies are 2o longer
useful. Instead the neutrino momentum weas secomstructed assuming that the lepton
neutrine pair has the W mass and that all photons were radiated along the beampipe. In
general this leads to two possibie solutions of which, i both solutions were physical, the
one witk the smaller acalineasity between the W's has been chosen. From the informatien
of this reconstruction the effective centre of mass energy, the W production angle znd the
decay angles of the leptonically decayizg W have been reconstructed. The decay angles
of the hadzon side have been reconstructed by forcing the hadrons inte twe jets and using
the jets as approximation of the quarks. No atiempt has been made to distinguish the
guark and the antiguark. Fiz. 1 b) shows the resolution of the polar decar angle for the
lepton and the badron side.

Several sources of background to the selected process have been studied. The only one
that turns out to be relevant is the W pair production where one W decays hadronically
and the other one into T&. and the T decays leptonically. Due to the large energy loss
from radiation these events cannot be rejected by missing mass critenia. Thus the size
of the background is about equal to the leptonic branching ratic of the 7 (17%). Due to

the additional energy carried away by neutrinos the events are dominantily reconsiructed

[
wr
(81}
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Figure 1: @} tnveriant mass of the W pair for all cvents with |cosfw-| < 0.9 and for events
that passed el cuts. &, Poler decay angie resolution for oll leptonically (solid line) and

hadronically (deshed line) decaying W's
at a cosine of the polar decay angle close to —1 and as azimuthal decay angle cose to 0

or m. A large fraction of these events can. however. be removed by the use of 2 silicon
microvertex detector.

4 Fit procedure and results

To fit the data. including all smearing and acceptance corrections, a binred maximum
likelhood fit has been used. Since for muitidirnensional distributions the number of bins
becomes rapidly verw large, only the W production angle [cosfw) and the polar decay

angle for the lepton (cosf]) and 1the quark side (|cos ¥;|) weze considered.

To calculate the likelihood for 2 given anomalous coupling 2 large number of Monte
Carlo events with standard couplings have been generated. These events have been
weighted according 1o the ratio of differential cross sections assuming the given anomalons

couplings ¢ the one zssuming standard couplings. To calcunlate the weights the gener-

ated angles have been used. where the cross section was evalvated at the true centre of

mass eaergy after radiation. The weights have been summed up iz bins of the measured
quantities and thez been compered with the “data™ assuming Poisson statistics. This

procedure 1akes inte account ell corrections due te smearing and bca.ms:ra.hiu.n: cfects

exactly. Since no analytical formulae for W preduction with aremalons coupling includ

&

(Y]
-1

ing & finite W width and QED corrections exist, Born level formulae in the zeco widih

approximation accoréing to (3] have been used. To account partially QED corrections

the events have besn boosted into the WTW ™ rest frame before caloulat ing the “true”
decay angles. Per construction this procedure introduces no bias if the true couplings are
agual 10 the standard ones, even if the formulae used are not exactly correct. Fits have
beer. performed with one to three znomalous couplings left free and constraints amongst
the other ones as suggested in [3]. To mxamine the effect of beamstraklung another datase:
has been generated without this effect. Table ] summarizes the fit reschts with and with-
out beamstrahlung assuming a total integrated luminosity of 320 f6~%. Fig. 2 shows the
§5% confidence limit contouss from a fit to (z,.y,) assuming the same luminosity. In all
cases the total cross section has not been used in the fit. However the improvement using
it is only about 10%. In this case, however, the luminosity and acceptance must be knawn
1o about 0.1%.

| Free parameters | Constraints Error with Bs. | Emor without Bs. |
iz =1.4-107* +1.6-107%
. bz = ':;w ,» Zz = -—--”:x., =4.8-10° | =3.2.10"*
T vz = Py, =2.1-10 | =1.5-10"%
= ' bz = r-:;w Zg = -—E-=~ +£5.2.10~° | =3.3.10"°
| Y- ! Yz = ?:" +2.2.10°% =1.6.10~
? 0 - T =TT
l E 8 zp = —HEz, . ‘ :;.; 1p-®
8z | i S T ,
z. | Ty = —f::—z, 1 :;2 10 |
{ ¥ yz = Sy, | =1.6-107*

Table 1: Results of different fits to gromalous coublings with and wrthou? becrnstrarlung.
The notation of (8] is used. Non Jitted perameters not mentioned under “Controints” are
Fzed io thewr S valus.

5 Conclusions

The possibility to measure the anomalous couplings of gauge bosons at & 2 TeV collider
has been studied. With an integrated luminesity of 320 75~ precisions of about 10~
can be obtained. The degradation of the results due to the presence of beamstrahlung
is 2bout 307 not justifving any strong attmept to reduce the beamstrahleng parameter,

especially if this would result in ¢ significantly lower luminosity.

()
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Figure 2: 95% confidence level contours with (solid kns) end wnthout (deshed line) for the
| {2~ 3y} fit. The constraints amongst the other couplings cre as descibed in tobie 1.
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Optimal Obsernvables fo or 1 "abllfl ‘.-g three-gauge-boson couplings

1 Introduction

his contribution we propose 2 method to measure the trilinear gauge couplings in the
reaction e”e~ — W™=, For the W Z and Wy vertices we use the most genera!
parametrisation consistenr with Lorentz inveriance of Hagiwara et 2l (11, [t describes

each vertex by seven form factors f,. three of which correspond to CP viclating couplings.

We shall consider the decay channels W I — {4 jet jei, where £ is a light lepton

or 4 aad the jeus originate from = gquark-antiquark pair. For these channels 2 complete
(53 ::crra'xcz.l reconstruction of the four-fermion final state is possible. apart from the ambi-
guity to associate the jets with the quark and the antiquark in case the jet charge cannot

be measured.

Ir the following section we present a method to measure the form factors fi with
4

maximal statistical sepsitivity, and in sec. 3 we describe some numerical results for the

accuracy 1o be attained at a 300 Gel' collider. Datails can be found in [2].

2 The method of optimal observables

Let us denste by @ the full set of reconstructed kinematical variables, e.g. the scatvering
angle of the W™ in the c.m. frame and the decay angles of the W in their respective rest
frames. Furthermore let g, be the difference between f, and its value in the SM at tree
level. Since the trilinear gauge couplings enter linearly in the amplitude of our process
the differential cross section can be wri

where it is unerstooc that one has symmetrised over any xinematical ambiguities. The

idex of optimal observables is to measure the distribution of the funciions®

“The fenzuons G 1c) defined hers are avalable as 3 FORTRAN routine from the authors

Qo= 24
and to detern:ings the couptings from their mean alues (O foTne g one
has

- ,
Qo =10~ S N 3

from which the ¢ can be extracted since (O,

d ¢, are caleulable giver 12 an

From the distribution of the &, one also odtzins tistical erzors on their mean vab

and the observables O, have been constructed to r.-.m;.'::ise the induced statistical errocs

on the extracted couplings ¢ [3]. More precisely. it can be shown [’ hat in the lmat of

small g; ther cannot be smeller in eny other method. inciuding 2 fit to the full distribution
of the variables .

To have tractable expressions for the observables. some approximazions such as taking
the cross section (1! at tree level will be necessary in praciice. Theyv need however not
be made in the extraction of the couplings: various theoretical and experimental effects
such as radiative corrections or detector resolution might be tzken into account when

calculating the coeffictents (O, 2nd ¢, ineg. (3

This method is particularly weil suited for testing discrete symrnetries. because for an
observable which corresponds to a2 CP viclating coupling . a neazero mezn {J,) is an
unambiguous sign for CP violation in the reacticn. provided detector and data selection
are CP biind.® A
amplitude.

lar statement holds for the study of =bsorptive parts in the scattering

3 Numerical estimates for a 500 GeV collider

To estimate the statistical precision of our method we have calculated the errors |

suring rezl and imaginary parts of the form facre

luminosity of 10 =" ar /F = 500 Ge\’ and unpolarisec beams we foé -z errors between

2.107 and 21077, With the addizional iafarmation of the jot charge in each event they

decrease by 2

ica.dnm. oTd=r —xpa.'zsmn m 9y 18 used here. assuming 16  the SM at poee lovel e

'*Opnma. - vr\-aa‘n have ai'ea.:" b-— used te search F uiolationts =-pacs production at LEP]
with & elear gain of sepsitivity ovar non cplimisec chyer 3




Far some of the farm factors the errors are strongiy correlated. This holds in partieul

for pairs of f¥ and 7. because due to the interference of the WW'Z and W~ wers:

they appear as linear combinations in the ampliiude. For Joft and right handed

ese are. respectively,

i
i
L
=5
B

where 9 is the weak mixing 2ngle. The correletions for pairs f£ and [ turn out 1o e
< 10-* for

much weaker. With the above pazameters the ertors are between 2- 107 and 2
the 7L, and between 5-107 and T-107% for the f7. With beams of left handed ¢~ or right

handec e one would exclusively measure the f7. We Aind that gives the same number of

events the statissical errors on the f& are almost tne sume with or without polarisation,
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A Monte Carlo algorithm for Multiphoton
Beam'étrahlung in Monte Carlo event generators”

Harald Anlauf

TH Dermstedl. De-mstadt. Gesmany. end {nrversitar Nisqen, Siegen. Germany

Abstraet

We describe 3 simple algorithm that calculates the dist ons of electrons
anc positrons under multiphotor beamstrahiung at z futere finear collider The
evolution equation as given by Chen is solvec by 2 Monte Carlo algonthm. Explicit
multiple beamstrublung photons are generzted. Wa present first results from an
implementation of beamstrahlung into the Mante Carlo event generator WOPPER.
that calculates the QED radiative corrections to the process ¥~ — 4 fermions
through resonating W pairs.

1 Introduction

At future linear €7e” colliders with center of mass energies of 0.5 Te\' and above, beam-
strzhlung {1, 2]. the syachrotron radiation from the colliding £~¢~ beams, will become of
significant physical interest. On one hand. beamstrablung may carry away 2 substantial
fraction of primary beam energy and lead to a degradation of the effective center of mass
energy for e7e” collisions. on the other hand. the lower energy ¢™e~ and =’'s contribute
1o background processes

Iz generzl, the fuil treatment of beam-beam iateractions ané beamstrahlung is 2 com-
pliceted many-body problem. and dedicated codes for the calculation of beam-beam effects
exist {3 or are heing developed (4], However, from the high energy physics perspective
the availzbility of a simplified analytical or numerica] treatment is desired for the study of

interesting processes. (a.g,, #7¢” e WTIT) 2t the lavel of Moate Carle event generators,

As long as average number of deamstrahiuag photons per beam particle is mueh

. la
the case of the proposed linear colliders. the average number of radiated phetons per beam
particie at design luminosit

less than urity, the radia

on spevtrum is given by the

lov-Temnov spectrum

is typically Q1) Therefore. the efects of multipie radietion

of beamstrahlung photons have to b« taken into accoun:.

Multiphoton beamstrablung has already baen discussed in 5. 7] (and references quoted

“Supported by Bundesmizmterium - Bildung, Wissensehaft Forschung und Technolopie. Gesmany

303

&l however, without using

ive siiction of the

= numerical implementation

The Monte Carlo algorithm for beamsirabiung presented below is <o

iered comple-
treazment of all beam-beam effects as serformed in /3. The

mientary o 4 full

TN purpose
i to provide a simple packzge that can he incorporated intg

this Mante Cario approact

or interfaced with Monte Cario event generators for physics at future - =« colliders. In

section 2 we wi

| review the elzctron energy spectrum under multipheton heamstrahinng
Section 3 cutlines our Monte Cario approzch, while in section 4 we presert preliminary

results, Fust?

- detzils of the caleulation will be presented elsewhere (&

2 Electron Energy Spectrum

In this section we recapitulate the derivation of the electron energy specirum due to
multiphoton beamstrahiung in the spiri: of Chen et al. [6. 7). Wense h = e = 1.

Let wiz.t) be the distribution funciion of the electron with energy fraction = = £/ £,
at time ¢, normalized such that

j drifzd)=1. (1)

We shall assume that the emission of the photons takes place ir an infinitesimally short
time intervil. Therefore the interference batween successive emissions may be neglected.
and one can describe the time evelution of the electron distribution by the rate equation

3 s

= ]-—j dz! Fiz, z){z"t). (24

Q

|5

= —v(zhelz.

(%)

t
where the first and second term on the r.h.s. correspond to the sink and source for the

evolution of v, respectively. F is the spectral function of radiation. and

represents the average oumber of photons radiated per umit

@ by an elsctron with en.

ergy fractien. r Electrons and pasitrons from pair prodection in photon-photon processes

are 9ol taken (nto account,

The speciral function of radiation is conventicnally characterized by the seamsirahiung
parameter Y. which s definec as -
T = 5 ) 1
m, B. N
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where B s the efective Seld streagin n the beam. anc £ EAls
critical field. The e”e” beams generzliy have Gaussizn charge ions. and this the

loca. fial# strength varies inside the beam volume. However. it nas been shown 2] througn

. that the overa!.

r the impac: parameter aad the 'LQ.I':E?IJCEE&LE varia
F -
Les L'?\'L.'.‘.'Vlf':ﬂ:? = unifo:‘m mean

.. In what follows. we

of order v
We define
vizi= / d=' Fiz'\zi=vw - LelzT) . (6]
o0

where 1., is the number of photons per unit time in the classical limit.

,‘—;3‘3}.3_
" T 2/3 Ee

which is independent of the particle energy for a given field strength due 0 (4).

T, {7)

The funciion Ugly) behaves as
g 1 wo— 0 -
(Qlt‘!=! I : : i8]
e | const.o =y b ¥ -0
exhibiting the asymptotic apgroack to the classical limit and the suppression of rediation
ip the deep guantum regime. respectively.

Finzllv. the differential e”¢™ luminosity can be expressed as the convelution of the

=

[l

effective electron energy distributions of the colliding beams |

- = .ch drydz: &{s — ryTpsg iz, izs) . (@)

wheee £, is the nominal lumizosity of the collider. inciuding the enhancement factor due

to beam distuption, and the effactive energy distribution viz) is obtained by averaging

over the longitudinal pesition within the beam.

i~

! 2 prz
'_lf:-=—,f 1 6.485 & B8 t
s e

y—
-

Lt
o

T determine the electron distribution (2.t et us decoripose it into a suitable set

of time independent functions @4(7) using the ansatz

. w)” L ]
iz =3 ealz) e P11
=0 )

where ¢ is 2 parameter that will be cetermined below. The normalization conditien (1]

trenslates into

bt
to

/-d:or_{:‘;:r.. 12
[s]

Plugging the ansatz 11 into the evelution equation (2] we obtain & recursion relation
for the 0.,

Tl v Fiz.z) .
c,,[:):f-:':'Ul—ﬁ-:—']éf\:—:'?-r—‘—-— forn>1. (13)
o \ . P

with initial condition
Solz) = wiz.0). 4
If we neglect the intrinsic | Gaussian] energy spread of the accelerator. the initiel condition

of the electron distribution is simply given by

=
]

wiz.0)=68i1—xI. [

and thus
ootz =68(l—2). 16}

The fusctions ou(z .= > 0. can be determined, e.g.. by numerical integration. Here
we suggest a differenr way to exploit the recursion relations. First note thar the kernel
given by the square brackets in (13} is positive for ' > z. Furthermore. since {01 2
viz) 2 vil). the kernel is positive if we choose & = (0] = vy The functions . will
then be positive, and together with the normalization condition (12) they will allow for 2
probabilistic interpretation

Using our ansatz {11}, the effeciive electron energy distribution (10) reads

- n: Ny
'_‘:‘=.\-«{.'1---—"'—'——'?{1 r: e (17]
ER! il J
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JLC-X CLIC VLEPP

51 ] 7 i
083 | 03 | 2

o280 | 230 2000

! Ips T3
0 | 90 200 Ta0

| 0020 0080, 0212 1 020 0072 | 0.084

| 183 | 087 | 247 5 108 1a a0

035 | 068 0 032 | 062 | 035 | 0.8

Table 1: Selectec paremeters of some proposed finzar collider designs

where «1 + r: Ny is the incomplete gamma function. and Ny = v.. - If2 is the average
number of photons per beam particle radiated during the entire collision. in the classical
limit. Due to the pesitivity of the term in square brackets in (17} and the fuactions &,
the electron energy distridution can be determined siraightforwardly by a multichannel
Morte Carle method [3].

4 Results

Of the abuncance of avzilable parameter sets for fotere linear e~ colliders. we have
tzken a hopefully representative selection from [9) that comprises many of the proposed
linear collider designs. Table 1 lists some of the parametess that are relevant for our
sumerical results, T was determined similarly to [7].

We have calculated the cifferential luminosity of =

aee”e” beams under beamstrzhiung,

eq.19]. using our Monte Carlo algorithem based on (137, The recult of the simulation for the

sormalized luminosity is shown in figure 1. For the sake of brevity we have selected onlv z
subset of four designs which essentially cover the interesting paramerer range: the TESLA
design with rather large bunch length but small eSsctive beamstrablucg parameter and
& corraspondingly rather soft beamstrahlung spectrum. the JLC-S design with shorier

= but large T and large mean energy loss due 10 3 hard beamstrabluag specteum.

d moderate T. having 2 small number of radiated photons M.

@ large multiplicity of beamstrahlung photons. We have also celonlazed

the relative [y

zns with ¢ > 0.895. the result being displaved i she

last line of sable 2
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e"e” Luminosity at 300 GeV

e e B M s

o

0.5 0.6 0.7 0.8 0.9 I
Effective e"e” energy s /5,

Figure 1@ Differenticl ™2™ luminosity.

Iz high energy €7¢™ processes, besides seamsirahlung one 2iso has to teke into ac-
count the radiative corrections to the process under consideration. The single most
important universal contribution of the radiative corrections are the leading logarithms
o™ log™{s/m2. which are due to QED initial state radiation (ISR). These large logarithms
cazn be resummed to 2ll orders in the structuers function anproach. with the electron struc-

ture fuaction [10]:

D[;,.i.‘:;Il—:\r_ -%3:—:—3!5:_‘ isy
- 't
wihere
= = (19,

the electron energy frzction afrer injtial

[
ya
©
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Figure 2: Final state inveriont mess distribulion with and without beemsirahiung.

As an zpplication. we have interfaced our .\1cantc Carlo routines for beamstrahlung
with the Monte Carlo event generator WOPPER [11]. WOPPER simulates the process eTe™ —
(WTW=) = if including QED radiative corrections in the abovementioned leading loga-

rithmic approximation with explicit photons. [n figure 2 we show the normalized invariant

mass distribuzion My of the firal state (assuming 2 100% reconstructior efficiency for

simpli

collider designs as in figure continuous line represents the

corresponding distribution from ISR zlene. Fu events with a reduced ip-

variant fness the corrections due to Deamsiraliung ate numencal Ilv much larger thas dus

to pure ISR. and the shape o

strahlung spectrum. This result clea :l\ ﬂHon‘ the importance of beamstra ' 17

need 1o nclude beamsr

e~ colliders,
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Single W-boson production in €7 colliders

Single W-bosen production in ¢™7 collisions with polasized beams i investigated. 1o the

framework of the S1andard Model the updated estimates for the measurement precision of photon
#.. A, at the Next Linear Cellider with /55 = 420GeV are
gh:-handed gauge besoas W1 in this collisien mede iz also
sssociated neutsino is light. the channel would give the best discovery reach for

rameter

anomalous coupliug

obzained. The procuction of
analysed. If the as
W7 in the Next Linear Collider.

1 Introduction

In addition to the clectron-positron option, the electrom-electron and electron-photon
collision modes of the Next Linear Collider (NLC) are aiso techaically realizable 1]
During the recent years the physics potential of the latter options has beer under intense
study. While ¢ 2~ collisions have been found to be particulariy suitable for the study of

possible lepton number violating phenomena 7, the ¢~ operation mode will also be well

motivated from the point of view of new phy

So far. the <"+ collisions have been studied using the photor spectrum of classical
Bremsstrzhlung. In the linear collides it will be possible to obtain high luminosity photon
beams by backscattering intensive laser pulses off the electzon beam [3) without consid-

rable losses in the beam energy and wish very high polarizability and menochromaticity
[4]. This possibility makes the =™ collisions ideal for studying heavy gauge bosen pro-
duction processes |3, §, 7). since the initial state photon provides us with a possibility to

probe directly the gauge boseon self-interactions.
We will consider & single massive vector boson production in 2”7 colliston,
eTe — WON, (1

for any combination of beam polarmization. Here W~ may stand for the ordimasy SM

charged vecter boson W™ and N for the massless Dirac electron neutrine ,. However,

the left-right symmetric m

"

handed weak boson W: The present lower bmit for the mass of W2 coming fram high
energy expesiment is My, > 652 GeV /8], so that the sight-handed boson production will
be kinematically forbidden at least in the initial phase of the NLC. At the 8nal phase
of the NLC, niowever. the reaction (1] may be kinematically allowed and even favoured
compared with, «.g. . the W} pair production in ™2™ collisions. since the mass of the
associated neutsino could be smaller than the mass of s, In the case of & sizeable mixing
between the light, predominantly left-handed and the heavy, predominzatly right-handed
meutrinos the study of the process (1) may extend the kinematical discovery range of W)

almost up to the energy , 7.

2 Anomalous triple boson coupling in the Standard
Model

There are two Feynman diagrams contributing at the tree level to the reaction (1) (see
Fig. 1). One of them, the t-channel diagram. involves z tzple gavge bosor conpling
making the process suitable for testing the non-Abelian gauge structure of the theory.
A particulariy interesting feature of the process (1} is that it is sensitive only o the
possible anemalous coupling of the photon, allowing one to discriminate between the
phkoton anomalous coupling and the anomalous coupling of massive neutral gauge boson
Z°. Since the deviation from the SM coupling is expected 1o be small. one can nse of
polarization of the initial state particles to enhance these efects.

The most general 'P-conserving vWW interaction allowed by the electromagnetic

geuge invariance is of the form [10]

Loww = —io(W] WA - WA W o WIW, Fov L
A = Ll
-':F: W. W-irl. i

3

where W, = (4, —ded_ W, ~ {5 ~ie )W, and F, = 5,4, ~ & 4,. The coeFicent:
%. and A, are related 1o ihe magnetic moment pw and the electric guadrupole moment

Cw of W according to
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coerFcents have the values x, = 1 and A, =
In the context of the SM, the process (1) bas alresdy been investigated previously

'5. 5. 11. 121, and its senshiivity to the photon znomalous coupling has been found to be

- of the W pair production processes (6. We

linear collider design. The expressions for the general helicity amplitudes of the process
are given in ref./13]. For determinztion the cross sections from the helicity amplitudes

we ha

/e assumed 100% longitudinally polarized electzon and linearly polarized photen
beams. This is an often used approximation since in practice the polardizations will be

more thap 90%.

The scattering of lnearly polurized laser light off the electron beam produces s po-
lasized photer beam with very hard specirum strongly peaked at the maxdmum energy,
which js about 84% of the electron beam energy [3]. There are 1wo different collision
schemes of the photon coiliders pessibie (4. In the first case the photon comvession re-
gion is very close to the interaction point and the entire pholon spectrum imteracts with
the eleciron beam. From the physics point of view this realization of the e™y collisions
is undesired because of the high rate of the background processes initiated by the elec-
trons which have been used for creating the photon beam and alse beczuse of the low
monochromatidty of the photon beam.

In the case of the second collision scheme the distance between the conversion z2ad
interaction points is longer. The electzons used for producing the photen beam are re-
moved by applying strong magnetic field and taerefoze the 71 collisions are clean. Since
the electron beam probes only the hardest photens of the 4 beum the collisions are highly
monochzomatic. The achievable luminosities in this case are found to vary fom 30 i~}
2t VLEPP 10 200 ™" at TESLA per vear '4]. Therefore, we have cartied out our analysis
for the center of mass energy |, 55 = 420 GeV corresponding to the peak value of the

photon spectrum, assuming that the relatively small sonmonechromaticity effects of the

eam as weil as the nonmenochromaticity effects of the eleciron beam due to the
enexgy losses in beamstrablung ¢ both zt the level of 2 few percent) will be taken into
account in the analysis of experimental date. The other relevant NLC parameters which
we have used are the following: integrated luminosity L,.. = 50 b7, the covering region

of & detector cosé < 0.95 and W~ recomstruction efficiency of 0.1.

Wa have used five observables for testing the parameters w. and A,. Obvieusly, the

differential cross section do., .1 deor £ and the total cross section o] for different

photon beam polarization 7 = =1 can be anaiysed. Since the differential cross sections
are sirongly peaked in the backward direction one would expect that also the forward
backward asymmetries

0) = emomirost = 0]

> a2
e == (2
Omneslcosé 201 —oqzoi(cost S0

AFB = Gy (€05 E

could be sensitive to the anomalous coupling. The quantity. which zeflects the effects of

We have also studied whether the measurement of the final state #-boson polanizetion
could offer sensitive tests for x. and A,. The information about the polarization of -
hoson can be obtained by measuring the saguler distribution of its decay products. A
suitable quantity would be the forward-backward asymmetry of the leptons produced
in W decay. whick is related to the eross sections corresponding to the different W
pelarization states 7 = =1 as follows (see «.g. refl[11]):

P | =t

FB _ 2%n=z1 = n i5)

X =75 ot . )
E a

We have carsied out a x° znalysis by compasing the SM prediction of the observables with
those corresponding ones to the anomalous x., and A,. The limits ate calecuiated at 0%
confidence level, which comresponds to Ay® = 4.61. The statistical errors are computed
assuming the NLC parameters given azbove. The systematic errors ate estimated by
zssuming the uncertainty of the cross section measurement to be at the level of ~ 2%
[14], coming mainly from the errors in the lumirosity measurement, the acceptance, the
background subtraction and the knowledgs of branching ratios.

Both forward-backward asymmertes, 477 and x.‘? , turned out to be several times
less sensitive to the anomalous coupling than the other three observables. Polarization

esvmmetry Any and the total cross sections oL, are more sensitive to the deviations

from the SM but 53l do not allow to constrain couplings sufEciently. The most sensitive
observable to the photon anomalous coupling is the differential cross section. The coatours
of allowed regions in (%, X.) space obtuined from its analysic are plotted in Fig. 2. The
curves for the different photon polarization states = = =1 are indicated in the fRgure.
The contour resulting Tom the combined analysiz is denoted by a. As can be seen from

Fiz. 2 the most siingent constraints for the anomalous coupling are obtained in the case

[9%]
[
an
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{ lefi-handedly polarized electron ane might-handedls polarized photon beams. This is

ce the s-channel diagram in Fig. | does not coatribute in this case
and the eatire cross section comes from the t-chaneel diagram, which probes the triple

boson coupling.

As 2 result, by studying the reaction {17 in the NLC with the assumed set of param.
ciers, one could constrain the znomalous triple hoson coupling parameters x. znd A, to

the following regions:
~0.01 € 1 -« <001, ~0.012 < X, < 0.007.

At this level of precision the radiztive corrections are expected to stazt to play a role [15].
Sizce the size of the SM radiative corrections depends crucially on the beam polarization.
the use of polarized beams allows one to discriminate between the the radiative corrections

and corrections from the new physics.

We have repeated the analysis with the integrated luminesity of 106! whick gives
~ 1.4 times weaker bounds for parameter . and ~ L.6 times weaker bounds for param-
eter A,. This shows that the measurement uncertainties are largely dominated by the
systematic errors. In arder to see the relevance of the beam polasization and to compare
our results with the earlier works with unpolacized beams we also repeated the analysis
using the NLC parameters of rel'6 1e. cosf < 0.7 and the integrated luminosity of
10£57. It turned out that the beam polasization (together with the monochromaticity
of the photon beam| gives an improvement of 2 factor of & in the measurement precision
of the anomalous coupling paramsters = and A.,.

3 Single heavy vector boson production in left-right
model

The LEM [8]

right-headed fundamental fermions are treated on equal basis. The LRM is based on the

§ an extension of the SM., in which the gauge interactions of lefi-handed and

re

auge symmetry SU(Z)p » SU(2)L » U1)p_z. 2nd there ate henes two new weak bosons,

-~

¥z and Z,,in addition to the ones known in the SM. The left-right symmetry. not present
in the low energy world. is broken by 2 SU(2)p triplet Higge field A = (A== AT A%,
The only new fermions the medel predicts are the right-hended neutsinos.

Th

c energy scale vg =< A" > of the brezking of the LRM symmetry to she SM

symmetry, which also sets, up 10 coupling comstants. the mass scale of the pew weak

et
fun
~1

T R e T e e P Y R T e T i AT

bosons and right-handed neutrines, is not given by the theory itsels, In the Tevatron one

has made 2 dizect search of W: in the channel pp — W, — «N. The bound they give

is Mw, > 652 GeV '9. The result is based oz several assumptions on the LRM: the

quark-W> coupling has the SM strengih, the CKM matrices for the left-handed quarks
and the right-handed quarks are similar and the righs-handed neutrine does not decay in
the detector but appears as missing Er. If one relaxes the first two assumptions, the mass
bound will be weakened considerably. as was pointed cut ia ref. 16]. The third assumption
is also crucial: if the right-handed neutrine is heavy, with 2 mass of say 100 GeV or more.
it will decay in the detector into charged particles with no missing energy. For this cese,
which is patural in the LRM, Tevatron search world be inefective. Thereiore. it was

argued in ref.[15], that the lower Emit for My, could be as law 25 300 GeV.

The mass dependence of the total cross secticn of the progess egy — WoN can be
seen in Fig. 3. where we plot the cross section as 2 function of W7 mass for the center
of mass energy /5o = 1.5 TeV, expected to be possible to achieve in the fina! stage of
NLC. assuming the left- (Fig. 3 (I)} and dight-headedly {Fig. 3 (II)) polazized photon
beams. The curves denoted by ¢ and b correspond to the neutrine masses My = 300 GeV
and My = 600 GeV, respectively. The eross sections are found o be reasonably large for
almost the entire kinematically allowed mass region, deczeasing faster with Mu, for the
7 = 1 photons. At low W. masses the difference between ¢ aad 5 curve is small but for
heavy Wi masses the cross section depends strongly on the neutrine mass. If My < M, .
the reaction (1) enables us 1o study heavier vector bosons than what is possible in the

W7 pulr productior in e™¢™ or ¢” ¢~ collisions.

The reaction would be even more useful in this respect if the mixing between the
heavy and the light neutrino is large enough to gve observable effects. In Fig. 4 we plot
the cros section of the reaction ezv — Wi v for different photon polarizations assuming
2 vanishing mass of v and the ceutrine mixing angle of sin £y = 0.05. For this set of

parameters the process should be observable up to W-bosen mass My = 1.2 TeV.

4 Summary

Ve have studied usciulness of the reaction 2™ — Wi N in the NLQ for finding signals
of tke physics beyond the SM. The NLC with 5 = 420 GeV <74 optioz will be able
to prabe ~W W inieraction at the level of the SM guantum corrections, We have alse

pointed out the possidility to test the left-right symmernsy of slectroweak interactions

al

ar
P
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“ne energies of the final phase of the NLC throvgh the same reaction. I the right.handed
neutrino is Bight, this reaction offers 2 much better discovery reach for Wy thua the pair
sroduction in e7¢” or 7 ¢ collisions,
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Majorana neutrinos in e"¢” — W77 and
peutrinoless double beta decay
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v ENSLAFP-dAnnecy, France 2 Universite de Montréel, Cenade
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i. Introduction

The e~e~ mode of a Linear collider {LC) offers the possibility of probing the exis
tence of 2 Majorana mass for neutrinos through W ~W ™ production(l]. This process
strictly forbidden in the standard model with Dirac neutrinos. After taking into accoun:
phenomenological constraints on neutrine masses znd midngs. a5 well as wnitarity con-
siderations, a signal in W'~ pair production could potentially be observed at az LC o‘
.5-1 TeV [2]. However, 2 neutrino with 2 Majoraza mass will also contribute te AL =2
lepton-cumber-violating processes such as neutrincless double beta decay. BBous thmugh
the subprocess W™ W= — e"¢™. Limits from 35, have often been ignored but will clearly
affect the “inverse” reaciion. e ¢~ — W-W=. In fact, once the constraints from 35
aze taken into zecount, we find that, except for exiremely contrived scenarios, the cross
section for e”e” — W‘W' is simply too small for it to be seen at a 500 GeV or 1 TeV LC
[3. An LC of at least /s = 2 TeV will be necessary in order to have & bope of observing
this process.

2. ¢7¢” — W-W~ and unitarity

The process e~ e~ — W™ occurs through - and chmel exchange of Majorana
neutrines, X;, of mass M,." In the high energy Hmit s 3 M. the eross section 15 well-
approxirmated Dy that for the production of 2 pe.i: of Ec:gi:udiaa}. Ws:

—

do g ¢ v Y .
deos®  102a= M {\ M (T’ Lr--mfw m_Mf)]J ) (1)

Eere I is 2 unitary matrix which describes the mixing of i with other neutrinos.

.;:,T__‘U,,.\"‘ . (2)
13

Pheaomenclogical Limits imply a small mixing with other neutrinos [51:

ST UL[F < 6.6 % 107 (0% c.l.) . (3}

Lo

=l
This Bmit, which is comservative in that it allows for the possibility that the other charged
fermions alse mix with new. exotic chasged particles [5]. is essentially independent of the
S7(2). transformation properties of the neutrino(s) with which the v, mixes.

'Right-handed #7s can also be produced. either singly or in pairs, through similsr disgrams. Here we
censider only ordinary W's in the fizel state - the production of W,'s is discussed 1n Refs. [4)

fat

L

As s — =c. the cross section lends 1owar partieulas case this

itude (which is a pure s-wavej grows as

indicates a violation of unitafity, since the
un'u.-iu‘ violation can be cured. The

B Tb»-c ate basically twe ways in which
fret 1o throush the inciusion of 2 diagram in W hieh & doubly charged Higes. belonging to

he s-channel. However. this tvpe of salutioz has been virtualy

2 triplet. 3s exchanged
climinated by the precision LEF date. The v.ev. of the Higgs triplet, which induces the
Majorana mass term for the neutrine, brezks lepton aumber spontaneously, prodacing &
Majoron. The failure 1o observe \ia]o'o.r- in Z decays renders such moedels untenable.
Although there are ways to evade the LEP bounds 7. they are rather unnaiural

The second solution 1o cure the unitasity problem is 1o require that the neutrines’
masses and mixing angles satisfy

S UaFM=0. (4]

Although this relation may appear erbitrary at “rst sight, it is in fact automatically sat-
isfied. It is straightforward to show that T[T WF M. = M- whese M, is the Mzjorana
mass of the .. However, because there aze no E:ggs tnpl»:ts. this mass is equal o zero. so
that Bq. 4 holds. If the v, mixes with enly one zeutring. as ia the seesaw mechanism in
which one adds 2 right-handed neutrine Ny to Jnc <p'-ct.-um, the mixing of the v, with the
N i tiny: sind ~ 107% for M, ~ 1 TeV. As gie™e™ — W-W=) x sia* #. po events can

be expected in this case. However, i[ the &, mixes 'f::b more pestrines, it is. in principle.

.

possible to satisfy Eq. 4 without having such small values of Ua.
a::lflclz... 2né probably requires some fine-tuning, but it remains 2 possibility.

This 1s peraaps e ut

Although it is interesting to understand how unitanity is restored iz different modeis.
the above discussion demonstrates that the cross section for 7™ — H'” W~ is zssentially
unconstrained by such considerations - the {7, and M. can take any values consistent with
the phencmenological lizits in Eq. 3. This is zot the case when the experimental limits
on meulrinoless double beta decay are taken into account, as will be demonstrated in the
next section.

3. Limits from 23, and e ¢” — W

As == — W=~ is essentially the inverse of neutrincless double beta decay. one
might expect that the limits on the latter process could constrain the formes. The analysis
of 88, depends or whether the neutrines are light, M, < 1 GeV, or heavy relative to
the energy scale of double beta decay.

For Eght neutrinos. the quantity which contzbules to 33,1 (m, =T (VL) M,

With the experimestal limit, imy £ 1 eV

S
section ale™e™ — WW -1 < 1.3 % 107" fb . independentiy of /5. This is
cleasiy unobservable at any future collider

where the sum is over the lght neutsino

Heavy aeuttinos, M, 3> 1 GeV' can potentially lead 1o much larger cross sections, but



ke relevant quantizy i
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where ¢ is an average nuclear mommentium transfer. A carsful calculation of all the auclear
effects gives

(7

This limit combines the zesults of the nuclear matrix element caleulation of Ref, [10] with
the latest lowes bound of 5.1 » 10™ yr on the halfilife for Qs — ™5 4+ 20~ [11]. A new
independent analysis |12] also confirms this bouad which can also be armved at by taking
g to be roughly of order 100 MeV,

T3

Assuming no canceilations, 55, then constrains the peutrinos to be very massive:
M > 1.4 = 108 (05) TeV . (8}
which for (U;1° ~ 3 x 107° corresponds to M; > 75 TeV!

The cross section for e”e™ — W-W= can be computed assuming it is dominated by =
single massive neutrino. Of course. zdditional heavier neutsinos are present to satisfy the
bound from unitarity. Note however that the cross section would not change significantly
with the addition of heavier nevtsines sizee the mixing angles of all the nentrinos must
be correspondingly reduced in order 1o satisfy the constraint in Bq. T.

1n Fig. | we present the discovery limit for e™¢™ — W'=W~ az the LC for several centre-
of-mass energies as a function of M, and (U4)F. We demand 10 events for discorery, and
assume a lominosity of 80(,3/(1 TeV))? fB~1, We also superimpose the phenomenelogical
LEmit on (U:)%. as well as the constraint from BG0.. Note that we have not included
efficiencies for the detection of the W', nor have we incloded any backgrounds. Our
discovery Hmite are therefore as optimistic as they possibly could he.

As is clear from this figure, for VE = 300 GeV and 1 TeV, the values of M, and
{T)? which produce an observable e™¢™ — W-W" cross section are already rcled out
by neutrincless double beta desay. For VE = 2 TeV, the discovery imit and the lmit

from 83, ure toughly equal. Note. howeves, that if polarized 7 bezms are used, the
2 TeV LT opens a very small ragion of parameter space, and hence does slightly better
than 55g,. Oz the other hand. by the time such a collider is built the 55, Lmits wii]
probably have become more stringent, so the prospects for a 2 TeV LC to improve upon
eutrinoiess double beta decay are masginal at best, Fizally, for 4 TeV and 10 TeV LC'.
there exdsts & sizeable :

on of M~{[",)? parameter space. not ruled oyt by 85, which

produces oo observable signal for eme™ — WoW -

iy

< mz

Figure 1: Discovery bmit fore=e™ — W-W = at the LC s a function of M; end (U for
VE=500 GeV, I TeV, 2 TeV, § TeV and 16 TV (deshed fines). We assume unpolorized
e” beams and o luminosity of 80(\ 5/ (1 TeV))? 751, For 3 =2 TeV, the kimat assuming
polarized 7 beams 15 also shoun (dotted kne). In all ceses, the parcmeler spece chove the
ne corresponds to observabie events. We also supertmpose the ezpesymentel limat from
B8, (dicgone! solid hne), as well as the Iimit on (Un ) (horzental solid kne). Here, the
parameter spaes above the line s ruled oui.

4. Can one evade the %3, constraint?

One might ask if it could be pessible to evade the constraint from 380, and still have
zn observable cross section in eme” — W-W-. Clearly the order-of-magnitude bound
irom B8, can be evaded if one allows cancellations among the various terms. We consider
two diffezent scenarios for this cancellation: either (i) all the heavy neutsino masses are
roughly equal. or (i1} they are difierent.

For roughly equal masses. there is an upper limit on the mixing as 2 function of the

fewrino mass. Frem Eq. 7 we have TV, < T < 107 (M1 TeV}. It is therefore
possible to have neutrino masses lghter than 100 TeV, but only at the expense of smaller
mixing angles. For M in the range 500 GeV o 10 TeV the small midng zngles render
she cross sectios for e 27 — W W™ unobservable, Of 10~*-1072) fb.

In the second scennria the cancellations occur between terms involving meuirinos of
quite different masses. This in itself is quite contrived - it requires a fair amount of fne
tuming, since the masses and mixiag angles have to be caref

¥ adjusted to have such &

wu
[1¥]
[¢1]
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cazceliation. This requizes either that the Acavies neutrincs have larger mixdngs with the

. than th theze be o farge number of heavy neutsinos, However

one has to go even further to obtain 22 whserveble ¢ross section for « e - WU,

would be easily observable at an LC. To circumvent the constrain:
one possibility is 10 add a Eghter neutrino N, say with mass M = 100 GeV and

10~%. However, such 2 light neutrino would be fizst observed direct!

— v Ny 13] and the decay products of the N) would indicate that
soraza neutmizo. Another possibility is to add ten nemtdinos of mass M = 10 TeV

and miving [7 = =5 » 107*. This possibility is clearly exceedingly barogque.

Corsider fiext the case of a heavy neutrice M ~ 1 TeV, with 2 midag {7 = 5« 107

¢ constraint from 83e, could be satisfied with the addition of 2 single heavier asutrino
of M = 10 TeV and mixing U7 = —5 » 107%, In this case, the cross section for e7e” -

W=W" iz ¢ = 0.04 fb, which might be just observable. Still, in addition t0 requiring the
fme-toned cancellation of two tesms, this scenaric requires the heavier neutrine to have 2
igrger mixing angle than the lighter newtrino. This is rather vanatural. and is nct what
happens in the quark sector.

Of course, there 2ze many other ways of arranging the nentrine masses and mixings ia
order to evade the low-enezzy constraint from 53, and to produce an observable cross
section from e~e” — W-W-. However. the above examples give 2 favour of what is
necessary - one must construct extremely contrived models in order to do this.

Finally we remark that since the constraint from Sfo. cleasly applies enly to e, i
the vy (£ = g.7) is Majoraza, it will mediate processes such as {767 — W™W™. Ina
&z collider, the region that can be prebed corresponds to the one showz in Fig. 1. enee
the constraint from 33c. has been removed. If such & collider is not zvailable, the only
vossibility is to look at the contribution {8~ — W™W ™ or its inverse to a number of
2 — 4 processes involving the various modes of the LC. Specifically, if the vy is Majorana.
it will mediate vy — £7ETW W™, 27y — 2 07{7W T and e7eT — v T, Howevern,
as was shown in [3] the cross sections involved are simply too small. Colliders of at least
4 TeV woulé be required to observe 2 handful of events.

5. Other Models with Lepton-Number Violation

Although our analysis and conclasions are made explicitly for the case of 2 Majerana
eutrine, it ie worth commenting on whether the e”¢” optien weuld be a more helpful
tool iz other models with lepton number violation.

=]

Consider the case of 2 doubly-charged Higgs boson which conld be exchaaged in the
s-channel of «~2~. If this Higgs emerges ffom a triplet we have already argued that the
LEP bonnds are such that this scenaro is untenable. Doubly-charged scalars can also
emerge from quite exotic Higgs representations [14]. Agein. Lmits from the p parameter
are <o stringest that the allowed models do not permit the doubly-charged Higgses to

ple to W=, The autbors of Rel. [L4] conclude that the advantage of 1be 277
colk

sealars. if one can sit on the resonance. However. this assumes tnat these scalars will

2aF

der (21 500 GeV) would depend on the detailed analysis of the properties of these

already have been produced ai the LEC [14.

it left-right symmetsic medels it is possible to fime-tune parameters to evade low-
G S s : - e ey
srergy Lmits (including double beta decay) in order to look for lepton-number viclation

in 2-e-. However, as in the previous case, this presupposes Lhe direct production of a
1S

new particle, here a right-handee 17 (150,

Cther scenarios for lepton-number violetion include those classes of supersymmetric
models with R-parity violation 16]. These models have been shown to be very much
constrained by double beta decay [12, 16]. In fact, in the context of our analvsis the
question is whether these new contributions could interfere destructively with those irom
a Majorzne neutrino (that could also be present) wi the result of evading those Hmits
on the Majorana nevtrino that we have used, Though suck fine tuning seems unnatural,
in this eventuality e”e~ — W™~ could be used to single out the AL = 2 lepton-pumber
violation due to the Majorana pentzino. However, it is found from ke analysis on double
Beta decay in Ref. |12] that these contzibutions add up coherently and that the limits on
the Majorana nectrivos we have used remain valid, In this case clearly our conclusions

kold.

Although this is not an exhaustive survey of all models which involve lepton-number
viclation, it does demaonstrate the robustness of our conclusions.

6. Conclusions

We have coitically reexamiped the prospects for the observation of e7e” — WW -,
mediated by = Majorana neutrino, at z high-enezgy ¢7¢” collider . This process is es-
seatially the inverse of neutrincless double beta decay ( 856,). Once the constraizmts from
B8s, aze tuken into account, we have found that ¢7e” — W =W~ is unobservable 2t an
LC of /3 < 2 TeV. It is possible to evade the constraints, but this requires models which
are extremely coptrived and fine-tuned, A & = 2 TeV LC essentially reproduces the
lmits fom B8a,. and for 3 > 2 TeV, there is 2 sizeable region of parameter space, not
ruled out by 35, which produces an observable signal for 7™ — W-w-.

This conclusion relies on the calculation of puclear matrix elements in double betz
decay which are subject w0 uncertainties. However, one would need to relax the constraint
from 25, by almost twe orders of magnitude to alter our conelusion that a 1 TeV collider
cannot ohserve invesse neusrinoless double beta decay. while different calenlations of this

matrix element all obtain roughly the same result (10, 12].
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1 Radiative Contriburtions to TGC

With an expected ¢ i3 better |11 1he measurement of Triple Gauge

Couplings (TGClat a0,3-2 TeV ¢7e™

11l truly constitute @ precision experimernt.

vt from testing possible depertures Tom the SM Wi - WI'Z vertices at

accuracy improved by more than an order of rmagnitude with respect 1o

LEP2 [2]. it iz lepmuimate to expect detectable loop-ievel TGO contributions from ¢
models of New P':_:

Ferent

allv.one-looy TGC conrributions are certainly present inany

g* flo=®) = 27

renormalizable moael, but such virtual effects are suppressed by a factor

197%, Moreover, further suppression is expected from the decounl

¢ properties of heavy

particles in most rencrmalizable modeis. Fur instance. M one-loop TGC predictions are

knowa 3.4 and give. ar T = 1907 Gel

Ve =900 GeVin Ak = 4157
(=540 % 107 for My = 0.085-1 TeV ang m,.. = 173 GeV (with Axyoof the same

1

':;\

arder enc even smualler contributions o Az The smallness of those

500 Ge\ i due to their [ast decreasing et lugh energien. ¢ > Mi oo in aceordance

with the good unitanty bekaviour. while even for = heavy Higgs s in Ae. z are

screened. giving non-deconpling but smail lconstant contributions for Wa. . — o2

Am

ore interesting situation

"

s expected . for example. some particles in the loops

# stronger non-decoupling benavior e.g due 10 Yukawa tvpe couplings) and or are

ther produsticn thresholé

case in the Minim

nmetric Standard Model 1) { siace. a3 is well known. the sesolution of

hierarchy problem requires

O 1 :'.‘\ (o} Delow,

s of ) ]S'?\-I -):1-".--':09; el 6. 7| car therefore

a
(-]
s
ok
o
7y
o
=

-
i
i
)
[
a5

rmalon O 2 fang valees wiich may

ett particle production

du CNRS | E34085 Mentoellier France

ot
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2 Extracting TGC from Loops

Ir raomensmn space the vertex issued from the C-. FP-conserving part of the general TGO

effed

Legrangiar 8| reacs -V = 4. 7]

fj 2= tevww o 2650, = el

._‘xQx

TR,
=38y (6200 — 5285 Fa— ”.W Q@5 = gag=iT.

- 3'. Il

where 20 1A — Q1,. and —1 A = @ designate the lourmementa and Lorentz indices

of the izcoming ~ tor Z . W™, and W respectivelv. and the ‘g “.¢ependent | coofficients

in i} are related to the more corventional TGC parameters
Axl Zer =14+ A = dne+ Ay AQy = =2hy.

v. TGC are obtained by summing all MSSM coniz

ytions 10 the appropnate

narts in eq, (1) from vertex loops with entering ~ for Z and ouigoing W=, W-. Bu

as is well known. the vertex graphs with virtual gauge besons need 1o be combized With

parts of box graphs for the :'.:ll p:»:tcer:. ¢mem — WoHT . o form e gauge-invariant

comtriburion. This i most conveniently done by the pinch iethuigue |

e ‘pincking

in an appropriate manaer the irrelevant propagator lnes from boxes. which preser

l-behaved feasures and propertizs expected from radiztive corrections (Ward

5. good unitarity behaviour, infra-red finiteness, etc . The resulting combinations
define purely s-dependent -and in that sense universal- TGC since. by definition. ¢ and

u-dependent box contributions are left over in this procedurs. In what follows we hav
evaiuated the complete set of s-dependent TGO, using the pinch technique for the refevant
graphs. The sfermions. gaugioos. and Higgses contrivpuie separately to vertex grapls
2l he oneloop level. 2nd we illustrete in fig. 1 those three contridutions to Ag., for
s representative choice of MSSM parameters * (contributions 1o Anz are of the same
order [T As a general semark. we note that the total contributions from the three

secrors are comfortably of the order of the expecte

maximal contributions when their masses are slic
fresholds. showing a decoupling behavior for larger masses. s expectzd An exce eption

occurs for he sfermions, whose larges! and indeed dorminent) contributions are obtained
for a large mass splitting emong up and down compenents (a stuation where ope does

3 .

v decoupling behavior. and iz fect See rend to a constant in that case ..

rerpniens 1. |- and (t.s-dependent boxes -which

themseives= €0 ot copinibule a subdstanual part of

“For illusteation we chooe values whish sive ssmewhet mamal #tfeots

3L



b fall radiative corrections to TGC, especially ch migh energies. Ever (£ the above

+ deficed from the pinch technique couid be

coacrpyof 2 pauge-invariant., wniversal guant

iy useful, ooe practical problem (as far as TGC measuraments are coucerned |

“hat there are no planned experimental procedure to distinguish among “universal’

and “remnamt” TGCs: clearly anuything contributing at the loop-level 1o the coeficients

imeg 11 will be extracied from . of course. that it gives larze enough

conifibution o be detected . We thus illustrate 2s well in fig. 2 some partial (but gauge-
ivariant | box contributions. with internal sleptons and gavginos. Although partial. this
indicates what relative amount of universal versus “remaan: box™ rontributions may be

L=k

ected a1 those energies.
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Abstract

We consider the passibility that one extra Z = 2° exists with & mass of meore then two
Te\" and fermion couplings that do not viclate (chasged leplon universality. We show
shat, io such a situztion. x functional relatioaship is generated between the deviations
from the SM values of three leptonic observables of two-fermion preduction at LC 2000
that is completely independent of the values of the 2 mast and coupiings. This selects 2
certain region in the 3-d space of the deviations (7' “reservation”) that is characteristic
of the mode] and thar would have nmo observable intersection with analogous

car -Qﬂ-JUEG!ﬁS! 10 other .QIC’!S’»IRE models of new "h

=1
Q2

1g]

ons

W
b
o

Modeis with ore extra 7 = Z' have been extensively discussed in recent vears ‘1], and
their experimental implizations have been analyzed ina nuraber of report: A.~ 2 result
of these invest! ga jons. it appears nowadays that future searches at CDT. LhP" and LHT
11 be able 1o identify 2 particle of this type prov ided that its mass does not exceed &
value of the order | depending on the speciiic model| of a few TeV. If oo evidence of a Z°
were reported at the =ad of the LHC running, future searches could oniv be pursued by
looking for virtual efects at ¢7¢” colliders whose =.m. energy were suficient to fex] the
s ofa Z* of such a large mass. At LO2000 shis would be possible. as it has been shown
in a diferent coptribution to this working group report (3], for Mz values lerger thaz 10
TeV, which coulé be considered s a realistic e.\.pr:nme:t.al fnzl limit for Z° searches it
the first part of the next century.

The aim of this short paper is that of showing that. from the combined anal
lepronic processes a1 LC2000. it would be possible 1o identify - the virtuel signals ofa Z7 of
the most general 1ype e with general (but universal) cun.:l‘m:s with charged leptons (no

iversality assumption on the contrary on the couplings with tae :em....mng fermionsi.

Considering 2 most general Z' of the type just illustratec can be explained. or jus-
tified. &y two main simple reasons. The first one is the fact that some of the strong
theoretical motivations 1hat supported “canonical” schemes likse.g. the special croup £s
have become undeniably weak in the last few vears. The second one is that & aumber of
d!..urem madels with one extra U[1) nave 'ne.,r.\wh.;e been proposed. or bave resurrected

. These fucts lead us 1o the conclusion that a totally general anal g'::; be more
celevant than & few specific ones. Obviousiy. one will be able to recover .l-.e canoniczl”
results as special cases of our iwes‘igar."or

In this spirit, we heve started by considering the thecretical expression of the seat rering
amplitude of the process ete™ — 717 il = e, 71 at squared cm. energy ¢ in the
sresence of one 27 At tree level. this can be written as

wi

w2t

where
Spa
eG [
ia).
— =Ygl 3
: g s " . "
T T =

nproach, weshal] treat the Z' efect at ont loop in the SM sector
cvel for the 7' exchange diagram. whose interfereace with the
will give the relevant virtua co: utions, The Z° width
smrall with respect 10 Mz to pe safely neglected in the

18 P...l)‘un
sidered 7

("]
b
o



agator, and from what previonsly said the 7 - 7

; ¢ angle will be iznored,
If we stick ourselves o Saal charzed leptonic states, we 1

erefore deal with only

two effective” parameters. more precisely the ratios of the quantities -;-: " -‘_\ff:_. — g~and

g M3 = ¢ that comtain the Z' mass and wwo
§ lated to a 7' discon
us decavs. thal are obviously missing, This will
sresent a problem in our case since in our apgroach these parameters. as well us
ntrinsic overall (scale’ ambiguity related ¢ their artual defnition, will disappesr in
tractice. being replaced by model independent functional relationshi ps between different
leptonic chservables,

For what concerps the treatmert of the SM sector, = prescriplion has been wvery re
cently given 15 that corresponds to a T Z-peak subtracted” representation of twefermion
production. in which a modified Born approximation and “subrr c‘.ed one-ioap correc-
tions are used. These corrections. that are “generalized” self-energies, 1. gauzc-;n‘-a..ﬂan
combinations of self-energies. vertices e.nd boxes. have been calied in —e‘t 3. to n-hose no-
tations and conventions we shall stick Amq- Rig%) and Vigh 'e:nect: . As it has
been shown in ref[3, they turn out to be particulariv vseftl whenever en#c:s of new
physics must be calculared. In pastictles. the effect of 2 general Z° can be treated in this
aparoach as a pamcrle..r modification of purely “bex” 1ype 1o the SM values of Aate®i,
A1) and Vig given by the following Drescriptions:

N

sical”™ 27 couplings. whose mean

Var

ery and te measurements of jis

-S'IE.;Q’_‘?; | 3
Rl= 6
Vg = s
where we have used the delinitions
i3
91

wthow =
To under:

osophy of our approach it is conven
at one-loop of the Three independent leptonic observables that could

L2000

measured at
i the muon cross section and forward-backward asymimets znd the lepron

¢ pelarization asymmetry | we assume that longituding] polerized ¢« e Leams
atlable, Leaving aside specific QED corrections. thee EXPTRSSIONS renc:

{1+ e %1g? = M7 g7

e R.q:»-{-gk e 1] 110

I Sorn g v 8 g a2 B
drpugtl= AREDIGT) (1 - r,..kmf; + Rig

L

S — A 1
L -l Y ER
Arpigti= AR {1

= 18y, .

+Rig)] == (12

~

where <7 Is a numerical constamt (x° =
detaiied derivation of the previous fermulze.
A comparisen of eqs. 10)-(12) with egs.(5'/ 71 shows that. in the thres lentonic obsers-

ables. only pws effective parameters. that could be taken for instance as SerMz i ME - g%,

and we cefer w5 ref 3 for a more

(§vr = Su Mz /o /M % — 9% (to have dimensionless cuantities. other similar l:-‘:nm:iom
would do equally welll. 2ater. This leads to the con»:"m‘or. that 3t must be possible to find
. . . . e imt Al R 2 .

4 relationship between the relative Z° shifis S s -;‘—-E;‘ and “=M— {defining the shifi. for
iR

cack observable = O, through @ = O%Y = §07° that is completelv :'Jdependent of the
vasues of these effective parameters. This will correspond 10 2 = egion in the 3-¢ space of
the previous shifts that will be fully characteristic of » model with the mos: zeneral trpe
of Z' that we have considered. We shall call this region "Z’ resesvation”t
To draw this reservation would be rather « one relied an & cal 'i-:rr; 10 whick
he 7' effects are treated in first approximation. 1., cnly retaining the leadi 3. and
not takiag inte account the QED (initial-siate: radiztion, After & rather ma..zbcc*wq.rd
calculation ene would then be led 1o the following approvimate expressions that we only
give for indicative purposes:
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Ec. 13) is only an appreximate one. A more realistic description can onlv be obtained

f the poterrtially dangerous QED effects are fully accounted for. [ order o accomplish

this task. 1he QED structure function formalism (6] hes been employed as 2 relizble

1ol for the treatment of large undetected initial-state photonic radiation. Using the

strecture function method amounts to writing, it analegy with QCD factorizanon, the
ED corrected cross section [7] 25 2 convolution of the form *

slg?) = | dzydzg Diz. ) Diz.¢Fice [.il'; - ny3jg°) {1+ 8.} Oeuts). (i)

where g is the lowest-order kernel cross section. teken at the energy scale reduced by
photon emission. and DI z.¢°) is the electron (positron| structure function. Tus expression.
as oblaiped by solving the Lipatov-Altarelli-Parisi evolution equation in the non-singlet
approximation. is given by [6]:

. w8 s
Diz.¢) = .A?J-:}: (18
i . ) Inzx 1
- 55,3' -é('.-i-:?!z:\l-—:.i-.-3[1-:|}.u:—-'ft:-—~—5—:
with
3:2%11.—-1\ 14

whese L = ln(g%/m"] is the collinear logarithm. Thefizst exporeatiated term is associated
to soft multiphoton emissior. the second end third ones describe single and double hard
bremsstrahlung in the collinear approximation. The K-factor A is of the form

A=1+ G' Ay (2] 3 201

/

where A; and Aa contain respectively Ola) end Olat) nov-leading QED corrections
Lknown from explicit perturbative caleulations. The actual expression used for these non-
leading corrections is the one valid in the soiz-photon approximation. which is justified
by the fact that. in order o avoid the Z radiative return, 2 cut on the hard-photon tail
is imposed. In eq. (17) ©fcuts) represents the rejection algorithm to implement possibie
experimental cuts, 41, is the correction factor lo account for QED final-stzte radiation.
Sinee only a cut on the invariant mass s = 2;72¢° of the event after initial-state radiation
is imposed in our numerical analysis (see below ), the simple formula &;, = 37 /4 holds,
In order to proceed with the numerical sirmulation of the Z' efiects under realistic expen-
menzal conditions. the master formula (17) has been implemented in & Monte Carlo 2veat

3 = . .

*The actual implementation of QED corrections » performed, in the Monte Carlo ca¢
of the differeniinl cross section. taking into account all the reizvant jinemnaticnl effests ac:
in the present paper only = sumplified formula is described, far the sake of mumplicity,

at the level

(8]
(5]
D

+ used LEP? software 3. found

i our numerical results. The 7

t cnecked apainst
good agreement and ther used 0 b
contribution has been included in the kernel eross wection oy computing the =g
Fernman diagrams associated to the production of a Il pair in a e7e” aanihilation me-
diated by the exchangs of & photon, & standard medel Z and an additional Z boson.
In the caleulation. which has been carried out within the delicity amplitude formalism
for massless fermmiens atd with the help of the pros:

SCHOONSCHIP (9, ling of the £ boson to 1h
alzeady pointed cut. as

generator which bes been f

1o e In very

ri far the algebraic mempulal
lepzons has been parametri

the <o

and the 7' propagator has been included in the zero-width approximation (see 3
\foreover, the bulk of noa-QED corrections has been included in the form of L
Born Approximation. choosing & ¢%). Mz.Gr. togetherwith [ z. as input paramete!
values used for the numerical simulation are [10]: Mz = 4].1587 GeV. Tz = 24970 G-\
+he renter of mass energy has been fxed at VT = 2000 Ge\’ and the cut s 67 > 0.003
has been imposed in order te remove the events due 10 Z radiative return and hence
disentangle the interesting virtual 7 effects, These have been investigated allowing the
previousiy defired ratios {v and £ 0 vary withie the ranges “2< L 2and -10Z

£ < 10. Higher values might be zlso taken iato account: the reeson why we chose the

wvious ranges was that. 1o our knowledge. thev already include 2ll the most popular
ting models.

The results of our caleulation are shown in Fig. 1 The central box cotresponcs 1o
the "dead” area where a signal would not be disting: le corresponds 1o an assumed
irelative experimental error of 1% for 7, and Azg and 105 for Apz. The region thar
nsourside the dead area represents the £’ reservalion at L2000, to which the effec
» the most genera. Z' must belong.

L=
L3
T

4

[
F
(=]



The pext relevant guestion thal should be now answered is whether the correspondence
between 7' and reservation is of the one to one type. which would Jead 1
idensificazion of the effect. We have tried to answer this

LIS

© & unigue
question for two specific and
. that of virtual effects produced by anomalous geuge

and that of =ffects produced by general technicolour-tvpe (TC) m
we have considered the case of the most general. dim o)
effecti

couplicgs
els. In
&

Ry
[

. rather general situation in which a p
=xist. The details have been fully discussed in 2 separate paper [12). whers the pr 3
mentioned " Z-peak subtracted” approach has been used. The resulting AGC and TC

. Tes he (o, Arp.. A;p plane are certain regions, drawn. for sin licitv. in
Boru approximation as suggestec by the previous remarks. In Fig. 3 we have plotted

’

these regions 2nd they can be compared o the general 77 one plotted in Fig.2.

the approx-
by eq. (13

showed the two surfaces [the points correspond 1o
the realistic situation. Fig. Li. One sees that the simplest Borz cale
approximation 1o a realistic es 1

% for sizeable effects.

Ouze might be interested in knowing how different the realistic Fi

particular to the simplest

imate "Born” one. corzespondizg iz
This can be

seer in Fig, 2. where

ation is a very good

. which could be very useful if one first wanted w0

ve this property in general.

show

LC2000. it would be

I le 1o decide unambiguous!:
v popular prop

osed mode
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Abstract

Coastraints on extra neutral gauge bosons are obtained fom e™e™ — i NLE
energzes Model independent imits on the Z° ;J couplings are drsussm as well as
lower limits on the Z' mass MG™. Typicl GUT's with Mz = 3 to 6 /% can be
excluded. while distinction beween different GUT sceparios dema.nds Mz € 35
Radiative correcticas give only small changes 1o the 2 exclusion Umits providing
that appropriate cuts are applied. The inclusion of systematic errors leads to shghely
worse tesults for ME™

1 Introduction

The search for extra nevtral gauge bosons is az importan: task of the physics p—ograzr-vu-
of all present and future collidess. Up to now. zo Z' sgnah are found. These neg
experimental results are usually reported es lower limits on excluded 2' masses ME™ or
as upper limits on the ZZ" mixing angle for selected Z' models. Future colliders can put
much stronger constraints on this particle, see [1. 2. 3.

In this paper and in a more extensive znalvsis 4], we examine the Z’ constraints
which can be obtained from ¢7¢™ — ff at c.m. epergies /5 = 500Gel” with L. =
20671 (NLC300) and & = 2TeV with L. = 3207571 (NLC2000) and 7 = 209 heawm
polarization ia both scenarios. In comparison to [1. 2. 3], we take into account zll available
QED. electroweak and QCD corrections and apply hinematical cuts 1o approach & more
realistic description of future detectors. We ge bevond [1. 2] including more observables
in our analysis. In comtrast 1o [3]. we include the expected svstematic errors.

We set the 72" mixing angle to zero because of present experimental constrainte
(5. 6. 7]. CDF data indicates that NLC300 will operate below a Z° peak [3]. Similacly.
LHC will be zble to o ...\C]dd(‘ & Z' which could be produced at NLC2000 on resonance.
We assume that NLC2000 will operate below the Z' peak too. Throughout we presume

universality of Zenerations. Theeries including extra neutral gauge bosons usually predict

v

aew fermions (4. 10]. Their effects are neglected here.

143

We consider Z2' models which are described by the following effective Lagrangian a°
low enermes. .
L= Al +qZoJs — g 22,
The term proportional to go contains the new |nteractions of the 77 with SM fermions.
-‘\l.r::m.gn we mairly focus on model :“cencnde:..t Z" limits, we will also refer to some
ial models predicted in an £ GUT (10, 11} 2nd in 2 Left-Right hedel 111, 12).

spe

J

T

={ i)

e

=Jieos I~ Jrsind JE = erpdin - ——J5_,
. Tarn

e

Some completely specified cases aze Z° = 3. ¢ and y {§ = - arctan i

“6y = 1. The first value of a5 gives again the y medel, while the cecond number
gives the Le ~R_2‘h. Symmetric Model (LR}. The Sequential Standard Mode! (S8M) is
also considered. It contains a heavy 7' which has exactly the same couplings to fermions
as the Standard Z boson.

The presence of an extra peutral gauge boson leads to ex additional amplitude of
fermion pair production 2t the Born level.

e, By sl - ol (3

15 = ME —sTa Mz, (4)

Ecu:st:o“x 13) and (4 show that far helow the kemn.mce the effect of & Z’ is described
¥ the 1wo parameters ¢ and v} and oot by al. v anc mz separately. The fermionic
COJT.\.ID}:‘ of a fxed 77 define 2 point in the !a‘}. .,,- ] ;uane-» (f=w

o.}*-E"‘w.b]M can detect 2 7 in differect regions of the (a.v¥| planes.
= colliders provide several observables ccpendmg on couplings to leptons only as

uz.d). Various

U’;. .'!.LEFE. ."lllr‘\. .'5-;:'-. """;.:-'.F'B and ’42-':RJ“F' Fl-‘-J'
Therefore. the 27 couplings 1o ieplr:r.u & v} can be constrained incependentiy of the
quarkonic Z’ couplings. The index [ stands for electrons and muons an-:‘ m the final
stare. Quly the s channel is considered for electrons in the final state. Neglecting feem
masses. the [ast four leptonic observebles are related at the Born level.

mian

S 3
Apg=4, =3 = §-‘1f..n FE i
Therefore, they are equivalent for lizx, we will consider

;&S 2 representative. [t is expected te have tae 5:11;-.;]9&‘ errer compated Lo the
cther three observables.

b
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The hadronic observables can be divided mto

- three groups: Observables containing in
zddition to the obligatory Z'1 coupli

e Z'bb couplings only. as

R.=eijer. App: 4L (T}

flavour identification leads to svstematic errors whic
from: t-quark identification. The third group

F
require Javour identification. We consider
naee g;‘ = ._‘E-F-‘.u-.,-.--- . (8]
The statistical errors of all observables for N detected events are
1 —(PApg?
. HR lq_‘

A -—
_L'i;,_q = \ NPT i 1%
We assume 2 svstemalic error of the luminosity measurement of 0.3% . Further. we
include a svstematic error of 0.3% for the measurement of each observable. We assume
1% systematic error due to b-guark identificarion and take into account the efficiency of
quack tagging. Statistice] and systematic errors are added in guadrature. The resultin

cambined errore are equal for NLC500 and NLC2000: :

=0 (10

To obtain confidence levels (or different sets of parameters. we caloulate the predic
tion for all observables in the Standard Model G,/8M' and s a theory wciudieg @ Z7
0,iSM.%" a:" | anc consider the deviaticn of

2 TOSM) = O (SM. . e¥17°
=3 _ G .
ad AQ, |
from the m —

ables from their Standerd Mode! predictions. It is known that radiative corrections have
o be included ta mee: the expectied expernmental precision. For all ene

kere. the QED corrections are numerically most important. The energs
radizted photons has & huge pezk for energies £/ Evam = 1 — M3
e radiative return te she 7 tesonance. Such evedts deo not centain infermation about

eavy particies. Thew have to be ehmin

ies considered

st2d Dy 2 cut on hard photons. This can be

I
lized by a cut on the photon energy,

Lyram

acollinearity angle of the two outzoing fermions. Sati
i further cuts.

less sens:
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Pig. 1: Areas in the 2. 2] | plane
quishcble from the SAL ar NLC300 (83% core confideres) by all ieptonic observebles com-
fidemce). @ cannor detect models inside the bined for different models end My = 3E =
shaded eilipse. Ay (App) are blind to models  1.3Tel.

inside the hatched cregs with folling (rising

from el observables com-
thick knej.

lines. The megion

bined is also shourn

2  Model independent Z° limits

Qur analvsie is prriormed by the code ZEFIT [T which works together with ZFITTER [13;
Hence. we have all SM corsecticns and all possibilities 1o apply kinematical cuts availzble
in ZFITTER. The code ZEFIT contains the additional 7' comiributions. It was already
applied to LEP 1 data to set bounds o the ZZ' mixing angle [6] and is now adapted 10 2
model independent 77 analysis. QED corrections to the new 7" interferences are applied
t0 the same order as o the SM cross section.

In our fits. we used the full one-loop slectroweak corrections. the l-loop QCD cor-
tections and oft photon exponentiztion for photons in the initial and final states. The
initial state radiation wes taken a1 two-loops. We forbid hard photons raking A = 0.9 for
NLC500 and A = 0.98 for NLC2000. As a simple simulation of the detector zcceptance.
we demand that the angle between the outgoing lepions aud the beam axis is larger than
20°. W= apply no angelar restrictions to outgoing quarks. Possible correlations between
the errors of different observables are negiected.

Figure | shows our model independent discovery limits on the couplings of the 2’ w0
leptons {rom different observables. The corresponding figures for NLC300 aznd NLC2000
are almast identical because we expect the same number of events for both colider sce-
narios and @' and »* are normalized. We see that o constrains bath, the vector and
the uxial vector couplings. while Apg constrains mainl
gives only 4 minor IMprovement to the ¢

toaic observables combined

the axial vector couplings. Afg
overy limits. The region obtained by 2!l lep-
also shown. The

wanges of Agure 1 for experimental errors
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Fig. 3: Resolution power of NLC300 tn the |@l . v plare /955 confidence) by oll b-quark
observables combined. Different 7' models with Mz = 1.3 Tel are asstumed.

diferent from our assumplion are described by the Born {ormulae giver in ref. 2L

Assuming the existence of 2 Z' one can distinguist between dﬂ'feren' models at NLC306.
This is showr in figure 2 for Mz = 35, The corres esponding figure for NLC2000 does no
differ from fgvze 2. In contrast to figure 1. A} g is a really important input because it is
sensitive to the sign of the Z7 couplings. Note that a simultaneous change of the sign of
both leptonic 27 coupli z:nzs can never be detected b by the reaction e7e™ — ff.

The constraints on ;" and v;" oy the three leptonic ooser'.abl“-i couid in principle lead
1o contradicting results. This could happen. if an area xllowed by two observables. o.p. o
2nd Ak is excluded by 2 third observable e.g. A} 5. Siuch 2 case would be an indication
fer new physics bevond a Z'.

Nen-zero Z° 1o lepton couplings are necessary for & Z7 signal in the hadrenic obsery-
ables. To be definite. we assume that the Z° is deserbed by one of the models x. LR or
33M considered in fimure 2. As in the leptonic case. different b-quark abservables are blind
ir. different directions. Polarized beams give a large improvement to the measurement of
Z°bb couplings. Combined. all b-quark observables define a clesed region in the (o . r)
nlane. Figure 3 showe that for &l three models one can detect a non-zers Z7 signal also
in the Z'%b couplings. However, one capnet diseiminate between 1y and LR as it was

possible ia the leptonic sector. We refer 10 [4] for more details.

1

3 Model dependent 7’ limits

We now discuss the result of severz| one parameter fits with and without svstematic errors,
The lower limits to the Z' mass M5™ for different 2’ models are given in tadle L. To

these fts. B*® and A% give an zmpona.r:; input. Table 1 shows three rows for every

collider. The first zow contains the limits from leptonic obsesvables only. The second

348

1 v p LR SSM

LC500 leptonic observables snly 2670 1300 1370 2700 3720
all observables 2850 2000 1730 3470 2430
all ohservables no svstematic errors 3230 2160 2000 40 5500

NLC2000 leptonic observables onls 2300 8930 3TS0 6820 13
2ll sbservables 9390 6930 BO20 10300 14000
2]l observables no svstematic errors 11200 TS50 6340 12700 17

Tab. I: Mazimal 7' masses MY (in Gel') which can be exeluded by leptonic ehservehbles only
ond by all observables combined for NLC500 end NLC2000.

row includes leptonic and hadronic observables. The third row ineludes all observebles
as the second row bul withour systematic errors. Comparing the first two rows of a
certain collider, we see that the badronic observables improve the mass limits between
3% and 10%. Therefore. both the leplonic and hadronic observables are ‘mportan: for
measurements of ME™. The difference between the numbers of the second and thizd row is
about 1057, Hence, lhe mass Limits obtained for a definite 7' model aze sather insensitive
1o the assumptions about systematic errors.

The errors of hadronic observables are dominated by svst
lowing. the relat zrge vector and axialvector couplings of
larger sensitivity of M3 1o systematic errors.

As a result, e7e” "0lude'~ can exclude 2 Z° with a mass Eghter than MM ~ 3w 8/5
for polpular GUT's and MZ™ ~ 8,/5 for the SEM.

To summarize. we iavestigated the limits on extra neutral gauge bosons which can be
achieved at future Lnear «*e™ colliders. We included radiative corrections, kinematical
cuts and systematic errors in our anal The influence of radiative corrections oa the 27
mass (imits is small after applying appropriate culs. Systematic errors have a moderate
influence on the Z’ mass limits.

ematic uncertaiaties. Fol-
toe Z' ic the SSM cause &
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Abstract
We consider the virtval signals of 2 Z7 of very general type in the process e7e™ — WP~
at & future lineas ¢ caollider of 2000 GeV c.m. exergy (LC20001. We show that possible
deviations from the SM predictions in this channel are related to similar deviations in the
purely leptonic one in 2 way that is only chacacteristic of this Z’ model, and not in general
of pussible competitor models with anomalous gavge couplings.

353

1 Introduction

Virtual effects in the fizal two fermion channel at L2000, due to & 77 whose mass is
larger then a few TeV. have been examined ic thi

s working group reposz 1N, in a quite

zeneral and model independent way. The aim of this short report is thas of aresentinr a
generalization of this analysis to a finel WW state. As we shall show. the combination

of the W' channe! with the purely leptonic ones would evidentiate special correlations
between the different effects that wouid be an intrinsic charscteristics of any model with
suck a generz] 2’

The virtual effects of a Z” in the process of e™¢~ znnihilation into lentons o T pairs
at cm. squared epergy = ¢° = 2Tl can be described. at tres level, by adding o the
Standard Model ~. Z and » exchanges the diagram with 2’ exchange (the Z — 7 mixing
can safelv be neglected . The overall efect in the relevant scatiesing amplitudes will be
summarized by the following expressions:

@y, 2: 0M=~2y, = JBHZN . 2
Aflg* = 4 Fig = A g (1

P 20 e 2 LY (2N, 2
(g5 = ATE g & 4020y (2

4

1y e

by 1)

Il = ¢5). Note the choice of vormelizatior in eq. 4 z,f = ~—y and

ressions can be easily derived for eq. (21 We shall cniy give here the
relevant Z' contribution. which reads:

13 Ol P s e il

where

and py » are the four-momenta2

that the 2T wert
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examples based on extended gauge models [2]. even with a strong coupling regime (3.
ot in compesiteness inspired schemes (41, caly the Yang-Mills form appears or at least
domipates over apomalous forms in the large Mz /M7 limit (there are however exceptions,
see for example [3]). An analysis with anomalous ZWH" and Z'WH coupling forms is
possible along the lines of ref.[6] but is bevoad the scope of this paper. Our analysis will
he nevertheless rather general as the trilinear Z'WW coupling gzawvw will be treated as
2 [ree parameter, not necessatily proportional to the Z — Z' mixing angie as for example
it would bappen in 2 “coaventional” £ picture.

For the purposes of this paper. it will be particularly convenient 1o describe the virtual
7' eFact 2s an Teffective” modification of the Z and 4 couplings wo fermions and W' pairs.
As one can easily derive, this corresponds to the use of the :o...owu::: modzﬁec leptonic
~. Z couplings (denoted in the following with a star) 1o describe the eTe™ — 1"~ process:

(%)

{9}

=01 '°‘1_g2“‘f§': fonore By ‘-_,‘7:'“”:' Nz 10
gvi = guill ~ Bl Ea)]l “Jn.—ol‘“‘"‘J (10!

and to the use of the followiag modified trilinear couplings that fully describe the effect
in the final e7e™ — WW process (withowt modifying the initial ~. Z leptenic couplings):

={C} ¢ e,

Savy = 5-.14"4-' s ‘t"".vu"",&‘.‘_‘—'"“""i‘l. (Svy= Lar (il
{01 0) () g - Mz .
Grww = dzww — .g”'.&'u"ﬁ;l.’ 112)

Iz the previous eguations. the following definitions have been used:

=0 )
Svi=gvy ov) (13)
"0 (G}
fu=ga o4l {14
Our normalization is such that:
i 1 &
Gopw = 1 113
o -
Fzww = Cos So L !

Note that, sirictly speaking, only bare queantities should appear iz the previous equations.
In practice. however, we shall treat the 7' effect on the various observables at ene loop in

the (=, Z) Standard Model sector. and in an effective” tree level for what conceras the Z°

ed 1o

paramerers. As a result of this [standard) a.p:~:r.\4u1 whose validic;
the timphcit) su:np:ém: that M3 is 7 1e..ge at the energy scale of the experimen:. only
the physical 4. Z parameters, the I” 7' mass and the "physical” 7' coup!
will remain in the various theoretical exprassions. Note that the definition of 7

Z' souplings i¢ plagued with an intrinsic ambiguity that would only be soived ones '.bic
particle were discovered and its decays measured. This will not represent a problem in ou
approach. as we shall see. since our philosephy will rather be that of calcm....nz mnr-uov\_i
relationships bevween different (experimentally measurable) 27 shifts. In this spirit. we
shall use Fom now oz only notations without “bare” indices on the various parameters.

Thae pasic idez of our a.bp'uaCh is provided by the observation that the modifed tri-
linear gauge couplings eqs.{11).(12) contain the same combi nations of modified fermionic
~, 7 couplings eqs.(8-10) that would appear in the leptonic fnal state, witl
extra free parameter i.e. the Z'WIW coupling gzuww. This implies thar it
sible to find & precise relaticnship between the two modified tilinear gauge couplings
eqs.(11).{12) and some set of leptonic observables 2y simply eliminating the free patam-
eter grucw in these expressions. To fully understand what type of -e"a.fov’ni.ps will
emerge, it is oportune 1o write dowr at this peizt the expression of the 7' nﬁnn.‘: in
the two leptonic observables that will cerraialy be mez asured to a very good accuracy
L2000, e, the mucn [= lepton| cross section &.1¢*) and the muon forward- b..f:‘-\a:c'_

asvamesry Arp.i9 . To caleulate these expressions is straighsforward and the rigorous
&er:vm:ov has De"_a already performed in previous papers. 1o whica we refer for detailed
dise ion 7). Here we shall only show for sake of seli-completeness an approximate
procedure where only the aumerically relevant t terms are retained. For this amiit will be
sufficient 1o start from the following expre irg, at Born level without the
7' contrizution:

is obviously rela:
"

% . @ 0}z 2 (=
—_— e 5 (173
= 11‘571? PP G T8u T !

{we have omitted the ~ — 2 rn..c'f-:rpr.:e that is numerically negligible 7]

ALJ‘ ‘ :] _ ',Tq'-‘ . .' 3 IL”Q o
P = A T e
118)

The presrnpnon for deriving the Z” effect is now the foliowing, One replacss the quantities
£3. G 2 ‘.,f, that appear in ec~ 17),(18} by the starred ones given in egs.| 31-1101. All the
rem.un‘:g bare (v, Z) paramet ers will then be replaced by the kn own Standard Medel
-‘xpr-ﬂ'wona valid at one loop. that will cUmf.... certain "physical” quantities and ceftain
one-loop "corrections”. For the purpases of this paper. w here ozly the fsmall) Z7 effect
ace considered. Lhe latter corrections can be ignored and oge can write the &
in terms of Z' parameters and of ~. Z "pha vsicel” Guantities (more precisely,
guess, 2(0) and sk, (MZ)). 2nd for & more detailed discussion we refer 1o el
Defining the relative 7" shists as -

o

elevant shifts

as one can

()
o
o
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ressicns:

o derive the
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- -;;_q‘r\—qch"' qﬂ-—;}»} “ gl 1920

P4 T = R = MEV L L o < o _
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Adrs. met - MER g0 i TRt - MRt
the szme notations as iz ref.|7)
(22)

(23}

[24)
where
alMz .
<= — F28
Yyl

and v = -3¢y, =

By e

AS ofic s=es rom the previous equations, the 27 effects can be expressed by certain
quadratic expressions of the parameters an (v — Ear). A much simpler dependence is
exhibited by the modified trilinear couplings. as one sees from egs.(11),(12). Adopting
the movations that are found ir recent liverature 3., 16]. we find for the Z7 ofect in this
case

4 4l . ) . : B
&= Seww — - =22 '--.'u"'ﬁ'r——._j_«?v; (v = Ea2) 126
Mz —¢*
el . 5 (_?"—-‘*'!-_'?‘._. )T
L S fzww — G0l = =gaai| G o R4! -
Mz =g
260200 ons cen denve the following constraint:

= e .

4. =gl 128
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—p" Bryom
.'J’;A = 7 SV G gy (-
g e - 45, -
gt - Mz A
{,

A few comments are appropriate at this pomnt. Iz this description both g.p w and

rww couplings are modifed by form factor effects whose scale is Mz They

[ enticalls
vanish for ¢ = 0 and ¢ = M3 respectively, The vamshing of ¢, at ¢7 =0 i= abselutely
required by conservation of electric charge. We then notice that the virtual efect of o
general Z° in the WW channel is, at first sight. quite similar to thar of 2 passible modal
with anomalous gauge couplings. that would also praduce shifts .. &z both in the ~ 170
end in the ZWW couplings (in the conventional deseription of anomalous gauge boson
couplings the appezrence of both 4, end & is rather unusual[B]. but can be obtained using
effective lagrangians with dim = § and dim = 3 eperators [8]). For this resson. we E
calied such effects "anomalous™ Z' effects. But tae Z' shifts satisfy in fact the constrain:
given by eq.(28), thas corresponds 1o & certain line in the (€. 4z} plane whose angular
coeficient is fixed by the model ie. by the values of §4. (& = &4). For example:

raff,, = =g .
tohay = ————{—
g* — M2

&

1 30

i E: models [—1 < cos3 < =1).

-5 2.1 GRL .
tgha = — | | — 2}
- ¢ =ME2  apr 2ap *

in Right-Left symmersic models (Vi< ana < V7.

igé =—-———-r.,-“ —cotfy 132
9¢4 M ¥

in ¥ models.

gt = q: “ AI?..G?Q;;'I

it ¥y models () < o<l )
The values of £,. 18y — $a0 ares in tumm. directls responcible far deviations in the

[eptonic channel that would affect o, and Arg,.. This mezans thar & preeise funetionz]

relationship will exist between the value of tgf, defined by eq.(29] and those of the shifts

fo.. EMrg,, defined by eg 4217 that would oo

dim 196, 87 s, IR . P space. To

)

respond Lo & certain surface in the 3-
' this surface recuizes a dedicazed
numerical analvsis that carefully takes into aceount the QED inizia! radiation and the
precise experimental set up. which is bevond the purneses of this shert paper. Here we
shall only Dlustrate. with a coupls of particularly simple examples, what would be tepical
strnatiures of this tvpe of 7' ofe

(W]
un
o




e

‘2 bemio witk the case [ of & 2 whose couplings 1o the fermions are "essentiallv” the
same 2s those of the Standard Model 7 'this is usually called the "st c.nca.rd Z" model” ]

W ocouplin A

free. In this case &% = 0 and ¢ f ' is gven by eq.{27) with

. E45.020).121) become now at ..Q(‘g{ el

[
h

&y
oy

t. In terms

he asy
2 ¥ aga
" gzww 8% dps 7 = Mz
S= b)) = e 3 = —gzww '--—'—'—.,.: Ar 36
).824:" Arp. \I -g°

i pow iziroduce the following ansatz concerming the theoretical expressions of
. thar we shall write as:

wy
)

Gravn = (R cotaiy (371
M-
T‘:;e corsiant ¢ would be of order one for the “convertional” models 2] where the 7
couples to W oonly via the Z ~ 7' mixing (essenvially contamed in the bracket). But for
gener‘si model. ¢ could be latger. as one can see for some special cases of commposite
models. for example with excited Z° states [5] or when the Z' pacticipates in 2 strong
coupling regime (3.

fact, & stringent bound on & comes from the request that the 2’ w

“small” compared to the Z' mass. Imposing the (reasonable] limit

h into WW" is

ieads to the condition

sg 10 38

¢ will be our very general working assumption
S0z =g (371 we can rewrite she 7' efect as

0r “Sri=fal=—

LC2000 energy with a l.rmnomv of 3207670, the deteczability regues:
corresponds 1o the condition:

M3 M3, = (2TeV)
M e

€2 2.4 e 10705

358

whick obeys the constraint eq.(39] for 2ll values of Mz such that

My 44TV

and. for the imiting value Mz = 447 eV, u relative shilt of approimar

UWenty percent

it the asymmetry Apg. would be produced. that would not be missed. A relative effect
about 6.5 percent stould also appear in the musnic cross section.
As a s

of
econd example. we consider the orthogonal case &4 = 0 for “large” values of
o2z 10} : ach zn order of magnitude corresponds 1o several “conventional”
r example iz Es

1s. 0083
\‘—.v_- = —.‘—S"LG_S_- 1431

13/ 6

reaches £y = 3 for the 3 model (eosd = 1},
ace for a ¥ model

reaches £ o= 13 for A = s}, In thi

(i _
= (fy =01~ =15« 107 451
D-d

§127 4 5 ¢ .
R ) L A (46}

AFB. Mz - g

and one sees that now the sensible quantity is ¢,. For My = 24Tl tae relative chift s

(20
(-3 -
i A=ded =
p= =g ® LTNE En
[N

For the trilinear shif: 677 we have :

7 g
5 = 0 = evibvig el
MG

In correspondeace 1¢ the limiting value ¢ = 10 and for Mz = 4.4Tel” we go

(48

SN ey =01 = = 1.5 = 107%8; (43

2')

Far &10 = O(10) one obtains a value &7 = 01077 Le. the sarme size as £ in the
first example [the relative shift in ¢, would now be of approximately forty percent).

Ir. conclusion, we can summarize the man points of cur (preliminary) analvsis as
follows. A Z’ belonging o 2 quite general model, with “reasonable”™ couplings 1o ' (and
o fermions |, would produce efects in the W and in the lepionic channel that would be
related in a quite special way and, at least in some simple cases, visible iz both channels
at a 2000 GeV' e*e” collider. If, at the time of & possible LC2000 run. models with
agenalous geuge coupliags will not be ruled out. this fact weuld eertainiy be a powerfu]

360



rool for discrimination. In fact. in the anomalons gauge coupling case. the parameters
tnat affect the Wil channel aze totally 1ndependent of those thar affect the leptonic one
so that no kind of relationships will in general exist. If ou the contrars, anomalous guuge
couplings were out of interes:. the constrants that we derived would ceriaimly heip to
achieve 2 proper £ 1centification. in case this particle were actually produced eg. at the
CERN LHC.
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ABSTRACT

‘-'-;.:-’nz"ca:x desc:ibin: a stromg interacting electroweak secior is considered.
It contains new vector and axial-vector resonances all degem':rate iz mass and mixed with
W ang 7. T.‘:e model. for large mass of these degenerate gauge bosons, becomes identical
to the standard model in the classical limit of infinite Higgs mass, The limits oz te
pararneter space of this model from future e« colliders are presented

1 The Model

In view of future projecté of e™e™ linear colliders it is important to siudy the passible
phenomenclogy at such coll 1d«:1- from & strong electroweak sector (1) We shzll study ke
effects of the stcong eleciroweak sector af future lnear coiliders. assuming  low energy
effective tneo.- The efective Iae;:e.c.m.m sontains vector and axial-vecior resonances as
she most wisible manifestations &t low energy of the strong interacting sector (2. This
mods! is an extension of the BESS model whers only mew vector resonances are present
31, It leads to an interesting end appezhag phenomenclogy.

Let us call & the symmetsy group of the theory. spomtaneousty broken. Among the
1d bosons, three are absorbed to give mass o 1 and Z. The vector and axial
esons will transform under the unbrokea su bg- u-,s H of G. Foliowiag the :dden
mrmerry approach i4]'3. theories with non !

To2e

rca.'zr::. svmmetry G — ..’1'
h' Hy = dragiH 3

Selds .,bqnjf;a_.:-ﬁ

Let i1s consider such 2n effective lagrangian parameterization for the electzoweas sym-
menry breakine. using G = S22, 3501215, H' = SU(2, 2 250(2)z The cine Goldmoz:

s
[53)
)

hosems resulting from the spontanwous breaking of G =G & H o Hp. can be described
incdependent SU21 elements: L. R and M. with 1he following transiormations

W:ggﬁﬁﬁ_ _\I':.’w%}!’-a (1.1
- G and ke = H'. Moreover we shall requite the invasiance wader
k1 transiormatior P i — R M — X' which combined with the
versiar ¢ T]uv'~ . m,.m_ the parity transformatiorn ou the fields. If we ignore
the tran nations of eq. 11011, the largest possibie giobul symmetry of the low-energy
theory 3= given by the reguiremen: of meintaining for the *—_ns.-..rms-a variables L. A7
azd M ihe character of .‘:L _H elemients. 6f Gmez = [S07(2; 5 5L 217, consisting of three
independent ST | factors. acting on each of the three varizhles separately. As
we shall see. it happens l.htil-. for specific choices of the pasameters of the theory. the
svmmetry G gets enlarged 10 (re:

YR SLT
<

The most genera &7 © P invarizat lagrangiaz is given b 7]

.E.: - p:-_f-l —-z:;f-,.—-a:...';;—-c:u';i Ii:.:‘
pius the kinetic terms Lign. The four ipvariant terms T (i=1...4| are @ven by:
i =tz 1 L=eriVe=W)] Re=trila- 12Tk i1.3)

where

=I'p-L VWS =MDM V= MIRDRIM it

and the covariant derivatives are

e

pL=dL-IL  D.R=48R-FR,

D M=aM~-ML,+R.M (2.6

where LR, are gauge fields of SUI "le — H' “instead of working with vecior and
axial-vector we work with these left and right combinations).

The kinetic terms are given by

1P L + —tr[FLRYF (1.7}
proi j

where -:r" is the gauge coupling constam for the gauge felds L, 2nd R,. and F../LL

F. (Ri are the usuzl field tensors.

'":xmf'c.".zcd by the following choice of parameters

The model we will consider iz
a4 = ay [2. 6] In order to discass the symmetry properties that make such 2

=0
dy
o wral it is useful 1o c:)e-'rw u-hd.( the invamiant [ could be re-written as [y =
e g (F4 with [T = LM R 2nd the lagrangian as
Lg= -;—ea: R L TE L 2 ag [ DL DAL = e DR DM R 1.8)
164



Y= aglan. D=gilh,. B = gaRkz e

21, with a part *as & gauge
lar choice a4 = (L 21 = az. 2 we gee from eq. (1.3, the mixing
n.n;s':.:ng. and the new states are degenerate in mass. Moreover,

e_' tudinal mades of the felds are enzirely provided by
s ip L acd R. This means that the psevdoscalar particles
cal siates in the low-ﬂne'e". specirum are those associated to I, Thev
provide the lonmtudinal comporents to the W and Z particles. in an effective

ol the electroweak breaking sector.

cription

The peesliar feature of the model is that the new bosons are noi coupled to those
Gaidstone bosons which are absorbed 1o give mass to W oand Z. As 2 consequence the
channels W. Z; and WM are not stroaely echanced as it usuallv happens in models with
a strongly i ﬁ:e:z-'ung symmetry breaking sector 3. This also implies larger branching
ratios of the new resonances into fermion pairs.

The c-:-uplim of the model to the slectroweak SU(2)u- & 17 Liy gauge fieds is obrained
via the minimal rubstitution

DL—=DEL+W. I DAR—DR+YR DM—-DM (1.10)

2 {(L}y gange coupliag constar: and +° the Pauli matrices. We
tes to reserve untilded variables for mass eigenstates.

By intreducing the canorical kinetic terms for WP and ¥, and going into the unitery
gauge we got

L USM) relutions are obtained in the limit ¢ 3 g.g. Actually. for
inetic terms for the felds L, and A, drop out, and L reduces to the

lazge o

nrst term in =g, (1120, This term reproduces precisely the mass term for the otdinary

bosans in the SM, provided we assume oy = 1. Finally let us consider the
> toe fermions:

Ead
(2]
in

Lotermpnn = L'L"“I'J- ™

(1-13)

ilepron: cumber. and v = 'z). We have not introduced

wiers Biliis the ba:yon

1l
direct couplings to L and R so the new gauge bosons will couple <o fermions only via
mixing.

eparating the charged and the neutral gaugs bosons. the quadratic lagrangiag i

L= 200" WoW=" = aag™(LTL* + B R#-
gL — L))

- g~ ¥ -~ aag” b -
= 3:5?""S-‘H'?.-'55 - EB5 ) 1114

Therefore the A= fields are unmixed and their mass can be easily read: Mp. = M =
vo" G, 2 Al the other heavy fields have degeneraze mass M in the large ¢ limit (for
this reason we call this model Degenerate BE‘\S: and W and Z masses get corrections
of order (g/g")* [2]. We will parameterize the model by using. in addition 1o the SM
parameters. M azd g/¢".

By using eg. (1.14) one can show that. at the leading order in ¢/ M>. the contribution
of the model to all ¢ parameters (3] is equal 1o zero (2], This s due to the fact that in the
M — oc limit, this model dlff'Dl..p-lv:t We car perfor the low-snergy limit 22 the next-to-
leading order and study the virtual effects of the b ag at the fizst arder
inligWweget g = (el (G X = —EX R = -‘M‘: AR (g
All these deviations are of order X which contains a double cupur(s::on facior .1!‘, .hr
ard (g/¢” )", The sum of the SM contributions. functions of the top and Higes masses. and
of these deviations bas to be compared wilh 1he experimental values for the ¢ perameters,
devermined ‘-om the ail available LEP data and the My measurernent at Tevatzon [97:

g = 38 = L5107 o = (63212107, & = (46 =135 107" Taking :n-'.;:»
account the 5‘»[ vaiues [g; sy = 4.4 107% e jsap = =71 1072, (eslgne = 6.5 102 fos
Mo = 130 Gl and my = .GD"' Gel we find. from the combinations of the previous
experimental resulis. the 90% C.L. limit on ¢/¢" versus the mass M ziven in Fiz. 1. The

a:lc.-\eu region is the one :-s:-i-:-'.v the solid line

(B

¢~ e~ future colliders

n this section we .\11 diseus :t-.c ser'.:‘i:i'-':r_'- of the model at LEP2 ané future ¢~¢~ [k
colliders. for d

s energies and luminoesities.
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Fie. 1- 905 C.L. contour on the slane (M, o ¢") obtained by compering the velues of
2 §/9 3 3 A

¢ perameters from the model 10 the ezperimentai date from LEP. The cilowed ~zgion
fo the curre.

Cross-sections and asymmetries for the chaane] ¢7¢™ — f7F7 and 7™ — WU
iz the SM and in the degenerate BESS model at tree level bave been studied 2. The
BESS states televant for the apalysis at «7¢~ colliders are Ly and R, Their coupling to
fermions czn be found in [2. We will not cousider the direct production of A; and L
from eTe”. but rather their indirect efects in the «7¢™ — 77~ and %™ — WTHT
cross-sections. Lo the fermion channe| the study is based on the following observables:
the total hadronic (u™p~ cress-sections ¢* jg~|. the forward-backwasd and left-righs

asvmmetries ALg ¢ " . AFS T, ALZ T 7 L AfE T and AL T At LEP2 we
cez 2dé Lo the previous cheervables the I mass meesurement. The resuli of this analysis

shows that LEP2 will not improve considerably the existing limits 110].

In Fig. 2 we present the 0% C.L. contour on the plane (M, ¢/¢") from ¢7¢™ a1
VE = 1000 GV with an integratec luminosity of 305" for varicus observables. The
Gashed-dosted line represents the limit from o with an assumed relative error of 27 the
dashed line mear 1o the preceeding one is o> 1relative ervor 13721, the dotted line is Afp
(error 0.3% ! and the uppermost dashed line is Arg (error 0.9%

[

A3 it iz evident more stringent bouncs come from the cross-section mieasurerents,

Asvmmetries cive less restrictive bounds cue to a compensation between the Ly and R,

hange. By combining all the deviations in the previously considere
c it shown By the continuous line

Peolarized electron beams allow to et further limit in the parameter space as shown
in Fig. 3 We neglect the error on the messurement of the polarizalion and use &
polarization value equal to (.5, The dashed-dotted Lne represents the limit from AZg
(error 0.8% ), the dashed lize from Ajj rersor 0.4% ). the dotted line from Aj g tetror

[
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Supersymuetry (SUSY) is one of the most atiractive extensions of the Standard
Model (SM) [11. There is evidence that the unification of all three gauge couplings at the
scale Moyr = 10° GeV can be achieved in the SUSY extension of the SM. buz not in the
SM itself. Further attractive features of the SUSY extension of the SM are the radiative
symmetry breaking mechanism of the electroweak symmetry group SU(2) x U(1), and
the stabilization of the Higgs mass against radiative corrections.

The Minimal Supersymmetric Standard Model (MSSM) [1] is 2 well defined model.
which can be confronted with experimental data. Modifications of the M3SM. as the
Next-to-Minimal Supersymmetric Standard Model (NMSSM), or models with R-parity
violation, also allow clear predictions which can be compared with experimental data.
Searches for SUSY particles are already performed at the present colliders LEP, HERA.
TEVATRON, and TRISTAN. The discavery potential of an e7e~ Linear Collider with
Vs = 500 GeV for the detection of SUSY particles was clearly demonstrated in the
previous workshops [2). It may happen that some SUSY particles will alreadr be detected
2t one of the present colliders or at LHC even before the e”e™ Linear Collider will be
operating. In this case it is expected that the detection of the other SUSY particles and
the complete determination of the specific SUSY model wili only be possible at the e~ e~
Linear Collider.

In the previous workshops the studies concentrated on the physics at /5 = 300 GeV.
Experimental and theorstical studies on the production of selectrons. smuons. charginos.
and aentralines within the MSSM were perfomed [2.3]. In addition, production of neu-
tralinos and Higgs particles in the NMSSM, R-padity viclating models, as well as
CP-violating effects were studied [4]. In this workshop these studies have been con-
vinued, specifically emphasizing those aspects not treated so far. The energy range
V& = 0.5 =2 T2V has beer cansidered. The foliowing topics concerning SUSY at the
¢7e” Linear Collider collider have been treated:

Constrained Minimal Supersymmetry and Discovery Potential at 2 Linear
Collider {5]

In this study predictions for the SUSY and Higgs particle mass spectrum have bees given.
The authors have performed a it within the MSSM, taking inte account all relevant
experimental data. and assuming gauge coupling unification. Both the low tan 3 and the
high tan 5 scenarios have been studied, corresponding 1o ST7(5) and SO(10) uanification.
respectively. Production cross sections for charginos. nentralinos, 2ad the lightest Higes

particie have been given.

-1
o

Search of Stop, Shottom, and Stau at an «*¢~ Linear Coilider with
Vi=1035—2TeV [6]

Pair production of stops, sbottoms. and staus, eTe™ — f.?_.. eTeT - E\Er:. e =
1,3 = 1.2, and the decavs of these particles ace studied in the energy range /5 = 500 GV
to 2 TeV. Particular attention is paid to the influence of left-right mixing. Numerical
predictions within the MSSM for cross sections and decay rates are presented. SUSY
QCD corrections and corrections due to initial state radiation are included. A Monte
Carlo study of e™e™ — 34, at /5 = 500 GeV with the decays f; — %0 and 1} — by T
is performed for two representative sets of particle masses. Kinematica) cuts are applied
10 reduce the known background reactions.

Fermion Virtual Effects in e*e™ — WU~ Cross Section [7]

The contributions of new heavy virtual fermions to the cross section of e¥e™ — Wil -
are analyzed at one-loop level. The constraints coming from the LEPI results are taken
into account. There is an interplay between the vector boson seif-energies and the vertex
corrections. The deviation from the SM prediction strongly depends on the mature of
the heavy fermion. Two examples of beavy fermions are considered: (i) An extra doublet
of heavy sequentizl gquarks. and (i) the charginos and neurralinos of the MSSM. In
the first case a substantial deviatior from the SM prediction is obtained which may be
detectable at the e™e™ Linear Collider with /5 = 500 GeV or 1000 GeV. The largest
effect is predicted in the chaanel where both vector bosons are longitudinally polarized.
In the second case the final effect turns out to be negligible due to cancellations between
the vertex corrections and the vector boson self-energy contributions.

QCD Corrections to the Decays §~ — 5 and #* — % in the MSSM [8]

The O(e,} QCD carrections o the widths of the decays B~ — 5 and H™ — 55,
i, = 1,2 are calculated in the MSSM. It is fourd that these corrections are important.
and that the gluino-exchange contributions can be comparable or even larger than the
standard QCD corrections in the energy range of the Linear Collider.

Supersymmetry and CP-Viclating Correlations in Top-Quark Production
and Decay [9]

Analytic formulae for the cross section of the sequential processes e®e™ — #f and ¢ —
bi=w /T — BI=5 in the laboratory frame are presented. These formulae contain explicitely
the dependence oz the triple product correlations induced by CF violation both in the
production and the decay. Different observables seasitive to CP viclation are defined.
They are of the arder of 107 — 107* in the MSSM.

Production of Nonminimal $USY Neutralinos at an %<~ Linear Collider [10]

[n this contribution neutraline preduction in the Next-to-Minimal Supersymmetric
Standard Model (NMSSM) is analyzed. Numerical predictions for the production cross
sections at /S = 300 Ge\ are given. Two scenarios are studied. in the first one the
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lightest neutraline s almost a pure isosinglet. in the second one also the other peutrali-
zos have significant isosinglet components. The differences between the NMESM and the
MSSM are discussed.

Fest of Nonlinear Supersymmetric Standard Model at an e7e” Collider [11]

In their contribution the authors stady the Higgs sector of the nonlinear SUSY model.
The Higgs sector of the nonlinear SUSY extensioz of the SM, recently proposed by B.
R Kim. contains two isodoublets and one isosinglet. Hike the NMSSM. The authors weork
out the differences between the nonlinear SUSY model and the NMSSM. They show that
for /3 lacger than 2 "critical” energy the cross sections for the processes etem — 295,
i = 1.2.3. where S, .5 are the scalar Higgs bosons, have characteristic lower bounds.
This is a specific featuze of the nonlivear SUSY model which can be tested at the e¥e”
Linear Collider.

Resonant Single Superparticle Productions via Supersymmetric R-parity
Vielation [12]

The authors study single chasgine and nemtralico production in the R-parity viclating
processes eTe” — Y7~ and e¥eT — ¥iv. They present analytic {formulae for these
reactions which procsed via sneutrino exchange. They work out the case of resonant
sneutrino production. They present numerical results for the cross sections for chazgino
and neutralino masses of 200 GeV. 400 GeV, and 490 GeV', assuming 2n R-parity vie-
lating coupling Azzz = 0.01. The authors zlso caleulate the rates for the chargino decays
into Rp even states. For mge = 400 GeV they find that at /% = 500 GeV sneutrinos in
the mass Tange mp = 300 — 580 GeV will be observable.

Supersymmetric Left—Right Model at NLC [13]

In this contribution the supersymmetric left-right model with spentaneously broken R-
parity is discussed. The production of the doubly charged higgsino in e7¢™, e7e™, ye™,
and ~vy reactions is studied. Slepten pair production which is mediated by the exchange
of the doubly charged higgsine, is also considered. Numerical predictions for the cress
sections ot /& = 1 TeV are given. The possibilities of detecting the doubly charged
higesino at the e*2~ Linear Collider are discussed.

In conclusion, at the present workshap a substantial extension of the previcus studies
on the analysis of SUSY particle production at the ¢*c™ Linear Collider with /s =
0.5 — 2 TeV has been achieved.
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Abstract

We parform & combined fit of the Minimal Supersymmetsic Standard Model (MSSM) taxing into necount
nrions theorstical and experimenzal constrainis from gange coupling unification. the quark- and lepion
masses of the thizd generation, the lower limit on the as vet unobscrved supersymmetsic particles, the
2% boson mass, the radiative decay b — s observed by the CLEQ collaboration and the Jower limit on
the lifetime of the wniverse, No restnction is made on tan 3, the ratio of vacoum expectation values of
the neutzal components of the Higgs fields. Therefore we analyze both the low tan 2 and the high tan 3
solutions expected in the SU(5) and in SO(10} unification schemes, respectively.

1 Introduction

The Minimal Supersymmetric Standard Model (MSSM) [1] has become the leading candidate for a low
energy theory conmsistent with the GUT idea. The precisely measured coupling copstasts at LEP exclude
snification in the Standard Model, while in the MSSM umification is possible(2, 3, 41,

Within the Constrained Minimal Supersymmetric Model (CMSSM) it i+ possible to predict the low
energy gauge conplings and masses of the 3 geaczation particles from a few pasameters at the GUT seale.
Mozeover, the CMSSM predicts electroweak symmetsy breaking duc to large radiative corrections from
the Yukawa couplings, thus relating ihe Z% boson mass to the top quark mass vix the rencrmalizatios
group equations {(RGE). As a result, low energy data oo masses and couplings provide strong constrainis
on the CMSSM parameter space, as discussed recently by many groups. [5,6, 7. 8. 9, 10, 11, 12, 13, 14,
15, 16, 17, 18, 19].

2 The Constrained MSSM parameter space

In this section the vatious low enetgy GUT predictions are compared with data. The most restnictive
constraints are the coupling constant unification and the requirement that the unification seale has to be
sbove 10%5 GeV fom the proton lifetime limits, assuming decay via s-chansel exchange of heavy gauge
bosons. They sxclude the SM (2, 3, 4) as well as many other models [3, 20, 211, The culy medel known
1o be able to flfill all constraints simultaneously s the MSSM.

The input and fitted ontput vasiables have deen summearized in table 1. The requirement of bottom-tan
Yukawa coupling unification strongly restricts the possible solutions in the m, versus t:and plane. With
the top mass measured by the CDF and DO-Collaberations [22, 23] only two regions of tan 2 give an
acceptable ¥° fit, as shown in the bottom part of fig. 1 for two values of the SUSY scales mo, my 2.

‘Emall: deboer@ekpuxl.physik.uni-iarlsrahe de
‘E-mail: gerdGekpux3.physik.uni-kazisuhe.de
*E-madl: ralf.ehret@cern.ch
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*E~mail: ulrich@ekpux3 phyrk oni-asloohe.de
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The top quack
mass as function of tan 3 (top|
for values of mg.my 2 opti-
mized for low and high tan 3,
as indicated by the dashed
and solid lines. respectively.
The middle part shows the
corresponding values of the
Yukawa coupling at the GUT
scale and the lower past the
obtained ¥° values. If the top
constrammt {m. = 179 = 12,
horizontal band) is not ap-
plied, 2ll values of tan§ be-
tween 1.2 and 50 are allowed
{thin dotted lines at the bot-
tom), but if the top mass is
constrained to the axperimen-
tal value, only the regions 1 <
tand < 3 and 15 < tanf <
50 are allowed.
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Figure 2: The total x*-distribution for low and high tan 3 selutions (top) as well as the pre
jections (bottom). The different shades indicaze steps of Ay® = 2, so basically only the light
shaded region is allowed.
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Table 1: Summery of fit input and output variables. For the low tan 5 scenario the parameter
Aq it not very relevant as indicated by the brackers. For large tan 3 Tuninerse does not yield any
consiraints (ses texi).

which are optimized for the low and high wan 3 rangs, respectively, as will be discussed below. The
curves at the top show the solution for m, =s fanetion of tan 3 in compasison with the experimental value
of my = 179 £ 12 GeV. The m. predicsions were obtained by imposing gauge coupling unification and
alectyowenk symmetry breaking for each wmine of tan 3, which allows & determization of 4, acurT, and
Meur from the £t for the given cheice of mqo, my 2. Note that the results do net depend very much on
this choice.

The best x° is obtained for tan 3 = 1.7 and tan 8 = 41, respertively. They comrespond %o selutions where
¥; 2 ¥, and ¥. = Y;, as showsn in the middle part of fig. 1. The latter solution iy the one typically
expested for the SO(10) symmetry, in which the up and down type quatks as well as leptons beloag e
the seme multiplet, while the fizst solution correspands to b-tau unification only, as expected for the
minimal SU(5) symmetry. In SO(10) exact top-bottom Yolawa umfication is difficult. mainly becanse
of the requirement of radiative electrowesk symmetry breaking. In that case both. the mass parameters
in the Higgs potential (m; and mz) as well as the Yukawa couplings, stay similar st oll energies. Sines
the large tan J solutions require a judicious fine woing in cuse of exsct unification at the GUT scale, &
small nop-unificazion is essumed, which could restit from threshold effects or rusning of the patameters
between the Planck scale and the GUT scale. E.g. if the SO(10) symmetry would be brokes ints SU{S)
below the Planck scale, but well above the GUT scale, the top Yukawa coupling could be larger than
the bottom Yukaws coupling, as estimated from the SU(5) RGE. Thezefore, in the following analysis ¥
is taken to be 257 larger than ¥; st the GUT scule and a sumilaz spining wus introdueed betwees mi
snd mi, e, mf = 1.25 mi = 4 and md = 1.0 mE - p? w the GUT senle. It is interesting to note that
the SU(5) RGE predicts ¥; > Y} at the GUT seale. With the sbove mentioned deviaticas fom exact
unification, the fits converge encily with an sccepable x°. For ¥i < 15 at the GUT seade the fits do net
vield weceptable x¥ values

1z fig. 2 the total y© distribution i shows as fantion of my and m; 2 for the two values of tan 3 cetermined
above. One observes clear minima at my, my s arouad (200.270) and (800.70). us indicated by the stars
in the proimctions. The different shades corzespond to Ax° steps of 2. Note the sharp inciease in s
so basically ealy the lght shaded regions are allowed ndependent of the exact ¥* eut. Contours show
the regions excluded by different comstzaints ased in the azalysis: the requirement for the LSP 0 be
the Gghtest meutralimo. eonstraints from the ebic density, b — s~  aod the top quatk mase The man
contzibutions to 7 are different for the two and regimes: for latge tan? only small values of my o
vield good fits, because of the simultaneous constraints of BRib — s7) and the large corrections to the
b-quatk mass, while at low tas 8 most of the mg.my > Tegion s climinated by the requirement QAT < L.
The small effect of the relic density comstraint iz the cas= of the large tan J solution can be explsined
on the mecount of the lasger Higgsino admixture in the nestraline mass eigenstute. This leads to aa
enhancement of § - ¢ annihilation via the s-channel Z boson exchange pushing the rehs density k2 o
lower valuem. As & result, in the large tan G case the constrant A3 < 1 almost always satisfied unlike
iy the case of the low tan 3

Lt
~
e

Fitted SUQY parameters and masses

Svmbeol low tun 3 | high tan 5

M 200 200

My 270 90

s Mz) 550 | 220

| ran 3 g s 41
U vi(m.) 0088 0.003
| M m‘ 15\:,
' lles 24.8 24.3
.h'rr‘-? 1.6 10 2.5 101
BB 116 | 33
| B2 230 65 |
| %5 (W=) 230 55
i 860 240

] 260 800 |

g 620 %20 |

T | 230 | 630

b ‘ 580 510

i 530 | 500
X3 ' 560 (-1240
Ya(Hz) {-} 57 251
(5= | 570 | 330 |
h 81 \ 110 |
g 740 | 270 |

a | T30 270
= | 740 2a0 |

Table 2: Values of the fisted SUSY parameters (upper patt) and corresponding susy Immasses
{lower pact) for low and high tan 2 selutions. The scale is either Mz, m., or GUT, as indicated
in the first column by { Mz}, (m.) or (0], respectively. The (-] iz fropt of the neutralinos indicates
that it is a CP-odd state.

The gluine contritution to BR(b — s1) a'prior might be important fot the high tan (2 solution, However,
as we verified numerically, this coptribution does not noticable chang= the fit zesults for either low ot largs
th solutions. Therefore, one can safely negleet the gluine contribution Lo BR({b — ev) as non essential.
The mass of the lightest chargino is about 0.7 — 0.8 my;z. The low walue of my 2 for the best fit at
large tan 3 implies u chargino mass of about 55 GeV, which is just sbove the LEP 1.5 Lmut and might
be detectable az LEP II or alterzatively, the large tan 3 scenanic can be excluded at LEP II. at least
\he minimal version. Of cousse, this conelusion depends sensitively on the ZR(p — s~ walue For
large my 2 values, the prediction for this branching ratic is only 2 or 3 standard deviations wbove its
cxperimental value In pon-minimal models, e.g. ones with lazge splittings betweesz m and mg at the
GUT scale, as studied by Borzumat: et al [24], the prediction for this branching ratio can be brought
into agzeement with experiment in the lage my o Tegicn.

Without the contzaints from b — s and dark matter, large values of the SUSY scale cannot br excluded,
since the 37 from gauge end Yukawa coupling uaification and electroweak symmetty breaking alone does
not exelude these regions although there is a clear prefesence for the lighter SUSY scales,

At lazge tan 3 the b-mass hus lazge, but finite corrections in the MSSM. Beth, BR(6 — &v) and &m,
are semsitive functions of the mixing in the quatk secter. given by the off-disgozal terms in the mass
matriees. Fitting both values simultancously requmes the trilinear coupling Ay at the GUT scule to be
nor-zeso: the x° for large tanJand Ao =Dis much worse than for fits, in which A is left free

The fitted values of the trilinear couplings and the Higes mixing pasameter  are strongly corzclated with
. s, sc the tatio of these parameters at the clectroweak scale and the gluine mass { My = 2.7 my 2
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i relatively constant and lasgely independeat of mg. Note that nithough the trilinear couplings 4, A,
and A. bave cgual values at the GUT scale, they are quite differeat at the clectroweak seale due to the
different RGE's

The large values of i a2 low tan 3 imply little mixing in the nectraline se¢tor and leads to eigenvalues of
approximately My, Ma and 4 in the mass matnx. Since M s the smallest value, the LSP will be almest
purely a bino, which leads to strong ¢sastraints on the parametess from the Lifetime of the universe

For hugh ten £ only negative g~ valves are allowed, sinee positive u-values yield a too high b-mnss dus o
the large positive cortections in that case,

The upper lmits for particles other than the lightest Higes ase coasiderabie higher. unless restncted by
some fine tuning asgument: if the masses of the superpartners and the normal particles are different,
the famous cancellation of quadratic divergeacies in supersymmetry does not work anymore and the
correetions to the Higes masses quickly increase. These cortections lead to large corrections im the
electroweak scale as well. It is & question of taste, if one considers the corrections large or small and if
one should =xclude some region of parumeter space. In our opinicn the fine tuning argument is difficnlt
to use for a mass scale below | TeV, and the whele :cgmn ep te 1 TeV \hoc.l.d be considered. leading to
quite lurge upper limits in case of the low tan 3 scenarnc]13],

3 Discovery Potential at the Next Linear Colliders

The programs SUSYGEN [25] and special SUSY routines [26] in ISAJET (27 have been used to caleulate
the production sross-sections for charginos, neutralinos and the lightest Higgses as funetion of the SUSY
mass senles ™ and g e,
The absolute value of the Higgs mass parameter g was determined from the clectroweak symmetry
breaking condition; its sign was chosen positive, For negative i values the cross sections are about 50%
higher due to the lghter Higgs mass iz that case. For large values of tan & only negative valuss of g give
acceptable fits, mamnly because of the large corrections to the bottom mass, whick prohibit tau-bettom
unification for pesitive g For low tan 3  the Higgs masses are below 105 GeV, for kigh tangd  below
125 GeV (28], 50 the low tan @ scemario can be covered by LEP II, while the high tan 8 scenario requires
a linear collider. For these results the large radiative corrections o A, and Ay were taken into account,
so they have nopzero valnes at the clectroweak scale, typically 4, = —0.7M; and Ay = —1.5M;

ne neatraline and chasgino cross sections have both s and t-chanrnel contributions, the latter by the
exchange of & sfermion and saeutring, respectively. The t-channel exchanges interfere with the s-channel
exchange. so the cross sections depend sensitively eon the masses of the scalar sparticles, which aze
charxctenzed by a common mass scale my at the GUT scale in the MSSM. The masses of the neutralinos
and chargines are obteined from the dingonalizaticn of the mass matrices, whose main <lements are given
by the common gaugine mass my - at the GUT scale and the Higgs mixong parameter u. In the typical
ease g X m. e, 25 requized by electroweak symmetry breaking, the cross sections oaly depend on me acd
My, 2. This dependence is shown in fig. 3 for different values of tan 5 . The cress seetion for aenttaline
production is only apprecinble {or small valuves of myg, as shown by Lhe contour plots for ¢ = 0.1 pbin fig.
3.
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Abstract

We discuss pair production and decays of stops, sbottams, and staus in
=7e” annihilation in the energy range 3 = 500 GeV zo 2 TeV. We present
numerical predietions withiz the Minimal Supersymmetric Standard Model for
cross sections and decay rates. We study the stop discovery potential for /3 =
500 GeV and 10 f57° integrated luminesity with full statistics background
simulation.

1 Introduction

Iz the experimental searck for supersymmetry (SUSY) particular attention is paid to
those pasticles which are expected to be relatively light. The scalar top quark, the
SUSY partner of the top quark, may be the lightest squark, and may even be the
lightest visible SUSY particle (LVSP) (1, 2]. The stop can be light for two reasons: (1)
Due to the large top Yukawa terms in the renormalization group equations, the scalar
mass parameters of the stop can be much smaller than the corresponding parameters
of the first and second generation squarks (3, 4]. (i) The offi-dizgonal elements of the
mass mixing matrix of the stop can be large, and this leads to strong tr — g mixing.
If the parameter tan 5 is lasge encugh (tan §210) the scalar bottom quark (5] or the
scalar tau lepton could also be relatively Lght and even be the LVSP. The existence
of a relatively light stop would have many interesting phenomenclogical implications.

*¢/o PPE Dwvision, CERN

A light stop would significantly influezce the branching ratios of the decars 70 — b5,
t — W, b — sv and some other physical ebservables (see, e.g. [61).

In this contribution we shall present results for the procduction of stops, shottoms,
and stzus in ¢7¢” zonihilation at encrgies between /% = 500 GeV and 2 TeV and
detalls on sigaal sclection and background rejection for stop produeticn at /3 = 500
GeV and £ =10 fo'. The production cross sections and the decay rates. and thus
the discovery reach of these sfermions show a distinet dependence on the L-R mbéng
acgles. The most important decay modes of these sfermions are those into fermions
and neutralinos or charginos.

Cur framework is the Minimal Supersymmetcic Standard Model (MSSM} 7] which
contains the Standard Model (SM) particles, sleptens, £, 7. squarks, 4. gluinos 3,
two pairs of chasgines, X7, ¢ = 1,2, four neutralinos, §%. ¢ = 1,.... 4. and five Higgs
particles, k°, H®, A°, H* [8]. The phenomenology of stops. sbottoms, staus, and
their decay products is determined by the following parameters: 3f and M, the
(soft breaking) SU(2) and U(l) gaugino masses, u, the higgsino mass parameter,
tax & = va/v; (where v; 2nd - are the vacuum expectation values of the neutral
members of the two Higgs doublets), and Mz, Mz, Mz, Mz, M5, 4., A, A, which
are soft-breaking parameters entenng the mass mixing matrices of the stau, stop,
and sbottom systems. We assume the GUT relations M'/M = tan® By = 0.5, and
m={M = o, /a; = 3, where m; is the gluino mass. Furthermore, we assume that the
%S is the lightest SUSY particle (LSP).

Tke lower model independent mass bound for stops obtained at LEP is 45 GeV
9. 107, Stronger Limits up t0 35 GeV are reported from the data taking at LEP at
130-140 GeV [11]. The DO experiment at the TEVATRON excludes the mass range
40 GeV £ M; £100 GeV for the stop, if the mass diference Mr— mg 2 30 GeV (12,

In Section 2 we shortly review the basic facts about L-R mixing of stops, sbottoms.
aad staus, and preseat our numerical results for the production cross sections for
unpolarized beams as well as for polarized e~ beams. In Section 3 we deseribe the
decays of stops, sbottoms, and staus and present numerical results for the important
braaching ratios. We also Lst the signatures which are expected to be relevant at
V3 = 500 GeV. In Section 4 we describe zn event generator for 0 & production and
decay. In Section 5 experimental sensitivities are determined based on Meote Carlo
simulations. Section § contains & summery.

2 Cross Sections for Pair Production of Stops,
Sbottoms, and Staus

The SUSY partners of the SM fermions with left and right helid
righ: sfermions. In the case of the stop, sbottom and stan t

it and right states are
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in general mixed. In the (fi, fa) basis the mass matsix is (3, 8]

L

= f fnﬁ_ a._ar.':_a
Mi=\om, M ) )
LA ix
with
M;;_ = M:‘}-;-mi.cos'.’ﬁ(T?—., sin’® B ) + mi, (2)
ME = Mg, - eymycos 28 sin? @ = m}. (3

triae = el Ae — oot 8), myzs = my( Ay — ptanf), moa. = m.(A, — ptan 8}, (4)

where gy f.nd T{ are the charge aad the third component of weak isospin of the
sfc:m}ion )i .":fg = Ma for fz = tr,br. Mz = Mz for jr = 7z Mz = Mz, M5, Mz
for fa = tr.br.7r, rcspcczivd}': and my is the mass of the corresponding fermioz.
Evidently, there can be strong ir-tz mixing due to the large top guark mass. Simi-
larly, for sbottoms and staus L-R mixing is non-negligible if tan B 2 10. The mass
cigenvelues for the sfermion f = .57 are

1

. _ 1 2 = A 2 \2 4 arm2ed 51
My, =3 (g, + 3 = Jor -y +4m,a,) ()

where Ty, by and 7, desote the lighter cigenstates.

It is well known that the cross section for ete~ — #;1; depends on the stop—mixing
parameters. [n pasticular the Z°,%; coupling vanishes for the mixing angle 8- = 0.98
113]. The cross sections for - 5«31 and e¥e” — 7,7, also show a characteristic
dependence on theic mixing angles. The Z%;5, coupling vanishes at &5 = 1.17, and
the Z°F,7, coupling vanishes at @z = 0.82. The interference between the v and
z° e:xch;s:_.:g__v_: contributions leads to charzcieristic minima of the cross sections for
e*e~ — fuf. which occur at specific values of the mixing angles GF‘ They are given
by

Vo

5 ) &y . 4 . e g\
08" Bodmin = F’m-ew[z + (1 =s/m%)Flsin® Ow)]. (6)

The fuaction F(sin® @) depends oz the polarization of the ¢” beam aad is given by
Fsin® Ow) = cos® On (L. = A.)J (L] - RI) = —0.22, F(sin? Ow) = cos* Ow /L. =
—2.9, and F(sin® 8w = cos® O /A = 3.2, for unpolarized, left and right polarized
e~ beams, respectively, where I, = -1 = sin? 8w and B, = siz? Op. For polatized
= beams the dependence on the mixing angles is much more pronounced than for
unpolasized bewms. The comresponding minime of the cross sections of e7¢™ — £if
occur at 1 — cos® Bimin.

In the calculations of the cross sections we have used the tree level formulze of
[13, 15, 16]. We have also included SUSY QCD corrections taking the formulae of 17}
{see also [13] and [18]) and corrections due to initial state radiation [19]. o

W
w
-1

In Fig. la we show contour Lines of the total cross section ¢7e” — f,L, in the
Mz cos® B plaze for /5 = 500 GeV and snpolarized beams. For My = 100 GeV
this cross section can reach 220 fo. A substantial dependence 02 cos” @y can be seen
for M7 <130 GeV. In Fig. 1b we show the cos® O dependence of the cross section
e~e™ — I;t. for left and right polarized and unpolarized ¢~ beams for Vs = 500 GeV
and My = 200 GeV. The polarization asymmetry depends quite strongly on the
mixing angle. Therefore, expesiments with polarized ¢~ beams would be necessary
for a precise determination of the mixiag angle ©-. The determination of the stop
masses and mixing angle gives information oo the basic SUSY parametess Mz, Mz
and A.. This is discussed in [14].

Similarly, Fig. 2 is 2 coztour plot of the total cross section of £7¢7 — bz in the
M; — cos® & plene at /3 =2 TeV, for left and sight polatized <~ beams, Here we
obsesve u strong dependence on the stop mixiag angle. For M, = 900 GeV the cross
section at this emergy is about 1 fb. o

In Fig. 3 we show the cross section for €727 — Liis + fits 2t /5 = 1 TeV as
& function of Mg, for vadous values of M:.. Here we have fixed the mixing angle
cos® @ = 0.3 where the cross section has its maxdimum. For other values of the
mixing angle this cross section scales as sin? Bp cos” @y For My = 100 GeV and
M;, = 200 GeV this cross section can reach 20 fb. Note that e*e” — bibz has the
same cross section as €7¢” — 1125, if the masses and the mixing angles are the same
{neglecting corrections due 1o gluino exchange). The cross section for ¢727 — F\Ta
is a factor of zpproximately 1/3 smaller because of the colour factor and the QCD
radiative corrections which have to be included for squark production. Due to the
factor sin® @7 cos® @7, the cross section depends stzongly on the mixing angle.

In Fig. 42 we show the contour plot of the total cross section of e7¢” — b, in
the M — cos® @ plane at s =1 TeV, for unpolarized beams. For My = 100 GeV
(450 GeV) this cross section can seach a value of about 30 fb (1 fb). For Mg £300 GeV
the cross section depends appreciably on cos® @, For polarized ¢~ beams we have
again a much stroages cos® G dependence of the cross sections, as shown in Fig. &b
for M =300 GeVand /5 =1 TeV.

The infuence of the SUSY QCD corrections s 2 function of /3 is demonstrated
in Fig. 3, where we have taken cos By = 0.7, Mg, = 130 GeV, Mz, = 300 GeV and
m; = 300 GeV. §e¥ is the conventional QCD correction and ¥ is the correction
dre to ghiino exchange. Note shat 2t high epergies §of has the opposite sign of §e7,
and its absolute value is increasing with /5. For a more detailed discussion of SUSY
QCD corrections see [17]. They increase the cross section values up to 40 %o, The
corrections dae to initial state radiation turn out ta be of the order of 10 %.

The cross sections for e™e™ — Fi7 at /5 = 500 GeV for left and right polarized

L
o
o



S

_1__‘_‘
——

_‘I}’.— —

%0
M |

o | '
_%.' J_J_I..J_IJ-.—I—rL_I.A_).J.A.J—'_I_I_l.A S &

‘D
"
-t

Fig. 1a: Coztour Lives for the total cross  Fig. 1b: Total cross section of eTe™ — 1, I
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¢~ beams, 25 a function of Mz and cos® @; are shown in Fig. f. For both beam

5
polarizations these cross sections can teach values of approximately 150 fb, again
exhibiting a strong dependence oz the mixing azgle.

3 Stop, Sbottom, and Stau Decays

The sfermions of the third generation can decay according to

& — b (7)
ho— %3, (8)
T TR mXh (9)

Due to the Yukewa terms and because of [~E mixing the decay patterns of stops,
sbottoms, and staus will be different from those of the sfermicns of the first two
generations [20]. Stops and sbottoms may also decay into gluinos,

L—1t3,  bh—ig (10}

and ¥ these decavs are kinematically allowed, then they are dominant. Otherwise, the
decays {7), (§8) are the most important ones. Moreover, in case of strong L-R mixing
the splitting between the two mass cigenstates may be so large that the following
additional decay modes are present (5]: &y — & Z°(3°, B°, A°), :‘.'-:_W'“'lfﬂ"‘). B —
B Z°(R°, H®, A%), T, W~ (H"). The transitions f; — by W(H~) er by — [, W=(H")
cen occur if the mass diffezence is large enough.

If the £; is the IVSP and mp - W+ M < M; < mzp + ™, then the decay
f; — bW~ 0 is important. If M, <mp et mw the hsghe:-ordcr decay &y — %0
dominates | _5] In the ba.;.amctcr doma.n where & — W= 32 is possible it is usually
more mpo-ta.nt than ¢, — eif. I By or % is the LVSP, then it decays according to
B — 8%% or 7 — 7 3. In the case that .}f— < M also &, — bv, 7, may pley a role.

_InFig. 7 2 2nd b we show the parameter doma.ns in the M — i plane for the decays
of T; 2nd by, egs. {7), (8), (10), taking M, =400 GeV,taa 8 = 2, and M = 400 GeV,
ten £ = 30, respectively. The pa.m:r.ctcr domaizns for the T decays m‘»o neutralinos
are almost identical to those of the corresponding 51 decays, if the masses of 7; and
by are the same.

The branching ratios for the I, decays as o fuaction of the mixing angle cos @5
are shown in Fig. 8a for My = 400 GeV,tan f = 2, and taking M = 150 GeV and

= 500 GeV. The decay into 5] dominates acar cos@-_- = =1, f; = Iz, wheseas
the decay inte t%7 dominates near cosSr = 0, fr. BR(%; — b%X7) vanishes for
cos €- = —0.3 bccz_s-: gauge coupling and ‘n.khwa. coupling terms cancel each other.
Oz J:e other hand, BR(Z; — ¢3?) has 2 maximum for cos @; = —0.3 because the two
contributions add up. Similarly, Fig. 85 exhibits the branching ratios for the by decays

M [GeV) M [GeV]
00,7 — ur -~ 500.F ; — 3
00, _b_J .‘.oc.;g—-—-.,/ | ' \\.—-]

f» : 2 :

ec-a.E - 300 :
[ ]

4 [ —
20F ¢ wa.*E- ]
1::0% Q‘JE —

e : . ¢ .

C.n 4 Sharei = 0.o—= o i Ly
-1000 =500, Q. 500. 3000 -1000.  -500. 0. 500. 1000.
u [GeV] 2 [GeV]
Fig. Ta: Kinematically allowed parameter  Fig. Tb: Kinematically allowed parameter
domains in the (M, ;L" plage for My =  domairs in the (M, z) plane for Mg =

400 GeV ar.d tan:: = 2 for the decays: aj 400 GeV and tanf = 30 for the decavs:
£ — b)) — 5%, € :1 == -’f* a.,-bh — 538, B) By —rx,.cjn;—bxa.
g & — e, e b — bxz, ) B — % dlb;—-bh e) by — ¢35, f) B — BT
5 — i and — bW 32 aze allowed in
the whole parameter range shown. The grey
area is covered by LEP?2 for /s = 152 GeV.

by — b 3 is allowed in the whole parameter
range shown. The grey ares is covered by
LEP?2 for /3 = 102 GeV.

as = function of cos &; for M— = 400 GeV, tan @ = 30, M = 150 GeV and b=
500 GeV. Here the hm.ncn.m: zatio for the decey inte t¥7 is smaller than that of t;
%7, because it has less phase space. For tan 8210 the branching ratios are almos.
svmmc'nc under the sunuha.zcous interchange 4 — —u and cos ©r — —cos O- Note
that in supergravity models 4], for large tan 3 and large (i}, cos E)-ha.. the same sign
as g, because otherwise the Daammer Ay would be too lazge (se— eq. (3\\

In Table 1 we list Lhc most important signatures for iy 1.,y and 7 for /5 = 500 GeV.
f the decays & — b¥%; or = — v. i occur, the X7 xould be discovered first and
its properties would be known. This would help identify these events. The decay
7, — bW+ X2 leads to the same final states as i, — b7 (provided ¥ — H X0 1
ot allowed). From the decay 7 — 7 X} information ebout the aeutralino pa.rametcrs
can be obtained by measuring the = polacization. as discussed in [21}.
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Fig. Sa: Branching ratios for the #; decays  Fig. 8b: Branching ratios for the B, decays
as a function of the mixing angle cos@for  as 2 function of cos & for M =400 GeV,
M-:-; =400 GeV,taa 83 =2, M =150 GeV, tan3 = 30, M = 150 GeV, and x =
and ¢ = 500 GeV. The curves correspond 500 GeV. The curves correspond to the fol-

to the following transitions: ¢ f; — t7%. © Jowing transitions: ¢ b; — 88, Ok — %2,
t —exS,m —by. ® b —1%].
| Signatures

i, —byr | 1djet — 11" — pn, 1 bjet + 2 jets = 3
t. — Xy | ljet + p..

by — &%) | 1&jet — B

by — BX2 | 1bjet + I717 + $., 1 Bjet + 2 jets + pp

H—rx |78
3 — % "L pp, T+ 2jets + P

s — U Xy H‘-.-p,.?,cts—p..

Table 1: Expected signatures for &y, by, and 7, production for /5 = 500 GeV. Due
to pair production all combinetions of the corresponding signatures may occur.

4 Stop Event Generation

In this section we describe the event generator for e™e™ — f32; with the stop decay
modes &y cp'f and #; — 5%7. The chargino decays vie X7 — W*x{, where W~
can be either virtual or real. The event generator is based on the calculation of the 4-
momenta distributions of the stop and antistop decay products ¥¥e X3¢ and X756 74
The large efects of QCD comections are included in the cross section calculation. Stop
productior and decay have been defined s new processes in the PYTEIA program

(V8]
u
kad.
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ckage [22|. The event generztion process includes the medelling of hadronic final
=r.e.Lr- ; :

In the first step of the event generation, initial state photons are emitted using
the program package REMT [22] which takes inte account the expected stop cross
section from zero to the nominal center-of-mass energy. Beamstrahlung photoas are
emitted using the bezm pasameters of the NLC 1992 design. The efective center-of-
mass cncrg' is calculated for the initial production of the 4-momenta of the &nal-state
particles. These 4-momenta are then boosted to the lab-frame accurd.il:‘.g to the :no—
mentum of the emitted photons. For the hadronization process of the cZ in the 3¢ $02
and of the &6 in the ;b %75 decay mode, a color string with invariant mass of the
quark-antiquark-system is defined. The possible gluon emission and hadronmization
are performed using the Lund model of string fragmentation with the PYTHIA pro-
gram package [22]. The Peterson ¢¢ ol [23] fragmentation parameters for the ¢- and
b-quarks are used: €. = 0.03 acd ¢ = 0.0035. Finally, short-lived particles decar into
their observable final state. Details of the event generator and of a stop analysis at
LEP2 energies are given in {24].

5 Simulation and Selection

The investigated background reactions and their cross sections are shown in Fig. 11
They are simulated for £ = 10 fb™%, and 1000 signal eveats ace simnlated in the §Jeiie
and ¥7B%TP decay channels. The L3 detector at CERN including the upgrades for
LEP?2 served as an example for an eTe™ 500 GeV detector. Details of the parametric
detector simulation are givez im [25]. An important feature is the overall hadroaic
energy resolution of about T%.

Iz both channels, the §7's escape the detector and cause large missing energy. In
the case ¥IcxE, the c-quarks form mostly two acoplanar jets. A mass combination of
M; =180 GeV and mgp = 100 GeV is investigated In detail. For $TELTE en average
the visible energy is 1a.:ger. In this ckannel, the mass combination My = 180 GeV,
mge = 150 GeV, and mp = 60 GeV has been studied. Typically four J:ts are formed.,
two from the b-quarks, ann two from the beosted W's.

Iz the first step of the event selection, unbalanced hzdronic evenats aze sclected
using the following selection requirements:

25 < hadronic clusters < 110, 0.2 < B /s < BT,
El’f’b"E,,;s < 0.5,  Thrust < 0.95, cos fpumgn < 0.7,

A lerge part of the background of back-to-back events without missing energy is re-

jected. Table 2 shows the number of initlally produced events per £ = 10 b~ at

'3 = 500 GeV, and the number of events which pass this preselection. The reguire-

ment of & ]a:g' number of hadronic clusters removes e7¢™, y"' =, and most 7"
oV

@
events. The minimum energy cut reduces most of the v+ s and ensures almaost
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Figure 11: Background reactions and their cross sections for /s = 500 GeV.

o

Chaanel | %02 [ xbiso | gq | WW 1 eWr | 1t | 22 | eeZ
Total (in 1000) [ 1 ] 1 125 | 70 50 T 8 | 60

After preselection (in 1000) | 0.4 | 07 [1.7] 22 | 3.2 [13/02]03

Table 2: Expected events per 10 fb™" at /s = 500 GeV, and number of events after
the preseleciion as defined in the text.

100% trigger efficiency. The background from vy events can, in addition, be sirongly
reduced by rejecting events where a scattered initial electron is detected at low angles.
The uppes energy cut seduces 2ll standard background reactions. Beam gas events
and events where much emergy goes undetected along the beam axis are removed
by zejection of events with very large parallel imbalance. The thrust cut removes
remadning T events and reduces largely ¢7 2nd Z°Z° background. The cos frerun
cut removes events where most probably much energy escaped undetected aleng the

beam axis.
The final %]cx{¢ event selection is summarized in Table 3. The following cuts are
applied:

e A bard upper energy cut reduces all standard background except eW'v (Fig. 12).

o Jets are clustered using the JADE algorithm. The y-cut value is optimized to
obtain two jets for the signal.

» Semileptonic decays of the top quark can induce missing energy. These events
are partly removed by equising no isolated electron or muon.

¢ Events with large longiudinal energy imbalance are removed where probably
muck eaergy escaped undetected along the beam axis,

)
o

» The invariant mass of the two jets is required to be larger than 120 GeV @
remove almost entirely eWv events (Fig. 13).
¢ The acoplanasity angle is defined as the zagle between the jets iz the plane
perpendictler to the beam mds. A maxdmum value of 2.9 rad is important o
reduce the remaining background.
The result of this study is 4.3% detection efficiency 2ad ¢ background events. A
detection confidence level of 37 (99.73%) is expected for a cross section of 23 fb.
Expected signal and background are showz in Fig. 16.

1 Channel [Texie| qo WW _ eWy | tt | ZZ | ecZ |
Total {in 1000) 1 125 | 70 50 7 & | 60
| After P'cselcc‘bion 301 | 1652 | 2163 | 3185 | 1259 | 182 | 318
| En/vE<04 232 | 202 | 285 13032 7O | 4 | 98
' Njet =2 | o203 | 172 | 182 2892 | 17 | 3 | T2
No isolated e oz & 218 132 98 [ 2757 | 5 | 3 e
| By /By < 0.3 185 |101 [ 70 2048 5 | 2 | 4 |
Invasiant mass of jets>120GeV 52 25 | 12 | T 1 | 0 0 |
| Acoplanarity < 2.97ad 43 6 [ 5 | 3 1 [0 ]o]

Table 3: Final even: selection cuts, expected signal efficiencies, zad the number of ex-
pected background events. Bold face numbers indicate major background reductions.

The final %7B%0 5 event selection is summarized in Table 4. Here the cuts are:

e A hard lower energy cut reduces most of the eW'v background.

o Topologies with back-to-back jets are reduced by an upper cut on the event
thrust (Fig. 14).

o A lower cut on the number of hadronic clusters reduces efficiently low-
multiplicity background final states (Fig. 13).

e Jeus ure clustered using the JADE algorithm. The v-cut value is optimized 1o
obtain four jets for the signal.

» Events with 2a isolated electron or muor are rcjected.

An upper cut on the visible energy reduces g7. W*W ™, and tf background.

.

Firally, the remaining ¢ background events are reduced by requiring less than
30% perpendicular energy imbalance.

Concerning the number of hguarks per event, the decay {7ER7 & — WTRIBW™ 5
leads to the same final states as expected for ¢f background. Therefore. .hc tagging
of b-quarks has not proved o be eficient to reduce this background.

The result of this study is 4.3% detection efficiency and § background events. A
detection confidence level of 3o (82.73%) is expected for a cross section of 19 fb.
Expecied signal and background are shown in Fig. 16.
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Channel (%760 | qa | WW [eWu | 1w | ZZ |eeZ
[ Total (21000) | 1 |12 | 70 | 50 | 7 | 6 |60
[After Presclection | 695 | 1652 | 2164 | 3185 | 1259 | 182 | 318 |
| Ewi/v/s > 035 610 1494 | 2011 337 | 1234 | 178 | 239 |
| Thrust < 0.85 5356 | 326 420 | 24 | 1141 €8 | 137
T Ncluster =60 | 399 | 195 134 | 0 | 769 |41 ] 3
‘ Njet =4 211 | 58 | 72 | 0 | 432 |22[ 0 |
Noisolatedeor | 99 | 41 [ 49 = ¢ |105 | 18] 0 |
Evie/ /5 < 0.55 57 | 3 | & | 0 |22 )00 |

[ BBy <03 | 45 1] 3 | 0 [ 4 010

Table 4: Final event selection cuts, expected signal eficiencies, and the number of ex-
pected background cvents. Bold face numbers indicate major background reductions.

At 2 future ee collider with /5 = 500 GeV, a large discovery potential for scalar
top quarks is alrendy expected within one year of data-taling (£ = 10 fb7). Detector
performances known from LEP detectors result in good background reduction. Full
hermeticity of the detector is essential.

The confidence level for discovering & signal is shown in Fig. 17, wheze the con-
ddence level is given in ¢ = Negpeered! n Noackgrouza. The seasitivity is sufficient to
discover a 200 GeV stop independextly of the values of the midng angle with Zo in
botk ¥Pc and %76 decay modes for the investigated neutraline and chazgino mass
combinations. A complete set of mass combinations remaias to be studied. Beam
polarization could be crucial for determining the stop mass after a discovery.

6 Summary

1g this contribution we have discussed the production of stop, sbottom. and stau pairs
in e” e annihilation in the energy range /5 = 500 GeV 10 2 TeV. We dave presented
sumerical predictions within the Minimal Supersymmetric Standerd Model for the
production cross sections and the decay rates and a2nalyzed their SUSY parameter
dependence. If tan 3210, not only the ¢ Yukawa terms, but also the b and r Yukawa
terms have important effects. The preduction cross sections as well as the decay rates
of stops. shottoms and staus depend in 2 charactesistic way on the mixing angles.

A Monte Carlo study of eTe™ — Ly £ at /5 = 500 GeV with the decays to—ex?
and f; — b7 hes been peciormed for My = 180 GeV, Mg = 100 GeV, and Mg =
180 GeV, M: = 150 GeV, Mp = 60 GeV, respectively. A suitable set of kinematical
cuts has been applied to reduce the known background reactions. Detection confidence
levels as a funtion of cos G- have been given. In summary. an £ ¢” eollides & an ideal
machine for detecting and studying scalar top and betiom quarks and scalar tau
leptons.
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ABSTRACT

We apalyzs the contribution of new beavy ~irtual fermnions to the €7 ¢ —
W~ cross section. We find that there exists a relevant interplay between
trilinear and oblique corrections. The result stroagly depends on the chiral or
vectar-like nature of the nerw farmicos. As for the chiral case we constder se-
quentinl fermicons: one cbtains substantial deviation from the Standard model
srediction, malizg the effesy possidly detectable at s = 500 or 1000 GeV
linear collidess. As an example for the veeror-like case we take a SUSY ax-
tension with beavy charginos and neutralinos: due to cancellations. the final
effect turzs out to be neglipble

We present here a study of virtual effects from new physics in the cross-
section for &=~ — W*W . This analysis has been motivated by the following
questions. What toom is left for deviations with respect to the SM predictions,
once the constraints coming from the LEP1 results have been properly accounted
for? Are these deviations entirely due to the 2ppearance of anomalous trilinear
vector-boson couplings, as generally assumed? Is there any ole plaved by the
so-called oblique corrections?

To deal with these questions we have focused o2 two simple SM extensions:
s Model 1: the SM plus heavy chiral fermions. Iz particular we consider
an extza doublet of heavy quacks, exact replica of the SM counterparts, as far as
their electrowesk and strong quantum qumbers aze concerned:
e Model 2: the SM plus heavy vector-like fermions. As aa example we
take the Minimal Supersymmetric Standazd Model {MSSM) with heavy (2bove
the production threshoid) electrowesk gauginos and higgsinos, and very heavy
{decoupled! squarks, sleptons and additional higgses.

In both models the 1-loop corrections to the process in question are con-

1Preseat addzess Dep de Frscs Teones y del Cosmos. Universidad de Granada, Spain

fergate™ ¢ INFN Roma II, Italy

centrated in vector bosons self-energies and three-point functions, which makes it
possible o unalyze 1he interplay betwees 1he two contributions. Box corrections
are obviously absent in the first model. while they are negligibly small in the
second case, provided that the scalar masses are sufficiently large. Then the only
selevant contzibutions remain those of gauginos and higgsinos.

The constraints coming from LEP1 results ace quite different in the two
medels. A mass splitting between the two new quarks. whose left-handed com-
ponents are partners of a common SU7(2); double, results in 2 potentially large
contribution to the ¢ patameter. To aveid disagreement with the experimental
zesult [1], we will consider the case of degenerzte quarks (2 detailed discussion
concerning this point is provided in [2]). A more stringent limitation comes from
the ¢ variable, which depends mildly on the quark masses. Each new degeneraie
quark doublet contzibutes to ¢ with the positive amount
feg = —Gin-??i- ~1.3-107° (1)
4xiay2 *
For m. = 173 GeV’ zndé mpg = 100 Gel, a single new coloured doubler {with
the possible addition of 2 lepton doublet| suturates the present 2¢ upper bound
on €. and additional chiral doublets beyond the multiplet considered here are
experimentally ruled out.

On the contrary, the version of the MSSM here analvzed casily respects
the copstraints from LEPL. Iadeed contributions to the «'s varizbles come in
inverse power of the gaugino’s zad higgsino's masses and they tura out o be
numesically quite small. within the experimental bound. For practical purposes
we huve considersd the case of degenerate electroweak zauginos of mass M and
degenerate higgsinos of mass . This is the case when the mixing tesms among
gauginos aad higgsinos are muck smaller compazed to the SUSY breaking gaugine
sass term M and the supersymmetric g contribution coming from the By H; term
in the superpotential.

After the inelusion of the l-loop corrections due to the new pasticles and
of the appropriate counterterms, the reduced amplitude for the process at band
reads, following the conventions of ref. 40
sAd =2
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In eq. (3) the contdbution from photozr, Z and » exchange are showa
separately, £ = (1 — 4mj, s)"?. @ is the scattering angle of W= with respect
to ¢~ in the ¢7¢” cam, fame: ¢. &, A, A are the helicities for e~. ¢, W~

and W™, respectively: Ac = ¢ = &7 Al;, A, By and Oy are tree-level SM
coefiicients Lsted in Table I: Aa(s), Ak(s), Ap(s), Ary and g are finite self-
energy corrections (3. 3, given in the Appendix where also the effective weak
angle 7 is defined. Finally, 4], and 547 represent the corrections to the trilineas
gauge boson vertices. For the models considered. they can be expressed in terms
of the P-invatiant form factors § 7% [ = 1,2.3,4) according to the relations:

§4%, = SAl =57 ~isf))
fAYL = §AY, =8y =isf])
A = ¥ [-(1=8N6fY < 4 ass - 26 &

Here &7 (i=1.2.3,4] (V =+.Z2) includes both the contribution coming from
the l-loop correction to the vertex VIWW and the wave-function renormalization
of the external W legs, taken on the mess-shell. This makes the terms 57 finite,

Some comments are ic order. The tree-level SM amplitudes are recovered
from the above formulae by taking Aals) = Ak(s) = Ap(s) = Arg = e5 =
§AT; = §A4%, = 0. In the high-energy Limit, the individual SM amplitudes from
hoton, Z and v exchange are proportional to 47 when both the W are longi-
adinally polarized (LL) and proportional to v when one W is longitudinal and
the other is trasverse (T'L). The cancellation of the 4° and ~ terms in the overall
amplitnde is guaranteed by the tree-level. asymptotic relation A, = 47, = B;s.
When one-loop ceatributions are included, one has new terms proportional to
+* and v (see §43; and §A7; in eq. (4)) and the cancellation of those terms in
the high-energy limit entails relations among oblique and vertex corrections. We
have explcitly checked that in all cases considered, this careellation does take
place. We stress that omitting, {for instance. the gauge boson self-energies suck
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Figure 1: Number of W W= events per bin versus cos € at s = (500 GeVi7 in the logitudinal-
longitudinal chaznel, taking M = 300 G=V and wssuming a luminesity of 20 fb*

cancellation does not occur any longer and the resulting amplitudes violate the
requirement of perturbative unitarity.

Oz the other hand, one of the possibilities one can think of to have ap-
preciable deviations in the cross-sectioa is 1o delay the behaviour required by

itarity. This may happen if in the cnergy window mw << 5 < 2M (M

dencting the mass of the new particles] the zbove cancellation is less efficient
and terms propertional to positive power of 4 survive in the total amplitude. If
v is suffidently large, then a sizeable deviation from the SM predictioz is not
unconceivable.

We new come to the quantizative discussion.
o Model 1: Chiral fermions.

In fig. 1 we plot N, the number of W*W'= events per bin. versus @ at 5 =
500 GeV in the channel LL. taking M = 300 GeV 2ad assuming 2 lominosity of
20 fo~t.

The error bass refer to the statistical error, the full line denotes the SM
expectation at tree level®, while the dashed line gives the prediction for model 1.

We notice 2 clear indication of a significant signal, fully comsistent with

38M eorrections shift be
change the number N th

the presence of new physies
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Figure 2: Number of W=W= cvents per bin versus cos® at s = (1000 GeV) in the

logitudinal-longitudinal channe!. taking M = 600 GeV anc assumung a lumincsity of 100 &t

present experimential bounds. The departure from the SM prediction (6] becomes
even more conspicuous for larger /5. In fig.2 we report the result for V= = 1000
GeV, M =600 GeV and a luminesity of 100 7.

For cos ® zot close to 1. and in the Emit my << M.\s we have derived
the following analytical expression for the relative deviation ARpy:

ARp = 1=K -1 (3)
p=Zn (). r (). 2 (5)
161': \F Y, & "! m:':_‘. ¥

Flz)=1-+4z =1 ArcTen———,
Vidr -1

where AR is defined as

’

(o) - (558).,

( de )

deos@ )
For s >> M*®, F grows only logarithmically and unitarity is respected.

When M® >> s, F =~ 5/12M* and the decoupling property is viclated, as one

AR=
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Figure 3 Relative deviotion AR varsus cos© 1n the LL polanization channel azd for the
unpolacized cross s=ction (to1) at & = (300 GeV)¥ and M = 300,800, 1000 GeV for model L.

expects in the case of heavy chiral fermions. In the range of energies we are
interested im. mw << 5 < M. K is of order GpM?, whick cxplains the
magnitude of the effect exhibited iz fig. 1 and 2. A similar behaviour is alse
exhibited by the TZ channel. Tndeed, the absolute deviation in the TL channel
is of O[7), but an additional 4 factor comes from the SM cross section in the
denominator of AR. In fg. 2 we depict the gquantity AR as a function of
00 for LL charnel and for the unpolarized cross section at /5 = 300 GeV.
Notice that the effect which is so large in the LI channel for 2ll the angles
sssentially disappesrs in the unpolarized cross section for cos® = 1 where bigrer
is the pumber of events expected. This makes it clear that for the observation
of the offect under discussion good identification of the W peladization and large
luminosity are essential.

» Model 2t Vector-like fermions.

In this case the deviations at /% = 500 GeV or even higher energies reach
at most = few per mille malking it questionable to have a chance at all to chserve
the effect 7). The asalytic espressions for AR both in the LL and in the TL
changel, in the limit mw << M. /5. aze vanishing. showing that in the cese of
gaugizos or higgsinos, which bave vector-like coupling, no unitanty delay takes
place. This is in 2greement with the decoupling theorem (8.

To exemplify the danger of including in the cross-section only the contribu-
tion of trilinear anomaleus gauge couplings, we have computed the ARy ratio at
V3 = 500 GeV. for model 2, M = 300 GeV and ¢ > M, by leaving out the con-
sribution from the vector boson self-energies. Due to the improvident omission

FEY



of an essentizl part of the 1-loop correction, cne gets an irrealistic ARy, ~ —0.2,
with failure of nnitanty when higher energies are considersd.

Appendix

The quantities Aa(s], Akis), Ap{s). Ary and e; appeaning in egs. (2) and (2)
are defined by the following relations in terms of the unrenormalized vector-boson
vacuum polasizations:

Ozz(0 Opw(d)
£, = -—

m§ ™
5 ;.= Dz(m})
g2 = Oypwll) —cos®™d Mp,(0) —2cos Fsin b ——mt
J =)
—sin® & Tyq(mi)
i % 6068 [ . o are o o z Daz(s)
ayls] = ——;-—;--[sm'.vccsé[l],,_[m:g:—ﬂ-_,-z(l]}] ~ cos 26 — 1
sins | s |
e = D's3(0) = Myy(mz)
es(s) = Myz(s) — Tyz{0)
Lg = H;‘rw\:m%w - O (0) {8}
Aefs) = OL(0 -1 (s}
. cos* &
Ak(s) = ——— (& —ey)+ « £5ls)
i cos 28 ! cos 2¢
Ap(s) = ey —esls)
cos® cos 2f " 4
Arg = ———pw 2y~ e g2 = 2 25(my) — ey (10}
sin® @ sin= #
g = € —egim>z]
€2 = ex—sin’f eq — cos” § g(m})
g2 = es(mi)~cos’f oy — cos” h eg(m}) (11}
with —_ S
o (s8] — My (mi) . . - !
O R e LS with (V== Z,W) (12}

(s —mi)
If s = m} then Aafs), Ak{s). Apls) coincides with the corrections A, Ak, Ap
which characterize the electroweak cbservables at the Z resonance. Finpally, the
effective weak angle # is defined by:
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Abstract

We caleulate the Ofa,} QUD corrections to the widths of the decays H™ —
b and T — Ib within the Minimal Supersymmetric Standard Model. We find
that the QCD corrections are important. and that the supersymmersic QCD
corrections can be comparable to the standard QCD corrections, due to effects
of large left-right mixings of step [{] and sbattom (B).

The Minimal Supersymmetric Standard Model (MSSM] I predicts the exis-

tence of five physical Higgs bosons 2%, H°, A% and B= [2,3]. The ¢7¢~ Lizear Collider

will be the most promising machine o search for the charged Higgs particle H= 4.
If all supersymmetric {(SUSY) panticles are heavy encugh. B~ deczys dominaatly

110 th zbove the ¢5 threshold 2. 3] In the case that STUSY-particles are relatively
late the QCD

corrections to the decay modes H~ — tb and B~ — tb as they could significantly

L‘f

ight. the % mode can be dominant [6. Thus it i important 1o cale

aflect the phenomenology of the H= searches. The standard QCD corrections to both

*Presem: adéress: Phvsics Department University of Wisconsin. Madiscn W1 33706, USA

decsy modes can vary in the range —10% to -50% [T The SUSY QCD correcticns
to B* — thwers also calculated in 8.

[+ this contribution we present 2 complete calenlation of the Ole,) QCD
corseetions 1o the widths of 7 — thand B - TF within the MSSM. We include

the left-right mixings of both the trr <qna..k< a.nd the 5:.3 squacks. We shall :'.dopt

the on-shell renormalization scheme for £~ — tb aad DR scheme for B+ — 5.
We begin with the decay J7(p) — j (k) (p = k. = k). The one-loop
corrected amplitude can be written as
M =i[ViPr+ Yo Prib (1)

with Prz = 3(1 =~ ) and the one-locp corrected couplings:
Y=g+ 6YE w6V Ly (1 =1,2), (2

where 3, ase the treelevel couplings v = Aysin 3 = g/(v Fmw)ma tan 8, yo = Recos 8
= g/i\/Zrng Jm. cot 3, with g being the ST(2) coupling. §¥E 5vE and 6YY ar
+he contsbutions from vertex corrections, wave function renormalization, and qua:l-.
mass renormalization. respectively (see Fig. L1 FYOHEM) receive contributions from
giuen and gluino exchanges, i. e. SV = 8 £ 8 e

The vertex corrections due to gluon 2ad gluine exchanges are given by:

§(Y.Pa = YaPyr )

% {?.[Bu(mf.n..—ufj — Bo(m?,0.m3) —r

3y —mE — md)Co(3%, )] (3 P+ 32P2)
..21'!"-.,6:{;&' m Wy 3l = myya ) Pr + (mayn = myy: ) Fr
—2myCa( A%, 2 ) [(meys = magn ) P+ (mey: + mupe)Pz] b
= {26y, [msCalm i, i} R RinPa = RixRi Pl
+my {'mE,, 2T ; ) {R:;.LRE-;PL F RfRR?RPR

1

Y P = Ya P )9

s Calmi,m}, mi J{ R Ry Pa + RaRape}l} . (3)
G,. are the treetevel couplings of H7 to i.b, (i,7 = 1.2) reading:
g R;”mbta.nf:’-—m cotd — r*ws,n‘-"“ rr'.bl.-ibt.a.z.?-I-M),Rsl.‘
Gy = VEmw .\ m.(A.cot 3 = g) m.my 5028 )
(4)
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where ¥ (§ = [ or b} is the f~mixing matrix which diagonalizes the squark mass
matnx. & = R G.. (i = 1,21 ¢ = L R). We introduce 2 gluon mass A for the regu-
lasization of the infrared divergence. The functions 5 and C are defined as in [9]. The
parameter 7 in eq. (3) 2nd following eguations is 7 = 1 for dimensional regulacization
and » = 0 for the dimensional reduction (DR) '10.. The dependence on r, however,

disappears in our final result.

The correction to the amplitude from the quark wave-function rezormelization
has the form:
E(YiPr + ¥oPr)™ = —3(3(m]) + Da(mi) by Pr — 3(IR(md) + Oi(mi))sF:
O(m7) = meZ¥(m}) — miIP(mi) (3 Pr+ ¥252) .

—-E;m,'_‘._,'{mf) =ity

(5)

with II¢ = ’:fII‘_ I amd X = % The quark two-point functions O(%%), I%(k?),

and T9(k°) can be expressed in terms of the standard B functions. Their explicit
forms are givea in '11].

. [+ J I - - .
The corrections §Y° due to the renormalization of the guark masses is

} - - g o 4
SV 2 fyy = —L—Fmytan 8, ﬂ’;“" = fyp = —=——bmyecon 3, (6)
mw Ve
with
; . () ™ 2y T 2] 5
dm, = fmP - 5mP = Re [—_}—qlnif_m;) = OR(my)) - S‘f_m;]{‘ . (7)

The one-loop corrected decay width to Ofa,) is then given by

. Nex . - 2 [ = - = ’ 3

T(E™ — &) = 15-% [(mE. —mi —m]) (¢} + 4 = 2mRe(8¥}) ~ 25:Re(612))
-.uvs. - ’
—dmemy (i3z = yaRe(8Y2) - 1:Re(£Y1))] . (8)
where = = simy..mimi), wlz,v.2) = ((z — y — 2)* — 4yz)*/*, and Ng = &

T=°( H~ — tb) is obtained by putting 6¥i» = 0.
For the capcellation of the infrared divergendes (A — @) it is necessary to

include the O(a, | contribution from real gluon emission, H* — ¢ +b+g:

- &y T, o . N q oyt
T(H™ — thg) = = [ + ¥¥){(mE. — m] — m{)®

Mg~

I::‘

1. 1., - - - - - .

~zE =4 ~1—(mg. —my —mi)(mily + milee - I - I.1}
(] 2. , 2 2 \ . .
amemgysimilyy ~mila = £ = Ia = (my. —m] —mi)ha }) . (9

where the functions [ are standard integrals with the explicit form given in [9).

The one-loop corrected decay width to Ofe, ) including the real glusz emission

can be written as:

PO H7 e thtthg) = T H™ — th)+T(H™ — thg) = T = &1 glvon )+ 6T gluine)

In Fig. 2 we show the mg. dependence of I, ™ — {[(gluon), and I'*= =
T - T (gluon) +— &T'(gluine) for tea & = 2 and 12, and (m;, 2. M@. Al = (400, =300,
200.200) (GeV). For simplicity we assume My = Mgz = My and 4. = 4, = A. We
take m, = 180 GeV, my = 5 GeV, my = 80 GeV, mz = 91.2 GeV, sin’ép =
0.23, ¢*/(4x) = o3 = a/sn”fw = 0.0337 20d &, = a,/mz-). We use a @) =
127/{(33 = 2ny) In(@%/ A7)} with @,(mz} = 0.12 and the number of quark flavors
ny = 5(6) for ms < @ < m, (for @ > ). The parameter values correspond te fixed
stop and sbottom masses: my = 80 GeV, my = 366 GeV, m;, = 183 GeV, and
mg, = 213 GeV (for taa 8 = 2) and mg, = 173 GeV, my, = 333 GeV, my = 152 GeV,
and myz = 247 GeV (for tax 3 = 12). We see that the correction §['(gluine) can
be quite large and that it is comparable to or even larger than 6I(gluwon). Quite
generally, the corrections &T(gluon) and $T(gluine) are bigger for larger tan 5. The
correction dT(gluon) has already been calculated in {71. We agree agree numesically
within 10%. Qur results for &T(gluoa) ~ ¢I'(gluina) agree with those of 8.

In the calculation of the SUSY QCD corrections to E* — f.i we proceed

in an enalogous way. As an example we show in Fig. 3 the widths T7°°(Z5) =

ST (8 — i), T°(h) = TLI7(F" — &), aad (B — £k

for(i.7) = (1,1) and (1.2}, as well as the tree level branching ratio B™™(1h) =
i BUT(HT - -t'.g_.‘;. as a function of mg-. Here we have chosen mu(poie) =
180 GeV. M =120 GeV. 4 = 300 GeV.2an 8 = 2, Mz = 250 GeV. 4 = 650 GeV, As
one can see, the 76 mode is dominant in 2 wide range of mg+. The QCD corrections
are significant, but they do not invalidate the dominance of the 7 mode. More details
can be found in [12].

Summarizing, we bave performed a complete caleulation of the Ole,) QCD
correciions to the width of £~ — ¢b and = — :‘.-: within the MSSM. We kave
found that the QCD corrections are important, and that the SUSY-QCD corrections

can be comparable to or even lazger than the standard QCD corrections. Here the
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mixings of tr —tg and EL - -’33 play a crucial role.
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Figure Captions

Fig. 1 All diagrams relevant for the calculation of the Ofa,) QCD corrections to the
width of A~ — t5in the MSSM.

Fig. 2 mg- depeadence of [*™ (dasked line). I*™ = §T(gluon| { dot—dashed line), and
Teerr = 7= . §T(gluon) — §T(gluino) (solid line) for tan & = 2 (2 and 12 (B).
and {mg,u, Mg, A) = (400, -390 200,200) ( GeV).

Fig. 3 The mz dependence of I (T ‘:3 = r"“"ft-g] (dashed Lne). (T Lh) =
I““'i"'zl {solid Line), and B""‘l:b {short-dashed line) for {m: {pole})(GeV),
M(GeV), p(GeV). tan 3. Mz{GeV. -l[Gc\.' 1=(180, 120, 300, 2, 230, 830).
Teree(E, b_, = I (dashed Enes) and I'**%( (F:6;) = T (solid lines) are separately

shown for {1,7) =(1,1) 2nd {1,2).
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Supersymmetry and CP-Violating Correlations
in Top-Quark Production and Decay

A. Bartl'. E. Christova®. T. Gajdosik®. W, Majerotto®

ABSTRACT

We present analvtic formulse for the eross section of the sequential processes
of eme” = tfand t — b7y [ — 3I7F iz the laboratory frame., showing
explicitiv the dependence oz triple product correlations induced by C'F vie-
latior both in the production and the decay processes. Different observables
sensitive to (' P-viclation are defineé and calculated in the MSSM. They are

of the order of 10°%,

1. Precision measurements of vesious production and decay modes of the tep
querk will also provide new information about C P violaticn. ln the Standard Model
(SM) these effects are expected to be small. Observation of C P non-invariance in
top—quark physics would therefore definitely be a signal for physics beyond the SM

[1. 2. 3, 4]. As possible evidence of CP noninvatiance we consider T-odd triple
product correlations of the type (q:q2qs) = (G » Q2 - Qz), where Q23 can be aay

-

one of the 3-momenta in €72~ — tf and of the ¢ (f}~decay products ¢ — &7
(£ — Bl &), previously propesed in [1.2]. In collider experiments top-antitop guark
pairs will be copiously produced and the decay modes ¢ — /7y and § — bi™5 will
occur simultanecusiy. Therefore, it will be possible 1o form the difference between
the two conjugate processes in the same experiment.

In this contribution we shall consider triple product correlations among the 3-
momenta of the particles in the sequentizl processes:

Tttt —tBl Y, et hem —t=f —shi 5 1)

We shall obtain a general analytic expression for the cross section of (1), in which
the dependence on the triple product correlations sensitive to P violation in the

“Instiiut fir Theoretische Phymik, Univermif! Wien. A-1080 Vienne, Azstric

",,' stitnze of Nuclear Research end Nucleer Enery, Bosl Tiemigredske Chaussee 72, Sofic
4. Bulgama.

Ingtitut fir Hockencrgiephyazk, Qeterreschzsche Akcderie der Wisenschoften, A - 1050 Vi
enna, Avsi~ic

o

s
'

production azd in the decay is in evidence. Previously the problem of O P violation
in #7 production and ¢ decay was considered in [4]. Here we shall work in the Minimal
Supessymmetric Standard Medel (MESM) wheze there use more possibiities to
introduce complex couplings than in the SM. However, our method is completely

genesal and can also he applied to study any other souzees of CF violation.

2. After some calculations, cutlined in 3], we obtain the cross section in the

¢.m.cvstem for reactions (1) as

dett = '5-'"(‘\( (] e (PP AV = (QPePu ) A

) AY = (@b ) AT ] ) 42 (2)

=il ﬁ’:b:“ 55:

whese ;. Bey Ds 228 Pr- denote the unit 3-vectors in the direction of the e~~beam,

t, 5 and [~ respectively.

EA (0 ) Tami_2eeell BB gy (3]
S 22) s I', mwlw mi=-mEmi
Q i t.d = et
is the expressior for the SM cross sections of 11). Agy = (pp-| = ml Eearpr- )

where £55, are the polarization 4-vectors [3] of t.f determined by the ti-production
process. In the c.m.sym:m E., = [m? — mip)/2E(L - 3(p:ps}). is the enerpy of

the b—quark, B = my/ [2E(1 — 3(p.p- 1) — 2E:(1 — (Ps |is the energy of the

final lepton 2ad E = 5, Tb e asymmetries A, are

Ay

_ —atD _m Imgm
— _Bi‘?«-:-f.&?- e b i4)

AY = -BmEP 22

‘e "oy
where
Sk 4 2 1
z 2 P - -
P = [-hzc& aGh — zeagy +3cosbiRz oy = 5} 9vga — 3VI)]|
- o B
3hz [ 2 e S
P, = — N Lh; | — 3 ) gvga = zovga =25 cosd iz "l
s &
3k ( 25 az)
I = ~\_z Shzeveagy Imdt ~ e lagvSmd = 3md” |
N \ b

“Feosbihz e = ci]g,-, 3md® —eygaimd )|

1
2, i 2 BT . .
N o= 31 =cos A =Y )gh — 8Bcosfhzeiga | Azovan 3)
‘4 4 . n 5. &l
+({2 — 3% sin” :“]I\G-_—)-‘:;c-.'gr-—h'zf\c;-—c;lg;-{
a3
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Here 3 = /1 = 4m s is the velocity of the ¢ in the c.m.svstem, 6 is the angle References
between the momesnta of the initial ¢~ and the t, and hz = s/[(s — m% ) sin® 2651,
3

- ) 1] B.Grzadk i hus.Letz. B287 2} 237
expies 0B B B w10 v 2 18— 3/3sin? i, g = ~1/2. B S;z-.:ra.d.}..owslf: and J.Gunion. Phys.lext. B28T (1962) 23
h lats o At ) ol ot (e produdtion andlid C.Schmid:, Phys.Lett. B2Z93 {1692) 111
e correlations (:p.p) and (Q:p.ps! contain botk the production —decay K o
\ . ) B.Grzadkowski, Phys.Lert. B305 (1993) 284 and Phys Lett.B316 (1993) 137
planes. Thus CF violation from both &% and ¢ may contribute. The correlations N * (1593 )

B.Grzadkowski and W.Keung, Phys.Lett. B319 (1993} 526

(P:PiPs) 208 (GPnDs | contal ¢ the d lane, it is r the t . T ; :
P:PiPs) a0 (GrpiPs | contain only the decay plage, and it is only the t—decay vertex E.Christova and M.Fabbrichesi. Phys. Lezt. 320(1994) 29¢

that can contribute. Cpe expects that the triple-product correlations discussed

above are less sensitive to (P violation in top~decay thez in # praduetion, because 2 D.Atwood and A.Soni, Phys.Rer. D4 (1992) 2405
S is multipbed by the SM~polatization Pa ad by £/ /5. E.Christova and M.Fabbrichesi, Phys.Letr. B315 (1893) 113
With the set of triple products T, = (gp.pi). T2 = (q:pps). o = (Pep:ps) and [3' E.Christova and M.Fabbrichesi, Phys.Lett. B315 (1963) 338
¥ ¥

‘¢ = (PP} we define the observables 4, W.Bernreuther, 0.Nachsmann, P.Overmans, T.Schrdder, Nucl Phys. 388 [1692) 53

NIT>0-NT< 0] W.Bernreuter. P.Overmann, Z.Phys. C61 (1994) 598
N7 >0 -N7 <0 ‘

0; =

[
—

-6'.,

. ABartl, E.Christova, W.Majerotto. Nuel. Phys. 460 | 19%¢6) 235

i NIT. > 0{< D) is the az { events m which T; > 0i< 0). . :

Wncr: : 0; b n:mbcf: _‘-"bﬂ: §in waic &; O BB 16" H.E.Haber and G.Kane. Phys.Rep. 117 (1985) 75
The truly CP-viclating effect would be a nonzero value of O, = 0, — O, i = J.Gunien aad H.EHaber, Nuel.Phye, B272 {1985) 1

£

1.2.4 and Os = Oy ~ 05, where &, refer to the second equation of reactions (1),

3. Now we shall give numerical predictions in the MSSM |6 for the observables

defined above. [n the MSSM 7, 67 and Jmgr are generated at one-ioop order,

o oOTE.
- = :
irrespectively of generation mixdag. The main contribution comes from diagrams [ ¢ e
with gluino and scalar quarks in the loop. The C P-violating phases ¢4 and o - I — nons:
acees. 7
appear in the stop—squark mixing massix and in the Mzjoranz mass term of the B e - ¥
. : . 5 30 - vs o = =T - -000%5/
ghunos respectively. They enter in the combination o — @z In our numezcal e I | = |
e 001
- . 5 . % . - - . £.002 -
analysis we have assumed maximal CP wiolation, sin{oz — @z) = 1, and maximal e |
. s " s o .. : I R
stop muxng. sin2f = 1. where # is the stop-mixing angle. ™y (CeV)
We choose the following set of reference values: V=500 GeV.m, = 175 GeV. [ e
e e L ; ; L
mp =200 GeV.my = 130 GeV. my = 400 GeV, and my, = 200 GeV, In the Figure : ,/”-_7
e show the dependence of O, on one of the parameters: mglal. mg (b) and y/3(c) &8
with the other parameters fixed 2t their reference values. Q0- and O are the largest - e !
observables and have values of the arder of 1077, Above the threshold region and g ! N,
- — - « . . - R b i
4p 0 /s = 1 TeV the ohservables are almost independent of s. P S il
AD0 L fc<y oy
T - . 5 _cara 3 F A . - VA Gey
We thank Helmut Ebesl for his comstructive assistancs in the evaluation of the
loep integrals. E.Cs work has been partially supported by the Balgarian National Figure:  Qbservables O,. i = 1....4.as a function of (a) m,. (b) s and (¢) s

Scienes Foundation. Grant Ph-510. for my = 175 GeV, my, = 0, M = 400 GeVand myp = 400 GeV.
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Production of nonminimal SUSY neutralinos at an ¢7¢~ linear
collider
F. Franke. H. Fraas®
Institut fr Theoretische Physik, Universitat Wilrzburg

1 Introduction

The search for neutralines is one of the most exciting challenges at a future ¢~¢” linear col-
lider. Fizst. a clear supersymmetric signature could be expected. Second. the opportunity
s0 distinguish betwees the Minimal Supersymmetzic Standard Model (MSSM) and exten-
ded supersymrmetric models may be offered. The minimal extension of the MSSM by 2
singlet superfield. the Next-To-Minimal Supersymmetric Standard Model (NMSSM) 11, 2],
is characterized by the trilinear Higgs terms in the superpotential W 3 AH; Hy N =1/3kN7.
where H. and H, are the Higgs doublets with hypercharge ~1/2 and 1/2 and vacuum
expectation value (vev) v and vy (tans = wa/vy), respectively. N is the Higgs singlet
with hypercharge 0 and vev x, and A and k are dimensionless coupling parameters. The
NMSSM contains five neutralinos ¥° being mixtures of photino, zine, the doublet hige-
sinos and the singlet higgsino. The 3 x 5 neutralino mass matrix [3, 4] depends on six
parameters: the gaugine mass parameters M and M, wan g, z. A, and k. We assume in
the following the usuzl geugino mass relation M’ = 0.5M.

The search for NMSSM neutralinos and Higes bosons at linear e7e™ colliders bas beer
the topic of some previous studies [3], where cross sections for special NMSSM scenarios
are given. In the present contributien we analyze neutralino production for the whole
parameter tange —300 GeV < M < 500 GeV, x < 1000 GeV and discuss explicitly the
passible differences betwesn NMSSM and MSSM. The lightest neutraline is assumed 1o
be the LSP and henee invisible. For a detailed discussion of the subsequent neutraline
decays we refer to ref. [6].

2 Scenarios

All eross sections are calculated in the (M. z)-plane for twe values of the coupling & with
fixed parameters ) = 0.8 and tan § = 2. In the case of the small coupling k = C.0CL.
the LSP is mainly a pure singlet iz the whole plane with & mass between about 10 GeV
at large = values and 70 GeV for = small singlet vev. The second lightest neutralino in
this scenario is light enough Lo be pair produced a1 /5 = 300 GeV, while x8xs (k5%%)
production is kinemetically possible only in a limited range if either z £400(200) GeV
or |M! £300(200) GeV.

Contrary to this scenario where the mixings of all other neutralinos except the LSP
are similar to the MSSM with g = Ax almost in the whele { M. z)-plane, we also consider
a larger coupling k = 0.3 where now all pevtralinos may contain large singlet components
in some parameter domains. In this scenario, the three light neutralines have significant
singlet components for = <400 GeV, while for larger = values only the mixings of the

*Supparted by Deutsche Forschungsgemeinsehalt under contract FR 1064/2-1
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heavy neutralines contain not-neglectable singlet contributions. Furthermore, the second
lizhtest neutralizo is rather heavy for 2 large singlet vev z, 50 that at & = 500 GeV {2
pair production is kinematically possible enly for x 5400 GeV or [M} £200 GeV, %5 car
be produced only in the small z-regicn = £300 GeV.

3 Cross seciions

In both scensrios we cormpute the cross sections for the neutralino production at a center-
of-mass epergy 5 = 500 GeV znd for selectron masses mg, = My = 300 GeV. For k =
0.001 (Fig. 1) the production of the LSP together with a visible neutralino Is suppressed
for large = values where 7% is mainly singlet-like. Only for M = 100 Ge\' smell cross
sections up to 50 b for F0xi-production are reached. The largest cross sections of about
900 fb in this scenasio ate chizined for pair production of 3. but also 3§ is produced
with considerable rates.

Fig. 2 shows the cross sections for & = (.5. Since the singlet compenent of the
lightest neutraline now is considerably smaller, 0¢i-production is exbanced in most of
the parameter domain with cross sections up to 120 b also in the large = region. The
other preduction channels with the second and third neutralino, however, are reduced
either due to their singlet components or due to the phase space fuctor because of the
larger neutraline masses.

4 Discovery regions in NMSSM and MSSM

In Fig. 3 we compare the cross sections of NM3SM and MSSM with g = Az in the (M, z)-
plane for our scenarios. Shown are the contour lines for the sum of the cross sections in the
channele with visible neutralinos. Our scenarios illustrate that according to the choice of
the couplings A and & in the superpotential either a largeror a smaller part of the (M, z)
parameter space is covered by 2 linear collider, if the NMSSM is realized in the pature
ipstead of the MSSM.

Assuming a discovery limit of 10 f. the whole plane could be explored in the NMSSM
for & = 0.001, but net in the corresponding MSSM scenario. The reason is, that in
this scenario the second lightest NMSSM neutralino bas a similar mass as the L3P in
the MSSM. but can be identified by its decays. Generally. & light neutrzline can be
detected or excluded at a linear collider if the gaugino mass parameter is bounded by
about |M, S5

For k = 0.5 and z <100 GeV, however. the identification of a NMSSM scenario may
not be possible even if 2 MSSM neutralinos with similar masses are detectable, since
in this parameter domain all light neutralinos have significant singlet components, The
difference between the covered parameter space in NMSSM and MSSM is the larger the
higher the discovery limit is. it almost vanishes in the large r region where coly the heavy
peutralincs bevond the range of a 500-GeV linear coliider have large singlet components.

F
(]
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Conclusions

=,

near collider considerabir extends the explorable parameter space of the NMSSM,

{ no neutraline is found
o small & values zan be excluded:

btes

e neutraline whick ¢

» the mass bounds for the lig

d. especially a light

e other hand there are good chances of detecting a neutralino at the linear coliider.
case. distinction between the NMSSM and the MSSM may be possible

e by the decays of the next-to-lightest neutralinos. if the LSP has a ..Lgc singlet
component. Especially, the decay of the second lightest neutraline into 2 Higas
boson plus the LSP and the loop decay inte a photon and the LSP may be enhanced
(for details see [6]).

by detecting a deviation of the production cross sections. This should be possible if
several of the produced peutralinos have significant singlet components which affect
the cross sections without suppressing them so strongly that they {all below the
discovery limit.

n the NMSSM, not only the neuiraline but alse the Higgs sector it extended. The linear
LO;iC'f! offers the unique possibility to searck for neusralinos aad supersymmetric Higgs
bosens in order to verify or te exclude minimal or noaminimal supersymmetry.
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Test of Nonlinear Supersvmmetric Standard Model at
an €~ e~ Collider ~
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1 Introduction

Supersymmetry [1] is one of the most atiractive candidates for the extention of the

standard model of electroweak interactions. For more thas a decade, the phencmernc-

lo;.‘:j- of the supersymmetric models has been studied. and the search for supersymmetric
particles is one of the main gou's of the exusting and furure accelerators.

Most of those supersymmertsic models investigated so far are linear models. Le.. the
SUSY is reziized linearly. However. it is still an open question whether the supersyvm-
metry may oe realized linearly or nonlinearly. and the nonlinear models are on the verge
of drawing attentions recentiv. Some wvears ago. Samuel and Wess [2] have developed the
formalism for extending the standard model supersvmmmetrically mn a nonlinear way. Re-
cently. one of us bas constructed the most general form of the norlinear supersvmmetsic
standerd model in the curved space and derived the Higgs potendal in the flat limit [37

The nonlirear supersymmetnic models are economical in the sense that they need zot
the supersvmmetric partaers for the conventional particles in the standard model while
the linear models reguire those partmers. In global nonlicear supersvmmertric models,
one needs to introduce at most ouly one new particle, the Akulov-Volkov field [4], which
is @ Goldstene fermion. Experimentally. no Goldstone fermion has been observed The
goldst:_m can be removed by moving into the curved space. 1.€.. into supergraviry, where
it tan be gauged away.

In the flat limit. the su

v multipler decouples from the ordiparv matser such
USY manifests itself in the Higgs sector. The Higes
zer than that of the standard model becanse it reg
tis reguirement is also shared by linear models. T-imnw'
uffice for linear :rod-‘ls. the ponlinear modcels require an
figgs singlet mav be ntroduced either as an awxiliars
Id or as both. Ip case ,b.r_- Higgs singlet is both awdliary and
dvnamical. the Higes boson spectre of the nonlineer models are similar wo those of the

“This work

g

that the onlv reminiscence
zector of the nonlinear mode
at least two Higge doublers
v.m:rog two Higgs doublets
wonal Higes singles
1eld ar as a dvnamical &

h f_.
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dext-Te-minimal supersvmmersic standard model (NMSSM). 2 ligearly realized model
vith twe Higgs doublets and a Higes singler [3. Thus. the nonlivear medels where
the Higgs singlet is both auxibarv and d:.'nem:icai, as well as the NMSSM. hawe three
scalar. two pseudoscalar and a charged Higgs bosons. Howewer. the structure of the
Higgs pobe'-u.».l is different batween the nonlinear models and the NMSSM. as cap be seen
-":.o.ul}.

Ic this note we inwvestigate the phenomenology of 2 noniinear supersymmetric model
where the additional Higgs singlet is botk botk awdliary and d,um;al In particular.
we are interested 1n how far the Higgs sector of this model can be tested at future e™e-
colliders.

2 The Model

The complete Higgs potential of the norlinear supersymmenric medel where the Higgs
singlet is both auxiliarv and dvnamical reads in the dat limit as [3]

1

- j i 4 s
Vo= 6+ gIGH - IR +
2 1.
+ ud H P B HPF 4
..}\c|H TeHoR ..h-|\'T N
~ khg Hl‘f’f'r\
- _A;_e;';.."f N4 A-,LI-IH [? \ = Mgl F:‘-tH _\'-h.c.:
- ;k,'.'@.\"r.\‘ = ¢ 1)

H‘l-—Hﬁ".'

5

»

— | NEOET = AR

Note that the drst three terms come fom the D-part of the Lagrangian and the ress from
the F-part. The two Higgs doublets H' and H7 as well as the Higgs singler N develop
the vacuum expectation values v.. v, and I. respectively. The chree scalar Higgs bosons
appear as the eigenstates of the relemnt mass term for the real components of three
nevtral Higgs felds, when ir is magnn&zed by & 3 x J ortbogoral mazrix L.

The upper bound on the mass of the L"n'cmt scalar Higgs boson 5 at the tree level is
chbtained in a similar way as in the NMSSM by

& 5 % . .

M3, & ME, mee = milcos” 23 + 202 5in? 28 2)

where tan J = vy /vy and A, = A3/(g} —-g_?ju. This ree-level relation predicts that me, €

mz for A £ 4/lgi = _;:-_-'2 = 0.52 and mg < 1.82%myz for kg > 0.52. Ia the latter case.

the _a_\xm'.tm ".'ﬂ.l" af Ay determines the upper bound of mg,. For m. = 173 GeV azd
with the GUT scale as the cyut-off scale. one obtaims myg, < 13"L GeV

It is very instructive 1o notics that the upper bounds on ms, and myg, can be derived

from the upper bouad on m

that

. and mg,. Let us introduce oo ;wc..,:nﬂer: .Ft; and R» such
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Clearly. Ry aad Re are complicated functions of the relevant parmmeters. Note that
0 < R? = R: < 1. Then. the upper bounds on mg, and ms, are given as

. .
T o imd T ez T Rimg
M5 & MY mur =
: 1-Rj
2 2 opayt
i RE, mar — (Bi + f3lm3 .
e, f'. Mg, g = v o

where M, mae 15 the maximum value of the 5, mass

3 Higgs Production

The upper bound ms, < 130 Ge\' suggest that there are per rammenes regions where
zoze of the three Higes scalats can be produced at LEP I for s = mz. Fig. 1 shows
ske contour limes of ms, and those of the production cross section of §, from the Higgs-
strablung process, bremsstrahiung off fermions and associated pair production P,5,.where
P.(; = 1.2) is & pseudoscaler Higgs bosoxz. The discovery limit s abous 1 pb at LEP L
Thus the region, where the cross section is greater than 1 pbis excluded. The production

1
'
]
r

o

Fm..- 1 Cur.:ou. lines of ke ightest Higzs boson mass

‘solid] at 5 = mz.

15, {Cotted) and of th oduc-
2 functions of Ay and A forwn 3 = 3. & =
.~ = 200 GeV. The shaded area marks the parameter region excluded

3

he region where the production cross section s greater than 1 ph.

£
€
[

cross section of Sy is smaller than 12.3 fb in the entize plage zad that of §; vemshes. Thus
Fie. 1 shows that LEP I :;‘;W sllow the existence of massless 5. We obtained similar

results for LEP 11 ezergies of 175, 182, 2nd 203 GeV 8L

=
Tty

Figare 2: Contour lines of o( Ry, Ra) defined by =g/6) for /5 = 300 GeV. The minimum
value is about 12 fb.

For 3 = 300 GeV the situation is different. In \.:'.Li.. case the production via tk
H'ggb-ctrah.mnc process is possible for a1 least one of 5. Thus one should consider 1he
production of S1. 5. and 5 simultaneously. o order to be svstematic. we consider the
production cross section of ;. 5. and 53 viz the Higgs-straklung process, denoted by o1,
¢1. 03 and given Dy

oy\ms T3
aa TI!_::' = Tsp My iR’: (a)
glms,) = Osu m:Ji-—R‘;—RTI

where gzs(m) 1s the cross section iz the stacdard model for the preduction of the
Higgs bosen of mass m via the Higgestrabiung process. Az useful observation is that
2,078, mes) < 04 ms, | whick allows to derive parameter independent 0'=.e: lmits of ¢, &2
we will show in e :o.lmv::g Firss we determine at a fixed set of mgs,. R.. Ry the cross
sections o1 Ry, Rs.mgs.) 3ozl Ry R;. MEs max | ané o3l Ry Ra. Mgy mas| Second we keep R,
B fixed. byt very ms, from the minimum 10 the meamu and determize the quADity

JIR;.R

Ry A» = min[maxisy. o5 0al] (&)
e )
L



where o = 7. R: Az mg ). As last step we vary R} 2ad REfrom D10 1.0 € AY < 1.
0 € R2 £ 1 and plot #(Ry. Ry in RE-FZ plane. In order for this plot to be useful there
is 2 critical wnergy. & kind of threshold, namely E¢ = myz + ms, ma=. FOr /5 < Ep =

mz — M. £ Ry) = 0 and this plot is useless. In the present model we obtained
s, mex = 130 Ge\' thus B = myz —~ 130 GeV = 222 GeV'. Now the anticipated energies
of LEP 11 are 173 and 205 GeV. Thus our method does not wield any useful results

for LEP IL [3|. The situation is different when the collider energy is greater thas Ee. o
this case ot R Rz} > 0 iz the entire region of Ri-RY and the minimum of o(R,, Ry} iz
the Rf-R% plape is a parameter independent lower limit of oze of ov. ¢ and 5. This
i is thus & characteristic quantity of the model. Ia fig 2 we plotted ¢(&,. Ry
for /5 = 500 GeV'. The minimum is about 19 fb. When the discovery limir is abous
10 events. one would needs a luminosity of about 0L3 5% in order to tes: the model
A luminosity of this order is more than 2 realistic one. For 1000 Ge\ (2000 Gel' the
minimum eress section Is about 3 fb (1.2 ). Thus this model may maos: probably sested
coaoclusively at the planned e™e™ colliders.
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Resonant Single Superparticle Productions via Supersymmetric R-parity
Violation
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Abstraet

We study sngle supersymmetzic patiicie productions via the processes ¢7¢” — {5 . ),
(%.v)}. We present analytical formulas for the rross sections and study the rescnant s
neussino productien that is involved in the process We cempute the decay rate of the
charging o an R-parity even final state and discuss the branching fraction. We then deter-
mine the #vent rate and scalar neutting mass reach

1 Introduction

To date. the maia working tool for experimental sencches of supersymmetsy has been the Mini-
mal Supersymmetsic Standard Model (MSSM) [1]. which has the mizimal particle content and
couplings consistent with the known theory at low energies. However, we do not believe that
the phenomenclogy of supersymmetry chould be restricted to the MSSM. since it does not iz-
clude several important features of possible supersymmetric extensioas of the theory. The most
general SU(3).x SU(2jL x U(1)y invariant superpotential with the minimal feld content of the
supersymmetric standard model also contains the terms [2]

W = Al Ls B+ X £iQ:Dx + 20D, By (11

where L, (@) ate the left-handed lepton (quark) supecfields while £.D. ané [ are the corre-
sponding right-handed fields. The frst two operators violate lepton number, while the third
viclates barvos number. If both lepton and baryon number violating operators were present at
the szme time in the low energy Lagrangian, they would lead o unacceptably fust proton decay.
However it has been shown (3] that there exist symmetries which allow the violation of only 2
subset of these operators, leading to very rich phenomenclogy [4. 5. 6. 7]. while being consistent
with the limizs on proton decay. Siace the daryon number violating operators result in processes
with 2 strong QCD background, we consider the phenamenslogy of the lepton number violaung
interactions s the most promising. For A X 2 107% the lightest supersymmetric particie de-
cavs inside the detector, thus altering drastically the supersymmetsy search strategies. Instead
of dominantly missing energy signals the final state will contain several charged leptons.

SU(2) and ST(3) invariance indicate that there exist 45 R-parity viclating operators. 36 as-
sociated with lepton number viclation and § with baryon number viclation. [t is possidie 1o
study all thess operatorsin a single processes. For example Z° couples to 2l fermions and may
lead to single superparticle productions through any one of the operatoss. Although the signals
are very axotic [3, ¢, this process (which is suppressad due 1o its three-body phase space] was
found to be more relevant for hadron colliders (9], where the expected luminosity and available
energy is larger compared to LEP and NLC. Similarly superpacticle pair production [10] and
subsequent decay via R-parity violating eperators ! zould give us information zbout varous

'Such proceswes anse via gauge couplings and are favoured for very small R-parsity wiolating couplings.
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oerator § ve particles in the final state limits the

mass rang

For these reasons. we will here concentrale on single superparticle productions. an

MLoL Eec i = In particular we shall werk with the resonant scalar-neutrine
mroduction and the deca

which will lead to multilepton events. The zbove processes 42 ly invelve 2 single R;-cd< particl
in the final state and thus the mass reach <an be consideszbly larger than for MSSM processes
a1 the same machine. We do not consider the related final states involving a W= or Z° boson
[11] sinee agairn the production of two massive states limite the mass range that we can probe.
The chatgine anc neutraline will decay 10 an R-parity even final state involving severw: charged
leptons

fa)

(3]

These signals should be clearly visible a1 an s”e”-collider provided the cross-section is suffi-
ciently large. The cross section depends on hew large the ynknown coupling A will be. All the

information that we have about that coupling is the inequality 3]

. < (0,04, 0.0 jomes, 6}

A= =
o 100 Gel

Iz our anayvais we shall assume that b LSP and thet only one operator LL, E is dominzat.
Na Grst determine the production cross sections. Thea we discuss the chargino decays and thels
pranching fractions®. We finish by determining the event rates.

2  Production Cross Sections

In this section we calculate the square amplitude. as well as the differential and total cross
section for single chargine and neutraiino productions at slectron-pesitron colliders.

e cnarging production

Ignoring contributions 1o the vertices of the MSSM from mass terms. we have 1wo chaznels
present (s and t) for chargine production. For the s-channel diagram we need 1o take inte
account the contribution due to the partial width for the decay of the scalar neutsino, T, There
are two contributions 1o this width. [y Z f = efand Ta =& — k. xT6 . These are given
in 5] to be

(7}

In the above formulas. A, is the R-parity vielating Yulawa coupling. C' = (V1 * for chargine-
plus-charged-lepton modes and " = | NalF 2 cos® By Tor neutralino-plus-nevtring modes. Vi
ind N, are the relevani matrix slements in the mixing matrx for charginos and neutralinos
respectively.

e meetralno decays have been discussed elsewhers [7].

da
(5]
o



For this process the square amplitude for the production of the lighter chargino is oven by

|8
wlere
C,. = gis— '7:;:' Ce=1 _‘—-:':::-=.\
Ol = S i =t m i) = =T (@
Cp = sis=miz f Miz}— wlu—mgs |

Heres. fand u are the Mundelstam variadles and a factor 1/4 has been included due to averaging
aver the spins of the incoming particles. Near the sneutring resonance, the s-channel contribution
¢ dominant one. however. in the general case away from the rescnance the contributions
from the other channe] is significant.

W

The wnalytic expression for this cross saction is:

e AT

== 0 (X = X +2X4) [10)
T ket by s a!
where

Xy = :E_Jé‘:]:/'f

X o= "F--‘z"g,'.:::-_lv-

Xa = U‘i‘.""","f-'-'.\'u‘- - i

;o= ti—ui;,i‘-m..,_
e

v = laf s '

ALl

(X

aote that in expression for the cross section. we have usad the normalised masses
b

e ;= I, where 5 is the total ceater of mass energy squared)

« neutraling produciion .

Neustralino production has the same phase space as the charging production. hut now beth the
and w chanaels ate present, together with the resonaat sneutrino production of the s-charnel.
or the matrix element square we find:

b

Here the additional functions O, Cuy and C.. with respect 0 the previous process are given by

C. =
Cow =
Cow = (14
The analytic expression for the neutralino production cross section is:
2 DRX = (W = VX = 20115 = VDX, — Vel Xy (13
I S gae s T M ARy = nlgldn - BRI X) (13)

“where the only unkaown centribution comparable o the chazging production is X which comes
from the interference term between the ¢ and v channels. This is given by

Xy=

2uiphe = pd - Vv~ (plo = 3 = 1) = o
X X
r'-":'::\ —2pi-1

Here, we again use normalised masses in this final expression.

3 Decay Rates and Branching Fractions

To determine the even: rates for the multiiepton signals, we also need to know the branching
r'*aﬂior\ for the chargino and nectralino decays. Concerning the chargino decavs, we woule
@ stress that there exist two possible decay modes. The

the lightest neutrzlino

ke
st is the known cascade decay via

T =R W =i+ iR (17)
where ff' are the decay fermions of the (virtual] W-boson. However. tnere exisis an alternative
possibility: The chargino can decay directly via the operator L.L E.

f:‘ Sl LI e 1 7 1181

In this lazter case the signal is even more distinet since it involves < lontans at *he faal state {from
which 3 are in the same semi-plane) without any missing 2nergy. unlike the cascade decay which
alwaye involves neutrines at the firal state. Which of the two processes will appear, depends
on (i} The strength of the R- pn..-r- violating operator:
.‘vz decay rate for a direct decay of the chargine i
1f the mass gap betwear the two

e stroagest the eperator the larger
The relative mass of chargino-nentraline:
ates is very small, then the cascace decay is supprossed by
pnase space. Arn analvtic discussion of this aspect is given in [12], The neutraliso decay is
siraizhtiorward.

rmation. we calevlated the event rates for neutraline and chargine productions
ich '4_3'_3&-1. in Flgl-. 1 and 2. From these fgures we see that i@ s possible to cbserve s sigle
spariicle production significantly off the sneutrino resonance. For axam plo for single charging
sreduction and @ chargine mass of 400 Gel” we should be able 1o
tne range of 300 - 380 Gel',

£UTUINO mass in

oo
Hed
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Figure 1: Cross section

We have dxed the R-;
section scales with

for em¢” — vy© for three different neutraline masses. 5 = 300 Geh.
rivr violating coupling of the L, LE; operatortc Azzg = 0.01. The cross
A% g We have included a line which corresponds to 10 events at 20 fo~

yr.
Figure 2: The same as in Figure 1 for the process ¢7e” — vy" Now we have vaned the
chargino mass,
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ABSTRACT

We review here our siady of a supersymmetric left-night model (SLRM). In tae
mode] the R-parity is spontaneously troken. Phenamenciogcally novel feature of
the model is the occurrance of the doubly chasged pacticles in the Higgs sector.
which are possibly light encugh to be seen iz the next hioear collider. Detection of
the doubly charged higgsnos in the next linear collider 15 discussed

1. Introduction

The left-right svrumetric electraweak model based oz the SU(2), xSU2)rx Ul 2=
symmerry has many attractive features. In particular, in the see-saw ! mechanism it offers
 beautiful and very natural explanation for the lightness of the ordinary neutrinos. Cro
the other hand. like in the Standard Model it has a nierarchy problem in the scalar sector,
which can be solved by making the theory supersymmetric

The left-right models are especially interesting, if the experiments on sclar ? anc
atmospheric > peutrinos continue 1o show deviation from the standard model, as well as
the existence of the hot dark matter component ¥ explaining some features of the power
spectrum of density fluctuations of the Universe persists. All these results seem to indicarte
that meutrinos indeed have z smell mass.

To achieve the see-saw mechanism, the SU(2); =« SU(2)g = U{llg-r symmetry nes
o be broken by scalar triplets of SU{2). A novel feature of the model 15 that the triple:
superfields contain among others elso doubly charged particles.

2. The supersymmetric left-right medel (SLRM)

The model is described by the superpotential

W = ho&éi:'iaér.*hxaé{"?i@;

+heL£§:.—g&:g. - w;.ﬁ{'{.—; "‘.'L“,,T + .ﬁ;i":r‘.":,-:_xzfq
Fu Trlmo 1mR) + pa Te( 28],

the leptons Ly oqy. The triplet and the bidoublet Higgs superfields of SU(21; P
UllVp.,. are given by
> { A-f2 Ae \ = 02 =
-3-=L = =, 5 &= o -
. - =T A ¢ =07 fvz
- (& et (BT )
"=[ =l imp Y=l 22 e | 12
Ler o3/ \ X2 Xz
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where the different fields transiorm as A~(1.3.-2L6~ (L Z%."I‘ o~ (2,20 :
i~ 12,2.0) Corresponding to sach scalas multiples with non-zere ([ 1] quantum number,
oo has to include apother melnuple: with an opposite L'i1} quastum cumber o order to
avoid chiral anomalies for the fermiomic superpartaers. Alsc another bidouble: Higgs
superfield s added 1o get 2 nontrivial Hobayaski-Maskawa matrix

We find 2 region in the parameter space for which the scalar fields in the mumimum
have the following vacuum expectation values %

L.
E

AN =g, = (0] = wn

v if

R e
it =g i3}

Applying the minimization conditions AV /8ry = OV Orp = GV vy = BV /B = _8"."663:
[ one cap fiad the scalar masses. In the minimum the mass® of all the scalars in toe Higes
sector must be positive. This requirement has fundamental consequences for the R-parity,
R = (=1)%8-11=25  The R-parity is automatically conserved in Lagrangian in this tvpe
of models 5. bus necessarily at least one of the (7} #0775

However, if a right-snentrino has vev. it is found that ranges of paramsters exist, where
all the squares of the Higgs masses are positive. Furthermore. one of the doubly charged
Higgses turns out te be lighter than 300 GaV for hs < 0.3 . The majority of the scalars
are nezvier than 1 Tel,

3. Testing SLRM at NLC

Ancther particle of interest in the Higgs sector is the supersymmetnic coutterpan of
the doubly charged Higgs. This particle is very suitable for experimental search for many
cegsons. It is doubly charged, which means that it does not mix with other particles.
Consequently its mass is given by 3 single parameter, the susy Higgs mixing parameter
2

The next generation linear eiectron colliders will. besides the usual e™¢™~ zeacticns, be
able to work alse iz ¢”¢™. €™~ acd v+ modes. The bigh energy photon beams can be
cbtained by back-scattering an intensive laser beam on high energy electrons. The doubly
charged higgsinos can be produced in any of these operation modes *

e — ATTA {43
eTe” — ATR8 (3)
ye© — [FATT (5)
= A7 AT {7)

We have chosen these reactions for investigation becanse they all have aclean experimental
signature a few hard leptons and missing energy Furthermore, they all have very small
background from other processes

Ia large regicos of the parameter space, the kinematically favoured decay made of the
triplet higgsino is &7 — 77 Which of the slepton decay modes is dominzat. depends
on kinemnatics. but one possibility is the decay to a lepten and the hghtest ceutraline:

[ — (3% The expenmental signature of the doubly charged higgsine could be then
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Fig. 1. Toral cross section as a function of the biggsine mase

"IN mass Ty, and
Gy = ATTATT Inajd) the election-posicron or slectron-slectron collsion energy 15 1 TeV

where [ can be any of the £, u, and = with practically equal probabilities. We have here
ignored the effect of selectron mixing with charged Higgses due w0 the R-panity breaking.
The muxing would lengthen the lifetime of the doubly charged higgsirc and on the other
band offer new decay channels for slepton, though suppressed by the mixing angle. In Fig.
1 the total cross seetion for the process (4) is shown to be for the given parameters about
0.5 pb and quite constant up 1o the threskold. The process {3 ocours via a selectren
exchange 1o t-channel The signal for (3) is two same-sign leptons with missing energy.
It may be gi guished from the leading background process. £7e™ — §7F — ==
missing energy by usiag the fact thar (AL = 2 Yukawa couplings need not be diagonal
and consequencly the signature leptons may be of different fAavour In process (6],

background ol e™~ — &~ Z* may also be cut down by a suitable choice of fnal state leptons
The reaction (T 15 a model 1zdependent way to produce doubls sinoe

v charged hi
: oo the parameter go. For un € 300 Ge its cross secuon
Lpb (Fig 1) The oxperiments! signature is samme than in (4], le four ¢
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Fiz, 2. The angrlar distribution of the Anal stare slectron in the cascade process 7€ — FTET —
e T8 for 5 = 1 TV, My = m: = 300 GaV ie the model, in which aentralings are majnl.
&) higgsinos and b) gaugines. P. . correvponds to the case where the incoming electron has pesstye
and the incoming positrer has segative longitading polasization. and Po_ formsponds 1o tae
Opposite case.

Tke slepton pair production

eTe” = "I (s
tests also the Higgs sectar of the theom since the process i mediated ameng otkers by
the doubly charged higgsino *

Tae

selectron pair production in supersymmetric LR-mode] has a larger cross section
tazn the corresponding process in the MSSM by about en order of magnitude * This
is due to two facsors. Srstly the number of gauginos in t-channel is larger and secondly
the tnples higgsing contributios in u~channel is large. though dependent cn the unknewn
triplet higgsino coupling to the eleciron and selectron.

The u-chanrel exchange of the doubly charged higgsino oceurs oaly for a right-banded
electron and 2 lefi-handed positron (P__ polarization), whersas in & and t-channel pro-
cesses also other chirality combinations may enter. Use of polarized beams could thorefore
give us more information of the riplet higesino coarribution. For £__ polarization there
is a peak in the backward direction in the anguler distribution of the Anal state electron.
Fig. 2. Whether there is a forward pezk, depends on the neutraling content. Far gang-
ino Zominated neutralinos, the peak exists. but for higgsine dominated neutralings ir is
suppressed by the lepton Vukawa couplings,

The cross section of the pair production of smuons and staus are i general axpected 1o
be smaller than that of selectron pair production. since the neutralinos do nar contribute
On the other hand the eross seetions ase in general larger than in the case of the MSS)
Decause of the nondiagonal couplings of the triple: biggsizos

The work has been supporied by the Academy of Finland.
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’y'y—Physics at Linear Colliders

Conveners: P. Aurenche, A. Finch, M. Greco, D.J. Miller

Working group: M. Baillargeon, G. Bélanges, J. Blimlein, F. Boudjema, M. Cacdiari,
D. Choudhury, A. Corsetti, V. Del Duca, R. Engel, M. Fontannaz, LF. Ginzburg,
R.M. Godbole, J.-Ph. Guillet, G. Jikia, M. Krimer, M. Krawczyk; E. Laenen,

G. Pancheri, J. Ranft, S. Riemersma, D.J. Schulte, T. Sjéstrand, A. Vogt

1 TIntroduction

As it is well known, there aze several ways to generate photon-photon collisions at linear
eTe” colliders. Bremsstrablung and/or beamstrahlung photons radiated by the incoming
electrons will interact with a center of mass energy which is only a small fraction of
the available ete™ enmergy. These collisions are a nuisance for studies in electroweak
interactions as they reduce the available e*e™ luminosity at 2 given energy and generate
an important hadronic background. Much work is going on to reduce this component.
However it will be seen that this mechanism can be used to understand the deep structure
of the photon. On the other hand, dedicated photon linear colliders can be constructed
using backward Compton scattering of 2 beam electron on 2 laser photon, which will yield
2 photon-photon energy similar to the e™e™ energy with a high luminosity: such colliders
are invaluable for the study of multiple gauge boson couplings 2nd will also allow studies
of the hadronic structure of the photon at short distances never reached before. In this
chapter we deal, partially, with all these aspects. Bremsstrahlung 2nd/or beamstrahlung
collisions will be discussed from the point of view of its relevance for QCD studies while
for the photon linear colliders we discuss both its implications for QCD and electroweak
theories.

Compared to previous reports [1] it will be seen that considerable progress has been
achieved concerning both soft and kaxd (hadronic) physics studies: this is the result of the
Tecent LEP2 [2, 3] workshop as well as the recent experimental studies at HERA. [4]-[6].
More progress is obviously expected in the near futuere so that one should have 2 quantita-
tive description of badronic phenomena and therefore 2 good control of the “backgronnd”
to “Interesting” or new physics. Roughly spezking, malking use of proton-antiproton stud-
ies at the FERMILAB collider and photon-proton studies 2t EERA one should be able,
based on 2 loose concept of factorization, to predict reliably photon-photor physics at
high energies. LEP2 results will provide a stringent test of these ideas. Concerning clec-
troweak studies, during this workshop, radiative corrections to W. pair production have
been calculated as required for futfice precision studies and detailed signature of anoma-
lous gauge boson couplings are being proposed, which are more stringent than those in
the e¥e™ chanmel.

The report opens with Ginzburg overall perspective of the physics possibilities of
photon linear colliders: in QCD the extended kinematical range available will make it
possible to probe the so-called BFKL or Lipatov Pomeron which is now under discussion
in connection with recent Hera data. The relevence of 2 linear collider for Higgs discovery
in the range 80 GeV to 2Mz is stressed as well as its importance as a W boson factory
and corresponding precision tests. A fundamantal theoretical problem still to be solved
is‘that of gauge theories with unstable pasticles.

As 2 prerequisite to more detailed physics studies, Schulte gives a status report of the
beamsirahlung spectrum and its associated bakground at T2s1A before discussing the
possible configuration and features of a linear vy collider.

The study of the deep-inelastic structure of the photon is discussed next: the basic
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process is 7™ scattering, the virtual photon being necessarily emitted by bremsstrahlung.
The main limitations arise from the detector configuration: if no e* detector is installed
inside the shielding mask the available kinematical range is drastically reduced: @ > 10°
GeV? and = > 1072 leaving no overlap with the LEP2 results. To explore the full range of
z > 3.107° and Q@ values up to 10° GeV? it will be necessary to use ey colliders . At such
small z velues the behavior of the photon structure function may not be controlled by the
Dokshitser-Grbov-Lipatov-Altarelli-Parisi evolution eguations and it may be necessary
to resum the large In = factors: the case of the gluon distdibution is analysed below.

Turning to quasi real photon collisions mew tools have been developped and event
generators now exist (PYTHIA (7], PHOJET [8]) which take into account both soft and
hard physics and which should be adequate up to the highest possible energies available for
linear colliders. Detailed studies are going on to fine-tune these generators to all available
photon initiated collisions (TRISTAN, LEP2, HERA) and compare their predictions.
Particularly interesting aze the possibilities to elucidate the nature of the perturbative
Pomeron (semi-hard regime) in relation to repidity gap eveats: v collisions have two
avantages over hadron induced collisions: a) the variable 7y initial energy makes it possible
to factorize the parton dynamics from the effect of parton-parton luminesities; b) choosing
oxe initial photon to be virtual reduces the “underlying” event contribution which tends to
fill the rapidity gaps in hadronic reactions. In the hard perturbative regime jet production
can be used to probe the gluen content of the photon and thus complement the siructure
function studies which are essentially constraining the guark content.

Several aspects of heavy flavor production are examined both in 47 and 4™y collisions
in the next-to-leading order approximation of QCD. Inclusive rates as well as correlations
are discussed. The production rate of charm is very large. Heavy flavor production
offers the unigue feature of separating a direct “component” unambiguously predicted
in pertarbative QCD from 2 “resolved” component sensitive to the gluon content of the
photon: both component can be compared separatly to experimental data. -

Of course, a e*e™ collider is not goirg to be built only to further probe QCD at very
short distances! The main aim Is o discover the mechanism of symmetry breaking and
understand the dynamics of electro-weak gauge boson interactions. Considerable progress
has been made with the complete one-loop calculation (both real and virtual diagrams
included) of the process yy — W W= in the Standard Model. This is discussed below.

The study of anomalous W W+ couplings has witnessed important developments: tak-
ing into account the W -+ ff decay, intecference between the anomalons Wy Wy chennel
and the standard WrWr channel is possible and found to be large so that an enhanced
sensitivity to anomalous WW+y couplings is obtained. Using, furthermore, a multivariable
maximum likelihood fit a considerable improvement on the determination of the anoma-
lous couplings is possible. This requires however vy energies of the order of 800 GeV. The
study of the process vy — W*W~Z shows that WW2Z couplings can also be probed at
77 energies above 1 TeV. These results call for more detailed studies.

Finally, a case is made for 2 low energy (10 GeV) linear 77 collider in order to probe
the light Higgs sector, not presently excluded by LEP data, in the Two Higgs Doublet
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2 Key points of a physics program at photon colliders

Iy F. Ginzburg

Institute of Mathematies, Novosibirsk. Russia

2.1 Basic points

Most of future e*e~ linear colliders (LC) will be simultaneously photon colliders (PLC),
z.e. ey or y colliders [1]. Modern studies show that one can expect the following features
for PLC! (below we use the notation: E — initial electron energy, E, - photon energy,
Ey or Bey = can. energy of the photon=-photon or electron—photon system):

characteristic photon energy®: E, ~ 0.8E;

mean energy spread: < AE.,/E., >~ 0.1 (monockromatic variant);

polarized photons with mean helicity X = 0.95;

measurements 2t small angles limited by difficulties of design only. Therefore, it is

useful to 2dd to the wide angle detector (which will be common for all modes of

LC) a small angle detector for the PLC modes; '

e cxpected annual luminosity: £ & 10 =20 fb~ in the monockromatic variant. (It
is ~ 10% of the geometrical luminosity £,. One can make L, Mgher than the
luminosisty for the basic ete~ LC. In particelar for the TESLA project, one can
obtain £, % 10 Lsase [61.);

e in cach case, possible non-monochromatic variant with 77 luminosity~ 5times higher

with wide energy spectrum (and with almost the same high energy part of spec-

trum as in the monochromatic variant). The additional, softer photons are almost
unpolarized in this case;

® in principle, possible super-monochromatic variant with E, =0.95E; < AE /B, >~

0.015 =0.02 but with £ about 10 = 20 times less;
o the monitoring of differential luminosity is necessary.

When the PLC is based on the e~ e~ collisions, the deflection of elecirons after conver-
sion is unnecessary®. Indeed, we do not expect any specific processesin the e~ e~ collisions
(if such exotic processes exist, they should be studied without conversion). Most of the
"parasitic” processes (from e~¢~) with the production of some finzl state F are y*y* — F
and 7%y — F. The effect of these (almost zeal) virtual photons shows up entirely in the

1 The comversion region is en ey end & v collider with & small c.om. eneryy cbout 1 MeV, but with ¢
huge luminosity 10° = 10° 5™ per year. It gives the possiblity to seazch for very light particles [4, 5.

*The free electron laser with the varisble frequency seems to be useful to fix this relation at the fnitial
clectzon erergy varistion.

*For the very dense electzon beams this fact was established by Balakin (in this case these clectrons
are beat by strong dectzomagnetic field of opposite bunch).
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measured photon luminosity spectrum. These vittual photons give 2 small deviation in
the soft part of this spectrum. The highly virtual photons are accompanied by the (ob-
servable) electrons, scattered 2t large enough angle. Their flux is small. The specific ey
processes like ey — Wy, ey — eWW,--- are known in advance. They can be studied
simultanecusly with the vy processes owing to the specific signature.

Below I present only the key points of 2 physics program. I skall try not to repeat the
problems, considered in other reports here. My list of references is very incomplete.

I will call the photon collider with the c.m. energy in the Tange 80-180 GeV PLCL.
It can be the first stage of an entire linear collider project.

2.2 Hadron Physics and QCD

Hadron physics and QCD are the traditional fields for the 7Y collisions. The vy experi-
ments provide new type of collisions and with the simplest guark structure of the pointlike
initial state. The PLC will extend these studies to new regions. The results fom PLC
together with those from the Tevatron and HERA, will produce the entire set of data
zelated to a factorized (in the old Regge semse) set of processes. In this respect, HERA
gets 2 new importance of 2 bridge between PLC and Tevatron/LEC.

1) Total cross section o(yy — hadrons) and diffraction like processes in soft
region. The expected values are: o%f = Ory—hadrona ~ 0.3 pib in the SLC energy region,
and ¢* ~ 0.5 + 1 pb at By ~ 2 TeV [8]. Besides, ory = £°%°) ~ 0.1 (see [9]).
It is important to study the energy dependence of this cross section (together with the
Q* dependence — in e collisions). Its comparison with Top(0p5) 2nd 0.y will allow us
to understand the nature of the hadron cross sections growth with energy. The crucal
problem is to test the passible factorization of these cross sections (this factorization is
assumed in ref. {8]). How can we measure this crose section?

2) The semihard processes are those, for which the characteristic velue of trans-
verse momentum is small in comparison with total energy but large in comparison with
the strong interaction scale g ~ 300 MeV : s i > p°. We consider here the
diffraction. like processes, including small angle jet production with rapidity gap. These
phenomena give us information about the perturbative Pomeron and Odderon, mecha-
nisms of shadowing in pQCD, ete. In this Tegion, a new parameter appears in the pQCD
sexies, &,(pl )In(s/71) ~ o,(p? )7 or @,(Q?)in(1/z), that becomes large while s increases.
Therefore, the entire PQCD series should be taken into account, and studies here provide
opportunity to test the inner structure of pQCD in all orders. Due to the simple pointlike
nature of photons, the nontrivial resalts in pQCD could be obtained almost without model
assumptions. Unfortunately, the influence of the hadronlike component of the photon is
expected to be relatively small at large enough p; only. For example, for the diffraction
like processes it is expected to be 2t p, > 7 GeV [10].

The processes 49 — pPX, 4y — ~X, 71 — p°¢ with rapidity gap are described
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by puse Pomeron exchange. They present the best opportunity to study the Pomeron.
The processes 17 — X, vy — %4, with rapidity gap ar¢ described only by Odderon
exchange. They present 2 unique opportunity for Odderon stadies. This is in contrast
with the fact that the Pomeron and the Odderon have identical siatus in pQCD. The
cross sections of some processes, integrated over the range ofpy > 7 GeV*and with large

encugh rapidity gap, ate estimated from below as [11, 12):

0'-11_.903: 2’ 1?5, Ty =X 2 0.21:?:, U“r"f——-ar"z ">“ 0.4?6

The first two quaxtities should be multiplied by the growing BFKL factor (see[13, 14]).
Where is the corresponding boundary for the jet production with 2 rapidity gap? Where
are the real bounds for the description of s/p% dependence with perturbative Pomeron
or Odderon (both from below in Py and from above in s/p1 )7

2.3 Higgs Boson (Higgs) Physics

1) The discovery of the Higgs. The PLCL seems 4o be the best machine for the
&iscovery of Higgs with mass in the 80-180 GeV interval [15)- The process vy = H—bb
with QED backgrowand vy — b was considered in [16, 17, 18]. n the monochromatic
variant of PLC with zero total initial photon peir helicity, one can observe Higgs with
mass 80 < Mg < 140 GeV, based on = total uminosity about 3.

The mass interval 140 GeV < Mg < 2Mz is difficalt for the Figgs discovery. The
decay H — WW dominates here, but the WW production cross section via Higgs is
less than that without this intermediate state. It was noted in zef. [19], that the total
width of such a Higgs will be bigh enough to resolve details of WW spectrum withie this
width nterval. Besides, the amplitnde of the 41 — H — WW process is complex with
a phase which vesies rapidly: Mx Ty — H)s— ME +ilgMg)"'T(H — WW).
Therefore, the interference of this amplitnde with that for the QED process 17 — Wrw-
is Wigh. Ref. {19] shows the spectaculer curves for 180 GeV < Mz < 400 GeV®. Special
simulation work is necessary to understand, what Tequirements axe imposed on either

PLC (monoch:omatiza.tion degzee) or detector (accuracy of W decay products momenta '

measurements), to sec the Higgs in the widest mass interval.

2) At the PLC only, one ¢an measure the Higgs two photon width. This width is
the counter for SM particles heavier than Higgs-

3) The investigation of the Higgs coupling with the matter is necessary to obtain

whether the observed paticle is actually a Higgs of the Stendard Model (SM) or something
else.

I Mz < 150 GeV, one could try to study the Higgs decay into 77 or c& with SM

branching ratios ~ 0.06 or 0.04 (c£(18]). These opportunities need for new work on
stmulation.

47t corzesponds to the production angle 2bove 70-100 mxad at PLCI.
5The amplitude of this interference is higher at lower s, since W’s fom Higgs decay arc mainly
longitudinal and the fraction of longitudinal W’s fom 1y — W+ W~ process decteases with s.

If Mg > 2Mz ,one can compaze Hggs coupling with 7 and W (by compazison of Higgs
production via reactionyy — H = ZZ and via interference in ¥y — W+W = reaction).

I Mg ~ 2M,, the interference between the QED process 17 — tf and resonant one
44 — H — tt can be used to see the value of the Higgs coupling with the t-quark {20].

3) The anomalous interactions of Higgs. The SM Higes with M > 500 GeV will
be invisible in 7 collision- Therefore, any Higgs signal at 2 PLC in this region manifests
the existence of either some heavier SM pazticles or nonstandard interactions of Higes,
having the scale about 2 few TeV [21, 36]. :

2.4 Gauge boson physics

The sketch of the main processes with W and Z production at PLC within the SM
is given in refs. (22, 23]. The scale of these phenomena at PLC is the cross section of
the ~y — WHW~ process at high enough energies ow = 8xc? | M, = 81 pb. Besides,
o this limit we have Coymwy = OW f'Ss'm: Ow == 43 pb. These very processes determines
PLC as W factory with 10° = 107 W’s per year.

The processes &7 — Wy and vy — WHW™ with their dependence on helicities of pho-
ton ), and electron A, were comsidered in ref. [24]. The angular distxribution of pro-
duced W’s for both processes is more favorable for W recording than that in process
ete— — WHW~. The ey <xoss sections at Eo < 200 GeV and the vy cross sections
at By < 300-GeV vaxy strongly with 2 vaziation of photon helicities. This polarization
dependence disappears at higher energies.

Besides, the process &7 — Wy is switched on or of entirely with vexiation of electron
helicity (Tey—wr = (1~ 22, )(¢ + A,7))- This meaas, +hat this process is very seusitive to
2n admixture of Tight-handed currents in W coupling with matter. O the other hand,
this process can be wsed for testing initial electrons polazizations. '

TWhen the energy increases, the cross sections of 2 aumber of higher—ozder processes
becomme large enough. The catalogue of such processes of third order in the SM is given in
ref. [25]. Among the processes of highest interest is the process &7 = eW+W ™ with high
cross section (25 pbat +/5 ~ 2 TeV). The difference of cross sections with opposite electron
helicities {~ 5 pb) Is proportional to the amplitude of the Y2 — WW subprocess (axial
current contribution). Besides, 2 Jazge enough frection of cross section with unpolarized
lectrons occurs in the region of electron transverse momenta 50-150 GeV, which is very
sensitive to the yZWW interaction [26].

In the processes with four gauge bosons in the final state (4-th order processes) we
can see subprocesses With heavy gauge boson scattering. The SM cross sections for the
processes 7Y — WWWW and vy — WWZZ axe ~ 0.3 ~ 0.1 pb (27]. The cross
section of the process &y —* eWWZ is of the same order of wlue: (af7)?la(s/mZ) -
102 (s /4D YTsmw W= ‘

Some process of fifth and sixth order will be observable at high encugh energies, for
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example, ey — ete” eWW, ev — ete” vWZ, 4y — ete™ ppWW, ete.
Problems in the gauge boson physics

1) The incorporation of the W width and the problem of quantization. To
describe gauge bosen production with real final states of the W decay, one should use the
W propagator near its physical pole. To avoid divergence, it is necessary ¢ insert in this
propagator the W widtk Iy, for example, (8* — M3, — ie)™ = (k* — Mg, — iMTw)".
This simple change viclates gauge invariance [28] and waitarity. It results in inaccuracy
~ (1+3)T/M. The more likely recipes should climinate the above violations. However,
this requirement gives no unambiguous recipe. One can expect that the ambiguity of the
result when using the different recipes, both wnitary and gange inveriant, without genuine
theory will be ~ aI'/M (~ 107 or larger), i.e. the accuracy of such recipes seems to be
defictent for the description of the data. Therefore, the well-krown fundamental problem
of quantum feld theory becomes of practical importance here (see c.g. [29]):

It is necessary o construct ¢ genuine theory of unsiable gauge bosons.

2) The underlying interactions could manifest itself as the deviations from the SM
in some anomalous interactions of gauge bosons. These 2nomalies 2re deseribed
by effective Lagrangians. The stendard approach is to consider here operators of lower
dimension - 4 and 6 (e.g. an anomalous magnetic moment, quadraple moment, etc.).
These effects increase with enezgy, the larger energy is the better for their detection.
Some zesults have been obtained for the e*e~500 LC (including PLC) [31, 32].

Usually the joined effect of all these anomalies is studied for some small set of processes
(efe™ — WW,...). The different processes (and different kinematical regions for one
process) are sensitive in different manver to various possible anomalous gaunge boson
interactions. The PLC with their large set of observable processes provide opportunity
to study verious amomalies aimost scparately in the different processes. Special work is
necessary to present detail program in this field.

3) One can measure the elements of the Cabibbo—Kobayashi—-Maskawa mixing
matrix on the mass shell of W. Their comparison with those obtained in the past and

present experiments (far from W mass shell) can give an idea about their dependence on
W boson virtuality.

4) The possibility of strong interactions in the Higgs sector seems o be a very
probable ome at /5 2 1 TeV. It could manifest itself at PLC as some resonances in
the gauge boson systems, unusual energy dependence, multiple W production, etc. Its
first signals could be obtained in the production of longitudinal W’s and Z's. (For more
details, see 2 number of papers, e.g., [33]). The SM cross section v = Z;Zy is small
[34]. However, experience in pion physics permits us to expect here large effects due to
some heavy states (like w in the #-channel for vy — 7).

At laxge enough energies, one can expect to see the strong interaction of transverse
W’s driven by the strong Higgs self-interaction. Where does this energy region begin?
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2.5 New Physics

Two opportuxities are considered, when we speak about New Physics effects — the dis-
covery of new particles and new nonstandard interactions of known particles.

PLC provide the best place to discover many new particles — in comparison with
other colliders, having sixnilar energy. The reasonms for this statement are (see in more
detail ref. (35]):

1) The signal to background ratio at PLC is often much better than that at hadron
colliders.

2) The photons are "democzatic” respective to all charged particles. Therefore, the
analyses of new particles production have no additional ambiguities due to production
mechanism at PLC (which exists in collisions with hadrons).

3) The (electrodynamic) cross sections of charged particles production at 4 PLC are
larger than those at eTe™ LC. Even if PLC luminosity is 5 times less than that for basic
e*e” LC (standard monochromatic variant), the number of produced pairs at e*e™ collider
is'no more than that at v collider. Besides, this production in vy collision decreases with
energy slower than that in e™e™ collision. Therefore, one can stady new particles relatively
far from threshold with a good enough rate. In this region, the decay products of these
particles overlapp weakly, and their detafled study becomes more feasible.

4) The -~y collisions often produce pairs of identical particles with identical decays
(e-g., 77 — Efz). This makes easier the analysis of events with missing 2, .

5) In comirast with hadrons, 2 photon is pointlike, its quark content is well known.
The entire photon energy is used to see the small distance phenomena of intezest.

6) In some cases e collisions are prefexable (for example, zeactions ey = e, ey —
Wz, ey — &) ' ‘

On the contraxy, gauge invadance strongly constrains interactions of matter with pho-
tons. Therefore, the effects of some new interactions are suppressed here. On the other
band, it means that the originof observed effects would be separated casily.
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3 - spectra and backgrounds in Tesla

D. J. Schulte

DESY. Hemburg, Germany

Photon-photon physics can be studied 1z a linear dectzon-peositron collider b¥ the use
of the vistual photons accompanying the benm pasticles as is done in storage fngs. In the
tinear collider case the beam will be lost after the interaction anyway, o one <& think of
producing reel photons from the beam particles and thus achieve a hasder photon-photon
specrrum. 1o addition. some of the major background sources in the electron-positron
collider are due to two PROLOD Processes. These efects are increased by the production
of real photons during the crossing of the bunches. While the above processes have deen
ciudied in some detail, for TZSLA the investigation of the possibility of achieving high
centee of mass energy photos-photon collisions has just started. In the following some
preliminary estimates will be presented zhout the luminesizy and backgrounds. For a
detailed review of many relevant processes I referto (1.

3.1 Beamstrahlung

A+ the interaction point of 22 electzon-positron lnear collider two sources of photens
exict. The electrons and positrons are accompanied by virtual photons. I the leading
logarithmic approxdmarion. this bremsstrahlung specirum (of quesi real photons) is given
by

. al=(1-z¥ @1 -z)

n.{z. Q)= 5= In =——=—3

27 z =*m?

with the fine structure constant <. the electron mass m and the G* scale defined by the
process. The photon has 2 fraction z of the electrons energy.

Diue to their high charge and small dimensions the bunches will produce strong electro-
magnetic felds. A particie traveling through the oncoming bunch of oppositely charged
particles will therefore be accelerated towards the beam axis. If the fields are strong
cnough. the transverse bunch size will thus decrease which leads to an effective luminos-
ity L that is larger than the geometric Ly by the luminosity enhancement factor Hr.

L - H:;Lc.= ED

4-
=T

Here o7, are the trunsverse buneh dismension, V is the number of particles per buach. Ny
:he number of bunches per train and f. the repetition frequency with which trains are
uccelerated.

The bending of 1he trxjectories Will also cause the beam particles to emit photons. the
Seamstraklung. This is compazable to the synchrotron radiation well known in circular
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Figure 1: Comparison of haif the beamstrahlung spectrum and the Lo~ spectrum from the
simulation aad the fit.

accelerators. The wverage photon ensrgy of the beamstzahlung will be of the order of
a few GeV depending on the desize. The beamstrahluag will cause & tail in the ¢"¢™-
luminesity spectrum towesds low enmerpies that can be compared to the effect of initial
state radiation. To suppress beametsahlung fat beams ate used. The average relative
loss of energy ¢ is roughly proportienal to Yo, with T = 5Nria (fa(e] = o] )7:). 1B
beamstrailung parameters 7, is the classical electron radivs. The minimal bunch keight
and the bunch length o, are related via 0 & - with the vertical emittance ¢,. This
leads e

Ll g
=3
u
-

a
.

where FPu- is the totzl powers consumption of the acceleralsr and 7 the efficiency of
turning this power izio beam power. The pinch enhancement factor varies only slowly
with the parameters so it can be taken s constant., The beamstrabluag will thus limit the
achievable luminosity. [t will in addition increase the background due o photon-photon
interactions.

Since analytic caleulation of the pinch cffect is very dificalt if met impossible, cne
has to simulate it. A program that also simulates the background precesses 1z GUINEA-
Pig 2. It was used for all following calculations.

The current TESLA parametlers 3

oo

f=25%. Hp=16and L=6

The heamstrahlung contributes mainly to the medinm energy photon spectrum around

e
o
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A few Gel”. Since for small energies it shows a 2073 behaviour. 3t is small compared
o the virtaal photon cpecizum while a1 high energies it is exponentially suppressed. In
3! an approximate formuia for the beamstrehlung spectrum based on simulation results
was dezived. Figure | shows the agreement betwesn this formula azd the simulation in
the case of TESLA.

3.2 Background

=

.2.1 Pair Production

Two sources of pair production exist. Ia the coherent process a2 photon turns into ag
clectron-positron pair in a strong external field. This source ic exponentially suppressed
for small beamstrahlung parameters. lts contribution to the total number and enerpy of
the pairs can be neglected in the case of TEsLA.

Ta this process the real photons from beamstraliung contribute as well as the virtgal
photons from the beam particles. Averaging over the polarizations in the initial state and
summing over the polarizations in the final state the cross section is given by

2 ‘ 2 & & / 2
u—m) ‘[ ™ m ( m
S -3 ~ — ] g | —= =
5t L-.::—m- t —m? |t —m? u-m-)

In the incoberent process the pair is produced in 2 two photon collision: ~= — e™e~.

o, ]' Y AR
=T, m r < LEa
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i
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where 5.7 and u are the Mandelstam vasiables.

The produced particles are defiected by the fields of the beams. Afier the interaction
most of them have either a small angle with respect 1o the beam axis or a smell transverse
momentum. With the help of an external solenoidal feld they can thus be trapped in
cozicel mesks with small opening angles. A small aumber will have a large transverse
momentum and 2 relatively large angle from the production. These czn hit the detectors,
=specially the vertex detector.

3.2.2 Hadrons and Minijets

Tae two pheton collisions will jead 1o the production of hadrons. The dependence of
ibe hadrenic cross section om the centre of mass energy of the photons is not known. A
reasenzble assumption may be to seale the two hadren total cross sections dewn. The
1wo photon eross section can then be expressed as oyn = ¢yp Tp/opp. This assumption

leads 1o 4
[ R s s ~gar
vy = 2W0nb (1 <6310 ° = - 1A —— |
| G=1” Gel'™* ]

The dvnamics of photon-photon collisions both i the soft and hard regime (e.g. et
duction! = discussed in more detaile below 31, Here. our re:

1ts are based on cal

1
O
L

culations 1n the leading logarithmic approximation using the Drees and Grassie (DG
parametnzation of the photon structure funciion.

3.2.3 Results

The total number of background electrons and positrons produced per bunch erossing is
Novo- = 10 10° with a total energy of E,-.- = 1.5-10°GeV. The number of hadronic
events with a cenire of mass energy of more than 5Gel’ expected is Vg = 0.16. The
number of minijets with a transverse momentum P >32GeV/cis Ny r = 0.4-10°2 using
the DG-parametsization. During the time of about T00Rs between two bunch crossings
within a train, most of the detectors could be read out.

3.3 Photon-Photon Collider: Basic Idea

The virtua! photon spectra provide high centre of mass energy photon-photor collisions
with cnly a limited luminesity. If one is for example interested oaly in two photen
events with 60% of the nominal centre of muss energy one will have L., = 3 10-4L,
The beamstrahlung does not improve this. In the case of TESLA the additional photon-
photon luminosity is smaller by additional six ordes of magnitude. A methed to achieve
harder photon spectra is the use of backward Compton scattering. In this method two
electron beams are focussed s for clectron-positron collision. At some distance ¢ from
the interaction point in the conversion region one lets the electrons collide with 2 very
dense laser beam. The backseattered hard photons will move in dizection of the incident
electzon and thus provide the requized photon-photon luminosity in the interaction point.

To prevent the electron beams, afler comversion. from contributing to the luminosity
in the interaction point, one could use 2 small dipole magnet that gives them an angular
kick. It could also be possible to use a plasma lens afier the conversion that will oves
focus the beam. It will then be very dilute &t the interaction point. Another methed is
simply to let the beams collide. Since hoth bunches consisi of rlectrons they will deflect
eech other thus naturally decreasing the luminosity.

3.4 Compton Scattering

The differential cross section for Compton seattering is @iver br

der = ]
- ¥odrll—7) = 24Pzl ~2r)(2 -y 141
dz
where z(me” ?, related to the squaze of the c=cire of mass energy (z(me®1® = s — m?)

is 2{me ) = thay By cos™( 21 with Fug the energy of the laser photon and £, that of
the electron. The crossing angle betwesn electran and laser beam i foo B¢ = hw the

energy of the backseattered photon and r = v 1202 — 1) is introduced for ronvenietce.
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The helisity of the electron is A and the selasization of the photon F. For AP =0 the
spectrurn is shghtly peaked at the maximal photon energy. For AP = ~1 I the peak will
become more enhanced while the high energy part of the spectrum will be suppressed
for AP = 1 Dolasization of the electron as well as the laser photon beam will thus
{vantageous and result in a laminosity spectrum with a higher peak o the maximal
centee of mass energy. Lhe polarizaiion of the hard part of the backscattered photon

be &

The maximal energs of the backscatiered photons E. depends on the clectron Eo
and laser photon energy as E, = ynE; with y = z{{z = 1. To achieve the largest
ceatre of mass energy the photon enexgy should thus be maximal. I on the other hand
Bk > 4(mé )" the hard Compton photons and the laser photens caz produce pairs via
1be incoherent process. The cross section is comparable to the Compton cross section. To
suppress the pair production one can reguire gz < 4. This leads 102 < 2(1+n "ft >~ 4.8
and in turn 1o ym = 0.83. For B = 250GV the required laser photon energy would thus

be hwy == 125V,

3.5 Conversion

The requited soft phetons can be produced with a laser. The details of the conversion
and the choice of parametess for the lases beam will depend on the technology used.

3.5.1 Thickness of the Laser Target

For ap unlimited laser power one caa assume the laser beam to be longitudinally and
ransversely uniform. The conversion can be described with the help of &z, the laser
target thickaess in number of interaction lengths. The probability that 2z clectron will at
least scatter once. the conversion efficiency. is given by k=1- expl—ky). The scartered
electrons can scatter again producing softer Compton photons. Since the cross section
is increasing for smaller centre of mass energies the produced soft tail of the photon
spectrum will increase faster than the high crergy peak. The thickness chosen for the
laser target 2as thus to be 2 compromise between required efRciency and the sharpness
of the spectrum

Iz & mose precise model the collision detween the laser beam 2nd the eleciren beam can
be described as any beam-beam collision without pinch effect. The laser beam emittance
in this case is <. = A/(47). A reasonable approach is to choose the laser buack lengtk and
it beta function 3, to be of the same order as the electron buneh length. The resulting
spot size will in the present case be much larger than the transverse dimesmsion of the
eclectzon beam, so that to the case of head on collision the target is indeed tramsverly
almost uniform. Loagitudinally, there is some ifference but the eFect on photon-photen
luminosity spectrum is D0t Very siTong.
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Figure 2: The photon-photen centre of mass speczrum for different distances p Detween the
conversion region and the interaction poiznt.

3.5.2 Monochromatization of the Spectrum
The backscattesed photons will have smull angles ¢, with respect 10 the direction of

motion of the initial electron. These angles aze of the order of me®/ Eq and depend o the
energy of the backscattered photon:

e —
 ome z-lz~-liy
5-.(2."\ = *‘—‘\
o ¥

Without this angle the photon-photon luminosity would be smply L. = Lyn?, where
n. is the average number of backscattered photons per incoming beat particle, The
leminosity would diffez shightly Tom the geometric because the transverse dirnensions of
the bunch change over its length.

The scattering angle leads to 2 dependence of the luminosity on the distance between
the interaction point and the conversion region. Since the low energy photons have larger
angles than the hard ones +he luminosity for the former will decrease faster with the dis-
<anee than for the latter. A convenient Simensionless parameter 10 descride the diszance 1s
5= dme*/( Egey). Figere 2 shows the dependence of the absolute lnminosity spectrum for
a target thickness of one conversion length and several distances. The parametess of the
collider in this case ate the ones for TESLA diseussed beiow, A perfect beam polarization
and no coptribution of the electron bunches to the luminosity was assumed,
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3.6 Luminosity and Choice of Parameters

To find a zeasenable parameter set {or the photen-photon version of TESLA it is sensible to
start from the £~ ¢ parameters. The 77 luzetnosity will be sppreximately proportional to
the geometric luminosity which should therefore be maximized. In equatior 1 the factor
NN, 7. is proportional to the beam energy which in turn is proportional 1o the tota] power
consumption of the linac. Assuming thet this value is the same as for the ="+ _aption
2ad thus fixed. the zeomerrical luminesity is proparticnal to the charge per bunch and
inversely proporticnal ta the transverse dimensions. Sinee these dimensions are given by
= 23, with ¢ the emiitance and 3 the beta function at he interaction point, one can in
Principle lower either the emitiznce or the beta-function. Sinee an ¢"e"-machine profits
from: a small vertical emittacce the same way a photos-photon collider does one should
assume this value the sume for both options. A reduction of the vertical beta function will
leac to a slightly increased luminesity but one will be Emired by the hourglass effect and
the Qide limit. The first is simply due 1o the fact thas in order 10 achieve the small spot
size the angular spread of the beata particles has to be large so that the bunch transverse
dirnensions will change significantly over its length. Dusing the collision the bunches will
therefore look Like a bourglass. The Cide effeet i due 1o the energy loss of the particles
it the final magnets that will Jead 1o focusing different from the zominal. With the help
of an additional magnet which redaces the Oide effect and shorter bunches which reduce
the bourglass effect it is possible 1o achieve a vertical bunch size of o, = 10nm 7). I the
foliowing the vertical bunch size is the same as in the clectron-positron collider. Fos the
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Figure 3: The pRaten-photen. electron-photon and electron-electron centre of masy spectrum
for the TESLA parameress ae desezibed in the rex:,

horizoatal dimension the case is completely different. The lower Bimit for o, 35 nat given by
the emittance at the <7< -machine but by tha beamstrablung. If ene peeds not care about
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Figure 4:  The angular electron distribution after the interaction point for the same case as
in the previous fizure,

this effect. o, can be reduced by 2 factor of two simply by reducing the bera function.
In zddition one can think of decreasing the homizontal emitiance, which does not help for
the e ¢ -machine and is thus ot advocated strongly there, 4 reduction of the emittanee
by a factor two seems feasible. leading 10 a horizontal Spot size of ¢, == 20 nm [8]. The
third option is to increase the bunch charge. This has the disadvantage that the blow
up of the vertical emittancs Ae, in the limac due 10 single bunch wake flelds will increase
since A, o N°. While Ae, is small iz TESLA one can nevertheless think of using this
eption but careful studies have to be done,

3.7 Results

Tae Compton scattering was simulated for the zbeve mentioned approximations for a
beam polarization of 30%. The resulting photons and electrons were trensported to the
interaction peint and vsed as 2z input for the bears-beam stmulation programme Grrve .
P16, As a first idea the following parameters were wsed: g = 1.5, k; = 1, == 200 nm,
o= am, o, = 00pm, v, = 7. 107%m, ~e, = 0.25 . 10-% . N o= 343 . 109,
Ny = 1135 and £ = 5F:. No separation of the beams was assumed. Figure 3 shows
the resulting lumizosity spectra for photon-photon. photon-electron aad eleetron-electron
scattering. The resulting photon-photon luminosity with & ceptze of mass energy of more
than 300 G2V is abont 7. =~ 1.6 10 em=36"! The total photon-pkoton luminosity

s roughly G.1 . 109 om-2g-1, Lo = L =47 10%gp-2y-1
¥ 1E

and ::r..:- = 1.3

10% em =251, The firet source of backgrounds will be the conversion region. Sinee the
dependence of maost of these backzrounds on the actyal lzvout and the laser ysed is




significant it Al not be considered here. Another very important source of backeround
may corse from the so called spent beam that is the beam behind the interaction peint.
The angular distribntion may become rather lazge, see figure 4. This also depends very
much o the lavout of the detector. Both backgrouads mentioned will need detailed study.
In the following oaly the backgrounds produced in the interzction point will be considersd.
Ther can be cxleulated using the same way as for the alectzon-positron machine.

The values found are Ny-p- = 87-10% E,- - = 3.2 10° GeV', Ng = 0.62, Naysip. >
3.2GeV, ¢) = 0.27 and Nags{p. > 10.0GeV e x 5.4 10-%
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4 Kinematical coverage for determining the photon
structure function 5,

DoJ Miller!, A, Vopt?
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la this section we briefly address the potential of a high—snergy linear collider for
measuring the photon structure funetios. Seeref. 1) for a discustion at the previous lin
calicer workzhop, We will restrict ourselves to an 27¢” centec-of mass energy 'of y/:
30 GeV respect to the electroweak part of the process. we will consider onlv the
=i one-photen-sxchange process, L. we assime that radiative corrections
and coneri b....o"c due 1o the exchange of weak bosons have been subtracted.

tiomagnes;

I+ is convenient for the foliowing discussion to recall the basic kinematics of deen-
inelastic lepron-photon scattening in «*e” collisions ia this approximation. In Fig. 3 the
se-zalled “single-tag” sitvation is shown. where the electron or the positron :s detected
at same fu, > fo. with & velo against a2 second tag anywhers in the detector covering

& <% <= — Gy The geperalization to "double-tag’ events is abvious. such events will

noever play o role at the linear collider. 8 s an essemtizl appacatus parameter for the
Tinematical coverage and event rates for structure function measurements

(&)

T J T GBS
| Ep..., =250 GeV. TESLA

0 E!

& 3

B ! 3

f‘.' fV.c(ZJ j

| 4 ) |

| wh

1E\, :

F 2

07 | |

Wasa 3

E -

, ]

3 0" g =

s = =

< E'lt:.'uc N ) & L ! :k

[} o2 04 08 0.8 1

z
Figure 5: (a) The kinematics of & single-tag inclusive ~» event. (b) The fiux functions for
¥ r-Willlams (MW bremstratiune and beamstrahlung  BS, photons at a 300 Gel
WW case the emitting electron is assemed to be anti-tagged with 4; = <0
ers are T = 0029 and £, = 300 um

Tae crossy sectioz for (uapo

lasized) inclusive lepron-pholon scattering reads 1o jowes:

order m the eleciromagnene coupling o

doie> — X e i . P o 2
- ] = ] E.{E—,l-—_f;'rF:&:'.l.._/' ~yF; 0% . 13)
doos b, %y ’ .
~tag Lo ¢ -¥

-zl 2. Q%) denote <he
probing photon and the invariant mass

the (hadronic) final staze are giver by
Q' = —¢7 = 2 i Eragl] — cos Bl Wii=(s~p7, i

and we have introduced the usual dimensicaless variables

Q;'-' E:-lg B ( Gug \
FE = = r=1= 8 —— 7
o= m T b .Eb..m cos 3 }\ ()

Expenimentally Ei, is restricted by background suppression cuts. typically a0 Jeast to
Erag > 0.5 Eypu. Hence Q° is Eimited by eq. (6) 10 Q%2 0 34:1,,‘“_ 7. which in turn
restricts the reach towerds small z via eq. (7). Moreover. the left hard side of eg. (3) i3
inen entirely dominated oy Fy. We will confine ourselves 1o the prospects for Teasuriag
this quantity in whar follows.

In order to yield the experimentally ohservable cross section. ac 2g. {3) has 1o be conva-
ivted with the fux fL (2= E./Bpens) of the incoming photons. Fi uh. we will study the
case of the standard Weizsicker-Williams | WW) spectrum (2] for the quasi-real photons
emitted by the anti-tagged electron. see ec. (22) in Section 6.1.1. This leads te 2 high-P*
tail wp 1o Fg,, = (1~ =) X 67 for the target photen virtuality P* = —p*. which has
te be carrected for in determinations of £'(z. Q). Secondly. we will consider the ease of
real-photon beamstrahiung (BS) [3] for the TESLA design of the linear collider. In this
case we take the approximate expression and parameters for the BS spectrum as gven

im Section 6.1.2, egs. (24 ~(26]. The two specira are compared in Fig. 5b. Note the very

saft energy distribution of the BS photons for this design.

.

A possible aption at a licear collider which is especially well suited for shoton structure
function measurements is the conversion of one of the electzon beams to a photon bearm by
backscattering of laser photons (BL) 4], Under suitable polarization conditions a rather
me.mc'rofnat:r photon beam, _\E = (0.1 E,, with £, = 0.8E,,... car be obtained in

. Fur our purpase a rough approximation of the actual momertum

375(

375z - 0637 for 063 < 2 <083, and fiz =

spectsut

The fact that the momeatum p of the | quasi-izeal photon is unknown in the WL snd
BS cases lmads to 2 key svstematic problem in the memsuremen: of the shoton structars
Tunctions; Wi in eq. (6} and hence = in eq. (71 canpot by determined from the on
=lectron alone, in confrast o the situation in the BL e~ mode and usual i=leciron
uetic| leplon-nuclean deep-inelastic scatterizg. Thus the meastrement has ©
hadranic final state. of which however in general only a part Wi. of the in
is seen o the celorimeters. The resultizg prob
especially severe ar high Wi, le at small-z

120t mass
lem of recomstructing Wy Trom W, is

i

da

a
&




{1 i usefnl to recall what can be maximaliy dore on Fy belore the linear vollider
oerational, i, at LEPZ [6]. Here the migimum angle of the main detect
_about 8 = 30 mr duc 10 synchrotron radiation shielding masks, Therefore o
red 1o the region QF 235 Geb I Ligematically allowing for measurements dowe to
yaout r = 7+ 107% Since here the photon rempant can be expeeted 1o be measursable 1o
sorme extend in the forward calorimetess. a snificient correlation between Wig and Wass
pocsible. allowing aa upnfolding of Fyiz. Q%1 ar small z. Current studies a1 LEP
<how 1hat there may be large gvsternatic errors at low r (ot taken mto account it Fig. 6
due 1o sacertainties in the final state fragmentatior. At high (7. the straciure function
measigrernent a1 LEP2 will run out of statistics at & jew hundmed e\, The resulting
maximal potential of LEP2 is illustrated in Fig. 6.
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Figure 6 The kinematical coverage ané maximal aceuracy of the measurement of F; at
LEP? anc at a 300 GeV linear collider, in 1he latter case assuming that electron tagging is only
passible ouiside the chielding masks a2t about 10 degroey. Sev the text below the next figere for
« discussicn of the error estimates. Note 1hal wncertainlies ip fragmentation May lead to much
urger -

smatic ervors 2t small 2.

At +he linear collider. the radiation shislding masks are expected 1o be located at about
cree. A inimal scenario is to assume that electron tagging will be posaible only

shieiding. i.c. fc = 175 mz. The maximally possible F; measurements using
the WA spectrum for this case are compared to the corresponding LEP2 expectation
in Flo. 6 [ nder these circumsiances. all one obtains are some HU00 events al “high’ =
in the previously unaccessible range Q7 > 1000 e\, Hence no overlap with the LEP2
ved. whick would allow for adjusting Lhe relative normalizations of the

] . i
Tesuuls Can beach

measasemente. 1t should be noted that, at least for the TESLA design considered here,

tg statistics, due 1o

beamstzahlung carnot very much improve the sitzation with respect

1
=1
(%11

the softness of its energy specirum shawe in Fig. b

Consequently for an Fy determunation with wige Linemnatical coverage and fugh pre-
_ slectron tagging inside the shielding is mandatory. Expected event numbers for
neasurement of Fi13.Q%), are giver in Fig 7 in binsin 7 and Q* for 8y = 20 mrad
cesulting in Q% = 0 GeV . for both the WW anc BS cases. If this can be achieved
practically. a precise measurement averlapping with LEF2 results is possible. taking aver
with Eigh statistics at Q% = 100 GeV'? where the accuracy at LEP? begins 1o degrade
Also ir this case beamstrahlung does not appreciably modify the kinematica. coverage

and expeeted accuracies, as it increases the number of events significantly only whete
statistics is already expected.
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Figure 7: The pxpected number of evenls for the detormination of Fy at & 300 Ge\" Linear
coilider if case thal electron tagging well inside the shielding is possible. In (a) the standard
anti-tag WW photon spectrum has been used & < 40 mr. zud {b) is the same for the Testa BS
case, OF is given in GeV?.

The event numbers in Fig. 7 have been calculated using the leading order [LO} GRV
trization of The photon’s parion densities [T, together with the LO ~"= — cit and
-"g — ¢¢ Bethe-Heitler charma contribetions. See Section 3.2 for 2 deailed discussion
of she latrer processes. Oaly simple cats have been applied: 00 Frag. fuas and Wi In
order to account crudely for the sdditicnal suppression due to further experimental final
ctate cuts - Wi nstead of Wpae. number of tracks etc. - the nomipnal luminosity has
been scaled down by a factor of two. The suppression of Fo iz, @F. PF) with respect @
Fo z.Q% for the high- Pzl of the WW spectrum bas also 8ot heen taken into accounl.
and F has been neglected in eq. (5).

parame

The corseeponding maximal accuracy 2nd kipematical coverage of the F} measurement
ispiaved in Fig. $ for the WW case. Here we have simply assumned that the

cestematic
prror is equal 1o the graristical one inferred from Fiz. Ta, but amounis to at least a5




n

. amavesin B T T "
L sete* J' s LC50 as J
10 E Y i b 8. =30 me o ¢ a0 !
[ " L 2 @ 1
L i a0 1 F o 0¢ 4
{ e orid ] b . ad LY
2 ¢ v \- 2 @ “ .
& 8 [ oc Qo & L
I o i o @
i ® 18 1p¢ ] | o @ D
ee B | > [ 8
| . L s - |
1 l;— oo 1L e °° ]
" o -} s 9 < . j
F of ¢ W LR °# ol
° J c®
i oot " I: 62 }
z E I
k " L ‘!t ) L L '!
19 10’ o’ w' L0 10 w0’ 10!
QF(Gev

Figure 8: The kinematical coverage and meximal accuracy of the FY measvrement using
WW photons messusement a 500 GeV linear collider. Note tha: pr-su'—a.hlx 1o unfoldizg o
F(2.@%) »il be possible at = < 0.1 The values of 2 have heen multiplied be the ..\-aﬂperdan.
number indicated in brackets,

T T T S |
i e 3
HY Number of events : :
£ Pl mg
I E,20S5E,, PRI R |
- 6, = 0.0%0mr l < | o | 36 4
a0 3 - ¥
W' E W 2Gev - —1
P | = ) M w0 | ums
o f ;
> TR 3100 -
i, lf‘:[- | -
g T . Pz
2 £ - 300 | <00 | s | o0 | oakoo
c- 4 ! | -
- ! - 14000 | oD Zm‘ln‘: 12000 mﬂl
e T ' 2
E - 500 | 10 | M0 - I % ] = J_ - E
r T
[ Bua= 280GV, La28.BL_ 1
0™ o’ T o §

Figure 3: The expecied number of events for 1he determination of F, in the backscattered-

|as
resihe

#2 €y mode of a 500 Ge\' lnear collider. 2ssuming that 2% of the e=¢™ luminesity can be
d iz this mode for 2 rather monochromatic photon heam.

Shown is the guadratic sum of these 1wa caztributions. Thae errors shows in Fig. 6 have
been obtained in the same way from corresponding even: number e Limates not given
nere. See ref. (6] for the LEP? case. With respect 10 the smal'r region in Fies, 7 and
must be noted that, ualike at LEP2. Gue 1o the higher minimum angle of the caj
L.ﬂtr-c..or weverage and the higher beam energy the bulk of (he DtO'on rempants will b
linear collider. This will presumably prohibit any unfolding of £ 1 sigaificantly
pelow r < 0.1,

Thus for reaching small r the e mode is most probably needed. Moreover, it can L
expecied to allow for significantly reduced s¥stematic errors in the regime which cap e
covered also in e~e” collisions. With respect to statisiles Fig. 9 indicates thar reaching
about 20% of the e* e~ luminasity in .,ms mode is sufficlent for 2 high-statistics meas ure-
ment over almost t.h: full range of Fig. . Due to the hasd BL photon spectrum, there
a slight shift towards higher @° and s'nalle'z

Let us summarize: if electron tagging inside the shielding masks at abour 10 Qr"g“‘es is
not feasible, then roughly 5000 events for Fy in the previcusly unexplored high-@° range
can be expected. Neither averlap with LEP? results. nor fensitivity to small-z will he

obtained. To achieve these goals. an slectron La.ggma device inside the shielding, dows
*0 about 40 mrad wosld be meeded. This would nowever still not be sufejent to get
measurements at small . due o the problem of unfolding the data ar vers high W. Ir
order to circumvent this problem, and also to reduce the main systematic erzors at high
=. the conversion to an ey collider by laser hackscattering is she ideal mode.
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Iz the small z range new dymamical effecis are expected te determine the behaviour of
ciructure functionms. The evolution of pazen deasities is effected by terms due to non
stzong ki, ordering. New terms besides those due to mass faciorization are expecied Lo
consobute, A description of these contributions requires to gencralize the factorization of
+he hadronic matrix elements into coefiicient functions and parton demsities in which the
i dependence is Dot integrated oul [1]. This factorization covers the case of collinear
frctosization in the Limit thet the k? dependence of the coefcient function is neglected.
The k, dependent gluon density accounts for the resummation of small = effects. Eere we
il consider contributions due to the Lipator equation only. Since this equation behaves
iqfraced finite no other singularities will emerge than those appearing in the case of mass
factoszation. The collinear singulacities ate delt with in the same way as in the case of
k. factorization.

The k. dependemt distribution ${z. k2.4 can finally be sepresented as the convolution
of the gluon depsity in the collinear limit g{=.2) and a fuaction Giz. &% g for which an
analvtic expression will be derived.

5.1 k. Factorization and the #_ dependent gluon distribution

The {actorization relation for an observable Oilz, p) reads

o

f A g o . . -
Oilz. ) :j dkep (2, k%, k) & &z b ul [

where &o,(z. K, 1) and $(z. & ) denote the &% dependent coefficient function and parten
density®, respectively. Eq. (8) can be rewritten as 2,9

s - -
Ouiz. ) = 65 (zp) & Clz.p) + qu ai* L&g.lz.k:.;_-} = &3 (=) Plz. k.u) (9

with &2

z, ) = limeagdolz. . u). The first term in (9] descmibes the conventional
contribution due to collinear factorization. The second term contains the new contribu-
Note that $(z, k%, ¢) starts with terms & &, Tt kas thesefore not the interpretetion

tlons

of a probability density and may even become negative.

As shown in [2 the k. dependent gluon distribution associated to eq. (2] reads i
croment space

Bk ) =1 Bolig [——) Figes Y
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whers ¢ denotes 2 factorization seale, T, = Neon ()7, and glz.z!s the gluon density.
Eq. (101 accounts for the small = behaviour due to the Lipatov equation Bere ~.0j, E

i the rigenvaiue of the homogencous equation obering
7 =1 = = ; P
o= T = X1 VelJe Oa s xly) =21} —wiy) —wl -7l |11]
=

It ¢ space the k. dependent distribution is given by 1he convolution

Gz, k.= Ciz. k. p) T alz.p) {123
correspondingly. with
131

The function Gz k. p) s waiversal and can be calculated numencally by @ contour
integral in the complex plane over +he first factor in eq. (10). Since the solution of eq. (11}
is multivaived the Mellin inversion to & space requires to select the branch in whick for
asymptotic velues of ; ¢C 7 approaches the perturbative result 105 &)~ @& (7 - 1)
for smell values of @,

We solved eq. (11} under this condition numerically using an adaptive Newton algo-
Sthen. The solution is chazacterized by +hres branch points, see |4 fora deteiled discussion
and numerical restits for the solution of eq. {11) for complex arguments.

7.2

52  An analytical solution for &i(z.&7 4

The integration contour far the Mellin transformation of @(J. K Lp)to @z Kopfor e [
has to be sitzated outside the range of the singulatities of .. One may expand v.(j. &)
into z Lanreat series over ¢

vl EmY= g™ {14)
i=1

in this range.
The coefficients g 2= given in 3] up 0 [ = 20 in apalytical form extendiag an earlier
result Bl

Teing {14) = cotresponding expansion may be performed for
k:_Cl:j.i'\!:.,'.;J= vl EJWC?CP.“’c'..?-ar\Ji' (15)
with £ = In(k* /). For the single terms of the Laurent series in p the Mellin iransform
can be carried ont analytically.
Here it is important io expand the expenential in eq. (15} in such a way that the
lowest order term in &, of 7. it kzpt in exponential form. One obtaias
G-l

pra)
=4 \

H Iﬁl

Boiztn) = —hp 2y B logl) 2L = ey (L) |

£
o
(=]



Lo (3 & dogilimd (L >0 {18

ke coefiicients 4,(L| ace gveninref. I, Upto v =20 they contain at most terms x L4,
The first. term in 2q. (16) denotes the Green's &

For I — 0716 takes the form

N s T~ @ f 1 -
Holz kg = =N 2 Ea,r— [ 1171
z ':" 4 z

and for L < (i lie k- 471 one has

2 -1/
3. P 4, T 2 &, log(l/z) "7
FG(= k) = i.?g (24 & Jog(1/21L : - a‘,(L)( ik
z T z Li
=4 .
Joor |2y Jog(l '2) L) . (18)

Thus for &* ~ 0 damped, cecillating modes are obtained which vanish faster than

ifld

= SRV y
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o = 1003 Cov'
& = 100 GV
el
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& = D.OT G

vendent glugn distmbution of the photon scoled by 1, Tops as & fune-
i 2. Full bnes: complete solution: dashed lnes: solution in DLL, For the mput
ron gzl the parametrzation 7] /LO) wes used.

uen distribution of the photen Sz, k. k) agzp (scaled by k7Y s
fuzction of z and #% for 4? = 20 GV pe erring to the parametsization
I. The complete scluticn <q. (12) is Jazger than the DL A =esult

55 18 te 15% whils for &% — staaller values are obtained.

b

At larger values of = the complete solution approackes the DLA result. For &7 —
P{z. &%, u) vagishes, Since the DLA reswlt i proportional to J,| 2.3, log(1rz) log 1k*, u®

Hiocl’
for &% — 0 a damped oscillazory behavionr is obtained in thic approximation. The
complete solution, on the other hand, behaves monolonous in the whele Krematicg
range.

Sinee the shape and size of the complete selution and the DLA solution are rahes
similar very precise measurements are required to establish the noz-DLA contributions
at small = although the correction is of fmportance numerically.
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6 Soft, semihard and hard photon-photon physics

R. Eagel®, P. Aurenche’, V. Del Duca®, M. Fontanraz®. J.Ph. Guilles®. J. Ranft®,
1. Sjastrand®

! [TP. Lewpzig, Germany T ENSLAPP-Annecy. Frence
2 nESY, Hemburg, Germany ¢ LPTHE, Orsay, France
* GAES, Senticgo de Compostellz, Spain ¢ DTP, Zund. Sweden

6.1 Photon sources at linear colliders

We give here the formulae used to geperate the vazious photon spectra in our studies of
shoten-photon collisions.

§.1.1 Bremsstrahlung

The flux of weakly viriaal photons caz be approximaied tuking into account only traus-
versely polamized photeas. Then, the e2 — 22X phosoproduction CIoss section is given
by

4
Foe

dyidPPdy.dFE

= e (yy PR) P (3. BE) ol B PR (19]

*ith

. P = o
Here, y and P? = —p denote the energy faction taken by the photon from the electzon
and the photon virtuality. M. is the electron mass. Neglecting the dependence of the 12
cross section en P° in Eq. (19]. the well known equivelent photon approximation [ilis
ohtained

. 1]
- Iy - (20}
4

5 T1+(1-3pP, P2 . {1 1
f?:ﬂ.f:y-.?‘rzga;{—i-;——!il'ln%—zm:?‘}g“'—P—r")]. {21)
- U wEman mAax

= miy? /{1 =y} as lowest photon virtuality allowed

minJan
on= gets
£i3a ] = 4 - N R b
premsi= & (L2270 W Gl )T ik 4 (221
ik 2= ¥ may* v f T

Giiven the presemt configuration of the cme~ colliders, the anti-tagging angle on the slec-
trons or positrons will be quite lacge: 8 .. = 175 mrad, o may-be fmee = 40 mrad. This
leads to lacge photon virtualities P? where the equivalent pheton approximation may
ot be relzble. This point, which hes zot been studied in detail below, cleatly deserves
further work,

&
o
Lab

6.1.2 Beamstrahlung

In case of Gaussian beams, the effective besmsirablung spectrum bas bretl estimated by
Chen =t al. 2.3 The dependence of this spectrum on the pariicle-bunch paramelets 2l

-~

be expressed by the hezmstrahlung parameter Lt

5rfEXN.

Bag,an = oM.

Here. E denotes the beam energy. N, is the pumber of electrons o positrens i = bunch.
7} end o are thc lrapsvemse bumch dimensions, and ro = 2818 10717 mm is the classical
elestron radius. [z our caleulations we approximate the beamstrahiung spectrum by [3

113
Fhenss . = —213 Ry e A
;::‘: l¥) = -EI.I.JB}T" (L—wi € N
1-w 1 3 1 =l
[f:""u; 1w — 11 —:".""’"’"]1 —-w [1 I .;'=‘~}J -‘—._ (247
L 3ly) Fu)NS 7] N froe
with : )
Hy)=1-:(1-p) -y (wvl- T3] 125)

and ko= 2037w = 1/(6y %), The average aumber of photons N, smitted per eleciron

sate.m. L .
N, = e (26)
2r W1 =T%®

-

Hers we use L = 3.8 10~° and 7. = 300um, shightly differemt from the values discussed in
4.

6.1.3 Photon emission by laser-backscattering

Depending on the polarization of the laser light. vasious photon specire caz be produced
15-7). In the following, only the case of unpolarized clectrons and uapolasized lases
-adiation is considered. If the laser frequency is chosen according to the optimal value
zo=2— B given in 7. the specirum of the phaton fux can be approximated by

544t £ 217y — 263 g+ LOE
05447+ 210y 63y 09 ©(0.825 — .

6.2 Photon-photon cross section predictions

In the following, cross section predictions of & fow models are presented. Details about
{he models used here can be found elsewhere (PYTHIA (8, 8. PEOIET {10, 11}, eikonalized
minijet model 12]]. A diseussion of some uncertainties in estimmating the inelastic cross

Iy
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section is given in the pext section (12 Al the models wre using unitarization schemes

¢ aveid the viciation of unitarity at high energies.

Sinee the total cross sectior cannot be calewlated usiag only perturbative QCD. several
mode! dependent wssumptions are decessary. The models start 1o determine the free pa-
rameters by fits 10 total. elastic and diffractive cross section of proton-prator ‘antiproton
colisions. The results of the Ats depend on the choice of the parton structure functions
and cutofls for the minijet component. Assuming Regge factorization, one proton is sub-
stituted by 2 photon keeping the couplings and pasameters belonging to the proton side
tar same as @ proton-proion collisions. This substitution intreduces rew free param-
elers corresponding to photon specific properties. These patameters are determined by
ftting the total photoproduction cross section and the €ross section on quasi-elastic g°
procuction. Unce the model parameters are fixed, photon-photon cross sections can be
predicted without introducing new arbitrary parameters. [n Fig. 11 the inelastic photon-
photon cross section sceerding to PYTEIA, PHOJET and the eikonalized minijet model is
shown together with data. Since there is listle knows shout the low-z behavionr of the

1200 data =~ ol
\ P¥TEIA — =
Minijet Modef .- -- E
1000 - PEoieT — A
./‘/'
800 + 4

Tin =
(nb)soo -  _
= [ 3
a .4 o=
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100+
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il M il i B
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Figure 11: Inelastic photan-photon cross sections calculated with the models Py7a14 8, 9]

PacIET [10, 11 ané an eikonalized minijet model 12 are compared with data, The two curves

from PECIET were calewlated using the GEV LO pheton structure Function [12] (upper curve)

and the SaS 2M photon structuse function [14] llower curve]. The two curves according to the
ritarized minijet model ire the ghest and the lowes: prediction presented in 12,

pooten structuse finction. the predictions of the models at Zigh energies depend strongly
on the parton distributions assumed for the photorn. A somewhat mere optimistic pieture
is provided by VMD scenarios, where the small-z behavious of parton distsibution: snd
hence the energy dependence of the 77 €Toss section is axpected 0 be qualitatively similar
to the observed pf ones.

w
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6.3 Photon-photon hadron production

6.5.1 General characteristics

It is expected 1hat photen-photon scaliering at high energies behaves similar to hadron-
hedron interactions. However, due to the dual nature of the peoton and its direct coupling
to quarks. some significant differences to purely hadronic reacilons are expected. Sinee
the general features of hadronic minimum hias events are well known., it is convenient 1o
cheracterize photon-photon interactions comparing to proton-proton and photon-proton
interactions. In the following some model predictions for inelastic hadron production in
proton-proton. photon-proten and pheten-photorn collisions are compared zt fixed center-
of-mass (CMS) energies /5. Iz order to compare to pp data, elastic) quasi-elastic scartes
ing (ie. 7 =9 =V =V, V = p,«w.6) was excluded in tke caleulations.

As first discussed by Schuler and Sjdstrand £, 9], the fraction of hard interactions in
minimum bias interactions rises from provon-proton collisions over photon-proton colli-
sions to photon-photon collisions (see Fig. 12.2). The reason for this is the direet photon
interaction and the fact, thar the photon structure funetion ic considerably harder than
the protos struciure function. However, these differences in the hard scattering do net
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Figure 12: (a) Comparison of the transverse momentum distribution for all charyed hadron.
preduced i protog-proton, photer-proton and pheton-photan collisions at V& = 200 GeV. The
caloulation was dene with PyTHEIA [9]. (b} Invariant form of the =p distribution for all charged
hadrons produced iz proton-proton, photen-proton and photon-pheton collisions at L3 = 200
GeV. Thr calenlation was done with paoJsT {11! for inelastic soilision.

strongly influence such average properties of the rollicon ac average multiplicities or even

verage transverse momenta. This can be seen from Table 3, where we collect some aver.
2ge quantities charucterizing nondifactive collisions. The total and charged multipiicities
at all energies are sather similar in all channels. The differences ia the multiplicities of

badrons like =~ and $ are more significant, we find them ar all energies rising from pp

s
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Table 12 Comparison of average quantities characterizing hadren production in nopdiffractive
-s and 77 colisions at CMS energies 2t 50 and 204 GeV 11 The energies are given in GeV
: yverage the transverse momenta sre given in GeVic

\
s

X

Quantity pp P | Y | PR P ™ |
3 s0 50 | 50 | 200 | 200 200
a1 2481265 269 401 | 46.2 | 4TS5 \
ne 145155 1361233 268 | 276 |
me- | 548619 653 018 1084 13146 |
n,  021]027 0.31 045 038 08T |
Fuo- 033085 040 | 035 | 0.38 & 042

| poy, | 044047057 | 047 | 053 | 0.64 |

over vp 1o oy collisions. Alse the average LTansverse momeatd rise in the same Way.

In Fig. 12.b we compere {he lopgitedinal momealnm distributions in the invamiant
forn for the three chanpels. Significant differences between the three channels are found
in the region near 2F = 1 o7 -l In pp zad ~p interactions, the single diffractive component
is characterized Dy leading protous whick are obviously missing iz v7 coliisions.

§.3.2 Jet production

Data on jet predaction in collisions of quasi-rezl photons have been ceported by several
cxperiments (& Teview is gven in [15]). Here, we pick cut for comparison the folly =¢-
ceptance corrected, jet date published by the TCPAZ and AMY Collaborations 16. 17
These date were already compared 10 leading [18] and o nexi-to-leading order QUD cal-
culations in [19]./200. In Figs. 132 and 13.b we compare PEOJET [11] resulis calcuiated
asing the GRV LO photon structure fazction [13] with the data on single jet and two
jet trapsverse momentum distributions (16, 17]. The anti-teg conditions and kinematical
cais of the expenments were applied to the PHOIET events. The jets atc searched from
“he Monte Caslo events oz hadron level using 2 cone iet Snding algorithm with the cone
radius B = 1. The cross sections for these jets, which skould approximately correspond
Lo the jets identified in the experiment azc compared to the duta. To Hlustrate the dif-
farence of these hadron jet cross sections to the cross sections treating each hard parion
{p. > 8GeV/c) as a single jet, We inciude in the Figs. also the nonfragmented Parton cross
cections. There is a systematic difference between the medel and the TOPAZ data, the
model is helow the data. It is interesting, that the caleulation of Kleinwort and Kramer
20]. which uses the same GEV photon structure functions, shows the same disagreement
to the single jet data as found usieg PEOIET in Fig. 13.a.
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Figure 13: (a) Compexisor of single jet p_ cross sections |upper Curves) and two-jut p, CTOSS
secticns |lower curves) fom [16, 17] with PEOIET (1L, results. In addition, the cross section

identifving each parton withp_ > 3 GeViewitha jet {dottes lines| are shown.

Table 2:  Average photon-nhoton energios and cToss sections for the three photon spectra
folded with the v+ cross section at two linear collider energies. The energies ase given in GeV.

Ve e- | spectzum 5., {gb) | VF..- | spectmm (V& | T (zb)
' o 00067 | 1000 Bremssi 105 C.0073
- | coas || 1000 | Beamst. | 41 | 0.026
52 | 9.47 || 1000 | B.Lasec | 308 | 0.59

an

300 | Bremsst. |

—
=

300 Beamst.
|
500 | B.Laser |

T

8.3.53 Hadron production at Tesla

Twe-photon physics at future e~¢~ Laear colliders hes been discussed by several authots,
for example see 21, 3], These studiss are mainly testricted to processes involviang large
momentum transfers, Here, we consider minimum bias distributions which may be im-
pertant o7 background estimatess unc detector design. As example, the calculations are
doge for the TESLA collider design fa2].

Using the spproximations discussed iz Sec. 6.1 we plot in Fig. 142 the photon specizz
according to the equivalent photon approxmation, the beamstrablung spectrum using
the busch pasameters 22] as given in the caption of Fig. 14 and 2 backscattered laser
spectrum. The photon virtuslity was restricted to P* < 2 GeViret. The correspending
photer-photon luminesity functions are showz in iy Fig. 14.b. For the caleulations. the
cnt 5 > 3 GeV bas been applizd. In Table 2 we give the average photon-photor
energies and the cross sections for the three processes 2t 1wo energies. From Fig. 14 and
Tuble ? we se that the heamstrahlung spectrum of the TEsLa project is the softest of
the three photon specisa, the backscatzered laser spectrum is the hardest. Of course, in

FeY
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Figure 14: (a) Photon fiuxes at a /X = 500 GeV linear collider TEStA [22], Given are the
bremsstrabiung spectrum, the beamstrablung spectrum using the bunch parameters N, = 1.8
0% g, = 98 am, o, = 6.5am end o, = (.5 mm [22], and a backscattered laser spectrum. (b
photon-photor luminosity function (normalized to the e¢ luminosisy ).

the case of a linear collider oze has to consider for background problems the superposition
of the besmsirahlung spectrum and the bremsstzahlung speetrum.

In Fig. 15.2 we plot the cross seetions #dE_/dr for the transverse energy as function
of pseudorapidity for the charged hadron production as function of pseudorapidity. It is
clealy visible, that the backscattered laser spectrum is rather hard and has the highest
weight. The beamstrablung spectrum and the bremsstrablung spectrum aze rather com-
parable. the former has the highes weight. the latter it the harder of these two. The same
diffecences between the three photon spactra are visible in the cross sections de/dp. for
chasged hadror preduction s function of the transverse momentum in Fig. 15.b for the
300 GeV TEsia collider. The »_ distributions for the bremssteahlung spectrum and the
beumstrahblung spectrum eross. At low P. the beamstrablung dominates. at kigh p. the
bremssizahlung spectrum dominztes.

6.3.4 Jet production in semihard processes

We discuss in this section the jet production, inclusive and with rapidity gaps. in the
semibard region, # p..with p_ the jet transvemse energy. In the semihard regon
a fieed-arder perturbative calculation of the jet-producsion rates may be not sufficient to
deseribe the multiple winon radiation, and may be necessary 10 resum the lasge logarithms,
In{sw /P2 ). as 3s dome in the BFKL theory '23). This predicts that the (enhancement) K.
tactor of the total parton-partorn cross section exhibits a powes
center-

interv

3= ke growth in the parton
of-rass energy vi. In the case of inclusive iwo-jet production at lazge rapidity
s A7 between the jets, we obtain An & In(£/2% ), and the growth of the K-factor

with § ebeve mentioned may be read out as the growth of the two-jet K-fuctor witk Ap
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Figure 15: (a; Cross section weighted transverse energy distributions #dZ_/ dn measused in
#b GeV ar the 5 = 500 and 1000 GeV TEsLa linear colliders [22). Given are the distribuzions
for the bremssizahlung photen spectrum, the beamstrahlung spectrum and a backscattered
taser spectrum. (b) Transverse momentum cross sections do /dp_ at the /¥ = 500 GeV Tesca
linear collider (221, Given are the distributions for the bremsstraklung photon spectrum. the
beamstrablung spectrium and a backscatterad laser spectrum [11].

24, Sinee § = zuz28, with )2 the momentum Factions of the incoming partons and /3
the hadron center-of-mass energy, An may be incressed either by increasing the z's or by
increasing s: the former is feasible in a fixed-energy collider, fike the Tevatron. but it is
a0t desirable because it introduces a damping in the cross section due to the falling parton
luminosity. as = — 1 [25; the Intter is the optimal setting because by fixing the partoa
densities (up to 2 residual but mild variation due to 7.) it looks mainly at the parten
dynamics. but it requires a varizble-energy collider. Az =~e~ Lnear collider werks ke
& variable-energy hadron collider if we consider the bremsstrahlung and beamsrahlung
spectre for quasi-real photons and ramp the photon-photon center-of-mass energy s =
5= up. at fized paston momentum fractions z y within the photons. For axample,
for 2 1000 GeV TESLa collider let us consider a brems beamsirahlung spectrum with
photon momentum fractions 0.05 < ¥, = 3 < (.3 and the production of two jets a
= 0.2, This entails that 10 < 3 < 100 GeV. and for iet transverse
5 GeV.that 1.4 € Ap < §.

il = 2

momentx p_

IV v

Analogously. we can treat two-jet production with large rapidity gap Av,,, in badron
production between the jets, with Ay, = An—28 avd An the rapidity interval betw
she jet centers and K the jet-cone size. The absence of ginon radiation between the jets
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ey be modeled as due to ‘he exchange of a colorless object. with momenturm transfer
.~ _° . The probability that this 1 due to one-gluen exchangs falls exponentially witd

LR

_while the probability of 1t being due 10 two-gluen exchange in a colorless combipation.
.. 1o & perturbative pOmETon. i in » first approximation independent of Ag 26, 27
 Howaves, if the colliding particies aze hadrons. or hadron-like, the additional soft
‘nterzotions between the spectalor DAILORS WAF &l in the gap with soft hadrons 261
way of aveiding il is 0 tequire that at least one of the colliding particles is peint-

.. mamely in = coliisions that one of the photons is off shell. Thus we consider two-jet

production 32977 TIS events. with one jet in the curreat fragmentation region. the current
jez, and the other close 0 the ~ fragmentation region. the forward jer. To minimize
ihe vacation of the partorn densities we require a5 in 1he jnclusive case that the parton
momentum fraction z 'y within tke shoton ~ it fined 728, However we may ramp the
off-shell-photon  parton center-of-mass energy fo-p up even at Gxed 7-beam energies bF
decreasing zp.. since 3 = 1032,/ Q%) = In(zivEsy ). 12 order 1o maximize the energy we
may run the ~ beam in the backscastered laser mode, whick entails that s = 8107 GeV=.
Thus for an electron scattered at & 12.6 mrad we have Q7 = 40 Gel'%, and for 2 Tealistic
slectron energy loss g = 0.25 == find m, = 2-107% Sofors

'y = 0.2, we obtain An = 6.9,
which for a jet-cone size B = 1 vields gaps of size A = 5, which is abeut the size

required to make this siady relevant 28}

The sindy of the perturbative Pomeron can also be done using the quasidifiractive
channels of 1ype
vy — M M. =M=+ X (28!

in the semihard regicn

s p =Py, t=(p~ —PM"- g = 03GeV. | 28)

&

Hete M is a veczor (V' = P 0,8, ot pseudovector (P = =%n.7, or tensor (T =
3z. f2, ) neutral meson 45d X is a hadron sysiern with not too lazge inveriant raass
M3 < 1. Such processes are discussed ir @ number of papers '30. 31. 32, The same
enbancemest K-fuctor as discussed above nolds lso for these processes Wiich may lead
to o lazge production rate elready at LEP? [33]. These processes cestainly deserve further
investigations 21 the Linear colliders.

£.2.5 Jet production in hard processes

We turn new to inclusive jet production, without rapidity gaps, a1 large cnough transverse
‘qomenta so that the usual pertusbative QCD framework applies. Precision phenomenol-
gy tequires next-te-leading order (NLO) calculations [1e',720°. Jet production studies
are well known to complement the deep-inelastic structure function studies (see sec. 3
25 they aze sensitive to the gluon content of the photon which 1s peorly constrained the
struciure function data.

In the following we discuss jet production in a ¢7¢” collider at 500 GeV aznd. for the

purpose of the discussion, we consider only bremsstrahlang-bremsstrakiung wnd heamstrahlung-

FS
b e
e

beamstrablung collisions. o the former case. the spectrum eq. (22} s used with the con-
seraints y < .5 and Quax = 173 mrad (no detector inside the shiclding mesk is assumed ).
As indicated in Fig. 15.b. 12e bremssirailung process dominates et large transverse mo-
mentum: we find that it is an oxder of magnitude lazger than the besmstrahlung induced
one ut pr = 30 GeVie Also 1o be noted is the high rate of jet production: for an inte-
srated luminosity of 20 b we expect about 100 events ‘GeVicat B =53 GVicin
the pseudo-rapidity intervel —,5 < 5< .5. The rapidity distribution of jets with pr > 13
GeV i is shows in Fig. 16.a: the bremsstrablung photons being much hasder than the
Seamstrablung omes (see Fig. 14) the jet rapidity Sistribution extends over a much wider
Gomain ia tie former case. The various components of the cross section are displayed in

P e
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Figure 16: (a) Jet psendo-rapidity &srribution for pr > 15 GeVie bremsstrahlung-
bresmssirahlung seattering (solid linej aad beamstraklung- beamstrahlung scattering (dashed
linet, (b Details of the preudo-rapidity dist=ibution: fall cross section ( solid line), direct term
| dashed line), one-resolved {dotzed line) and rwo-resclved | dash-dotted live)

Fig. 16.b: all compoznents are rougly similar in size with the “direct” one {both photons
couple directly to the hard sub-proeess| being the lazgest and the cne-resclved one (one
photon interacts via its quark or gluon content) being the smallest. Such a hierazchy be-
tween the various pieces depend crucially oa the shape of the incorming photon specirum:
ipdeed. in the beamstrahlung process. the double-resolved comporent becomes consider-
ably suppressed (one order of magnitude smaller) compazed to the dominant direct one.
This is explained by the rapidly falling parton-pasion luminesity for beamstrenlung scat-
tering. I reference to the photon structure let us mention that, even at high ecergies.
:he pou-perturbative [sometimes called the VDM or badronic) component plars a non
negligible ole. Fas example. for a jet pr value of 10 GeV/c (carresponding to & hazd
| scalel®= 100 GeVT) one can estimate the VDM component in the photon to stll account
for about 25% of the cross section: although the non-perturbative component is, a prior,
not expected to be so important al large scales, the reason fer this is the fact that the
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vilues probed in this process are rather small, and, the smalier the = value is. s G
is the hadronic component [see sec. 4).
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< above iz based on i'a.d.ing-ordcr (LOY ecaleulations. The NLO corrections.
im0t play an important role. For imstance studying. at fixed pr = 15 GeV /e
Le cross section Cependence us 2 function of the apening “angle™ R of the jet
arbitrary scales sel equal to pr). in pb/GaV /e, do dpr dn = 1.00, 1.13 and
<, .7 and 1. respectively to be compared to do dpr 'dn = 1.08 (obviousiy
E) in the LO approximation. From the theoresical point-of-view, the main
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- Eikonalized mini-jet cross-Sections

A. Corsetti*, RM. Codbaole®, G. Pancher’

‘e Lo Seprenza, Rome Tialy * 0TS, fiS. Bangelors, India

In this note we Wish 10 253€s$ 1he validity and uncertainties of the eikonalized mini-jel
model In predicting & and fusther 1o ascertain whether measurements at LEP-200 and
EERA can constrain Various pazameters of the model. In its simplest jormulation. the

eikonalized mini-jet cIoss-sechion is given by

inel [ o (b L
ginet = phet [ £EL = 270 (30)

whese the average number of collisions at a given impact parametes & is obtained from
s v , 1 fr -
n(b.s) = An(bliosy + Trege ! (31)

with An(B) ke normalized transverse overiap of the partons in the 1wo projectiles and
phed g give the probability that both coliding particies 2. b be in = hadrenic state. a:‘-:,'l :
i¢ the non-persurbative part of the cooss-section from which the factor of P has already
beer factored cut znd 77 is the hard patt of the cross-section. The zise i ol drives
the mse of 025" with energy (1], We have 2lso assumed the factorization property
Phad = I *.-1.’f phas = _P.-\-cd\.‘.‘_
i o i (F2)

The predictioss of the skonalised mini-jet model {2, for photon induced processes (3]
depend on 1) the assumption of one or mor= eikonals. 2) the hazd jet cross-section ooy =
Lo £2dp} which in turm depends on the minimum p. above which one can expect
perturbative QCD to hold, ¥iZ. Pimin: and the parton densities in the colliding particles

- 4 . f 3 - r . 14 ~ .
2 and . 3) the soft cross-section @2’ 4) the overlap funcuon Agp(b). defined as

At} = ey [ & Tj"u*'?\‘fb'q!fu':b {32}
L= .

where F is the Fourier transform of 1he b-distribution of parions in the colliding particles
and 5} last but not the least Pg™.

In this note we shall restrict ourselves to a single eikonal. The hasd jet cross-sections
have been evaluated in LO pcr'.u:ba?.ive QCD. The dependence of cr';f," OF Prenin 15 stronply
correlated with the parton densities gsed. Here we show the results using GEV densities

4" (se= ref. (3| for the rasults using the DG densities |61, For the purposes of this note.
. :

e determine #2207 from o7yt which is obtained by a fit 1o the photoproduction data. We
ase the Quark Partoz Model suggestion giolt = Lgmit,

7

e

F oS
(o)
in

Iz the original use of the =mkonal model. the overlap function Aasl(B) of eq. (32] is
ohtained using for 7 the eleciromagaetic form factors and thus. for photons. & gumber of
authors [T. & have assumed for F the pole expression used ior the pion slectromagnetic
form factot. on the basis of Vector Meson Deminance | VMDD, We shall investigate kere
another possibility, ie. thattbe bospace distribution of pertons in the photon is the Fourier
cransform of their intrinsic Transvesse momentum distributions. This will correspord 1
use the functional expression expected for the perturbative par @

4N i i
—_— = TE e i)
dk? kP + K]

Recently this eXPTESSIOn Was confirmed by the ZETUS 10 Collaboration, witd L, =0.66=
0.22 Ge\V'. For v collisions. the overlap function is mow simply given by

A = -::‘ib!{;-(bkc‘ (34)
with K, the Bessel function of the third kiad. It interesting 10 notice that for photor-
photon collisions the overlap function will kave the same analytic expression for botk our
wnsitze: the VMDD inspired pien form factor or the iptoinsic iramsverse MOmENtUm: the
only differeace being that the former corresponds to a fixed calue of kg = 0.735 GeV
whereas the latter allows us to Var¥ the value of the perameter Jg. Thus both possibilities
can be easily studied by simply changiag ko sppropdately. Notice that the region most
important to this calculation is for lazge velues of the paremeter b, where the overlap
function changes srend. acd is lazger sor smaller k, values.

As for Pied, this is cleadly expected 1o de OlGe) 2ad from VMD ons would xpect
1,250. From phenomenclogical considerations '$lané Ats 10 HERA deta, one fads
value 1/200, which indicates at these energies & n0o-VMD component of = W%, It
should be neticed that the eikopalised minijet cross-sections do not depend on A and
Phas separately. bat depend only on the catio of the two 11,120,

Having thus established the range of variability of the quantities izvolved iz the cal-
culation of total photonic cross sections. we aow proceed 12 caleulate and compare Wit
existing data the wikonalized mizijet cross-section for ~ cellisions. We use GRV (LO)
deasities and values of Pewin deduced from = best fit 10 phatoproduciios. As discussed
in [15]. it is possible 0 include the high energy points in photoproduction using GRV
densities and Prmin = 2 GeV, but the low energy region would be better described oF &
smaller Pemne LHIS is the region where the mise, according to some authors. notably within
‘e framework of the Thaal Parten Model, is attributed 1o the so-called saft Pomeron. Fer
our studies here we use Pemun = 2. GeV. We also use Phat = | 204 and A(b) fom eq. )
with different values of ky. One choice for kg is the pole parameter value in the photon
b-dissribution expression, which includes both the intrinsic 1ransverse momentam option
0.66 = 0.22 GeV as well 25 the pion form factor value, 0.735 GeV. The other value, 1 GeV,
152 possiblc choice which appears 10 fit the present data better than everythiag =lse. Cur
predictions ate shown in Fig.(17). A comparison with existing =~ data shows that all of
our choices are eompatible with the data within the present experimental erzors. Al high
energies. however, like <he ones seachable with the proposed lnear shoton eollidess. these
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Figure 17: Total inelastic photon-photon cross-section for Prman = 2. GeV and different parton
b-distribution in the photon. The solid iine corresponds to ky = 1. GeV,

predictions vary by about =23%. Reducing the ecror ia the LEP] zegion and adding pew
data points in the c.m. region attzinable at LEP2. can help pinpoint and restrict the
cheices. Were the LEP1 and LEP? data to confirm the present values, we believe tha:
ke best representation of the present data is obtained with the higher ko value.
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The production of heavy favours in two-photon collisions provides an important tool
to study the dymamics of perturbative QCD. The mass of the heavy quark. mg = Ageo-
sets the bard scale for the perturbative znalysis and ensures that the separation into
direct and resolved processes is gnambiguous through pext-to-leading ordez (NLO). Eence
production vie the direct chanpel is direcily calculable in pertusbative QCD (pQCD)
and iz principle the best way for confronting the pQCD prediction with experimect.
Resolved processes, on the other hand. provide a zood opportunity to measure the pootly
known gluon content of the photon. Experimentally one may separate direct and resolved
chanmels by analyzing deep-inelastic = scattering, by using aon-diffractively produced
Jit'%s. or by detecting the photon remaant jet, present in the resolved processes only.

Charm guatk production in wwe-photon collisions has been zpalysed at the e7e” aol-
Liders PETRA, PEP, TRISTAN 2nd LEP. The experimental status and prospects ot
LEP?2 have been reviewed m Ref. 1] The high-statistics data to be expected at the NLC
will allow for = detailed comparison of the pQCD predictions with sxperimental results
not only for production rates, bur also for vasious differential distributions. These enal-
yses will yield information on the dynamics of heavy favous production in & kinematical
range very different from that available in collisions at present colliders.

It the following we will discuss tbe theoretical predictions for open heavy flavour
production in two-photon collisions and iz decp-inelastic e scattering and briefly mention
-~ production of quarkenia.

8.1 Heavy flavour production in 4~ collisions

Three mechanisms contribute to the production of heavy quasks in 77 collisians. (i) In the
case of direct production, the photons couple directly to the beavy quarks. No spectator
perticles travel along the 4 axes. (i) I one of the photons first splits into a fimx of light
quarks z2nd gluons, one of the gluons may fuse with the second photon to forem the QQ pair.
The remaining light quarks and gluons build up & spectator jet in the split » direction
w‘.si_xigi: sasolved ~ comtribution). (i) I both phetons split inte quarks and gluoos. the
QT pair is accompanied by two spectator jets (double resolved 7 contribution). It turns
out @ posteror that the double sesolved 4 contsibution is much smalier than the direct
and the single resolved ~ contributions.

Toral coss sections and vazous distrbutions for charm aad bottom quark production
emem — =*2~¢,5X have been calculated i Ref. 12 including QCD radiative corrections for
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Figure 18: Total etass sections for £7¢7 — €77 — £X as functions of the ¢7¢7 collider
energy. Parametersas described in Ref. [2]

0

the leading subprocesses. The energy dependence of +be total charm cross section is shown
in Fig.l8. At low energies in the PETRA/PEP /TRISTAN range, the dirsct production
mechanism is completely dominant. however at LEP2 and higher energies ¥4 produciion
of charm gquarks receives contributions ir about equal amowunts =om the direct and single
cesolved channels. A measurement of the gluon content of the photon, which is currently
poorly knows, might thus be feasible a1 LEPZ and the NLC. The agreement betweed the
next-to-leading order predictions 2 and the recent deta from PETRA, PEP, TRISTAN
and LEF is quite satisfactory 11!, even though the experimental eIToTs (statistical and
systematic) are large.

At the NLC the higher cms enesgy and large luminosity wil lead to faizly copious
production of heavy quark pairs 1o two-photon collisions 3. 4. Iz Table 3 we list the
rotal czoss sections 7T — €727 22X at 5 = 300 GeV for various inpul parametlers
a1 next-to-leading order accuracy. o compute x, We ased the swo loop expression with
".gég = 0.215 GeV and ny = 3 active favours. The open &2 threshold energy is set 1o
3.8 GeV, and the GRV parametrization [3 0

5 has been adopied for the quark and gluo
densities of the photon. We used the Weizsicker-Williams density of (6 with a2 anti-
tag angle fmax of 175 mrad. Beumstrahlung is expected to play 2B important role at
@ future linear colider. so we include its effect here by adopting for its specirum the
expression given in [7), with parameicrs T = 0.030 end o, = L5 mm ‘8] corresponding
vo the TESLA design. We will 2¢ default coherently superimpose the Weizsackes-Williams
density and the beamstrablung density, in order 1o incorpeTate the case where one photon
i¢ of beam- and the other of bremssirablung origin.

The cross sections for charmed pasticle production are Very large, giving a toial of
— 10° events for an integrated luminosity of [£ = 20 5%, Beamstrshlung effects aze
guite important and increase the cross section significantly. by abeut @ factor five. Other
Leamstrablung spectra do not changs the total rate too much, e.g. bY 2 factor 1.7 for
the JCL spectrum. The productien of b quarks 1s suppressed by factor of ~ 200 as
compared to charm, a cOmSEqUence of the smaller bottom electsic charge and the phase



3 we can
us of the cross sections appewr to be theoretically firm. A
vasiation of the charm quatk mass m, and the renormalization factorization scale iz in
the range 1.3 Gel' < 1 2m, and 1.3 GeV < - L7 GeV leads 10 a total theoretical
uncertainty of shout = 30 %. In order 1o exitact the chamm signal it might be necessary
o impose stringent cuts. Requiring ome of the Seavy quarks to have rapidity y < 1.7
and iransvesse momentum p. > § GeV reduces the charm quark eross section by ahout
a factor of 50 and the b cross section by about a factor three. If one demands the event
19 contain at least one muor with tapidity ¥ < 2 and 7. k) 25 GeV for charm tagging.
the total o2 cross sestion is reduced by at least a factor of 2000 (3. The muon tagging also
reduces the contribution from resolved procssses to the signal and hence the sensitivity
to the gluon content af the photon. For farther details we refer to Ref. [1) where the
experimental methods for charm tagging in +~ collisons have been reviewed.

space reduction by the lazge b mess, From tie numbers collected in Table

conclude that ihe pre

[

Given the large statisties at the NLC it will become possible to mewsure both heavy
querks and analyse their correlations. The study of these correlations has been performed
in Ref !9 and constitutes 2 more comprehensive test of the theory. To eliminate the
uncertainties related to the parton densities in the photon. the acthors of Ref. & have
concentrated on the direct chaanel, which is in principle the best chaanel for confronting
tie pQCD prediction with experiment. A complete anelysis including resolved contri-
butions is in prepasation /10, As an =xample, we show in Fig. 19 the AR disstibution.
defined by AR = | TA2) 4+ (A7)?, at LO and NLO <or both LEP2 and the NLC in the
direct channel. Here Ac is the azimuthal aagle between the charm and anticharm in the

o
-
1

Figure 19: A# distribution for charm and anti-charm quark at LEF?2 and NLC.

plane transverse to the heam axis and A7 is the pseudo-rapidity difference of the two
heavy quarks. A: LO AR > . but ar NLO AR may zlso assume valaes below that. It
tas been demonstrated in Ref. 91 1hat NLO corrections significantly modify the shapes
and normulizations of variovs distsibutions and correlations.

In pext-to-leading order potentially large terms ~ o, ln(p, mMg | anise from coliinear
emission of gluons by o heavs quark a lazge ransverss momentum or from almost
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collinear branching of giuens or photots into heavy guark paiss. These ierms are aot
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Figure 20: Inclusive cross saction d*e idy dp? for vy production of charm quacks as a function
of p. for rapidity ¥ = 0 in the massless {solid ines) and massive (dashed lines) schemes: fa)
direct (DD, (5} single-rescived (DR, (c) double-resolved (RR). ard (d) toral sum.

expecied to afect the total production rates. bu: they might spoil the convergence of
the perturbation series at p_ 3 g, An alternative way for making predictions at large
P is 1o treat the heavy quarks as massless partons. The mass singularities of the form
n(p. ‘mg) ar= then absorbed into structure and fragmentation functions in the same way
as for the Hght w,d, s quarks. In Ref. i11] the NLO eress section for lerge p. productioz
of heavy guarks in direct and resoived channels has been caleulated in the framewark of
perturbative fragmentation functions (PFF’s) 12]. Ia Fig. 20 we show the direct (DD},
single-resolved (DR} and double resolved (RR| comtributions to the differential cross sec-
tion do ‘dy dp? as a function of p, for rapidity » = 0 and their sum, respectively, botk
in fixed-order perturbation theory (“massive”) and in the PFF approach [“massless™).
The two spproaches differ in the definitions and relative contributions of the direct and
cesolved terms, but esseatially agres in their sum. The sesummation of the a, la(p? /m?)
terms in the PFF approach leads 1o a softer p_ distribution and to a reduced sensitivity
to the choice of the renormalization and factorization scales [111. Similar result
been obtained in the context of photon-protor. collisions in (137,

5 have alse

8.2 Heavy flavour production in deep-inelastic ¢~ scattering
The production of heavy quarks via deep-inelastic ¢y scattering, ie. the seactinn

Pl =e” —eTip )7 Qlpy) - X {3

ea
o

i
o



here we assume the electzon @ be tagged) proceeds via the subpsocess v7{q! = v(k) —
Dipel = X, where one of the photons is highly virtual and the sther cne is almost on-
ass-shell aad transversely pelarized. Q(p:iis 2 heary guark with momeatum B and X

denotes any hadronic state allowed by questam-number conservation. Lhe €10ss section

DrOcEss GAl be expressed in termos of structure functions:

& { S e P— . = 2 g nr 2]
— "J dz filz, =) —=3 ‘L(:-;l ~ %) :‘;.Q'.m"!——y'r;'::.i!‘.m“;{ [36)
d2dQ* m: z 4

Eere 1 is the beavy quark mass. 2 +he momentum fraction of the target photon with
respect to its parent lepton. F = —F = iR E = G2k -gand y = k-g/k-
n,, @ is the fige strucinre conmstant and f¢ is either the equivalent photon deasity 1n
the Weizsdcker-Williams {WW) approximation or & beamstrablung photon density. The
Fllz.@m?) k= 9. L are the deep-inelestic structure functions for this process. These
strueture functions receive coniributions from both hadronmic and pointlike photons, ie
FI = FPHm®) - F:";m{mﬁ _ k= 2,L. Both components weie calevlated to
NLO in QCD in Ref. [14]. Note that the presence of the heavy quark mass ensures thas
this sepatation is. through next-to-leading order. unambiguous. [t was demonstrated in
Fef. 14 (see elso [15]) that both components separate naturally in z. & can be seen in
Fig, 21: at this kigh value of QF for = < (.01 the hadronic component dominales, and
for = > 0.1 the pointlike one. The former is mainly sensitive to the gluon density in
the photon, wheseas the latter ie caleuleble in perturbative QCD, its only uncertainties

stemming from 2, and the charm quark mass.

The high energy and large leminesity of the NLC =ill 1ead to a lazge sample of the
single-tag two-photon events containing heavy guacks {mainly charm), making 2 study of
the reaction (33) and its just cutlined characteristics very wortawnile.

Tn Table 4 we give estimates for event rates Lotk for charm and bottem production at
she NLC. We show separately the sumber of events due to beamsirahlung (we again used
the TESLA spectram} and Weizsickes-Williams bremsstraliung {we used the expression
in Ref. (6] with an “optimistic” enti-tag angle of fpe = 40 mrad) contributions. The
Jumbers ace besed on the NLO calculation. See Ref. |15 for the parametes choices that
wen: inso producing this table and the next. We have summed the contributions due to
pointlike and hadronic photons for each eatry. For the largest two = bins the contribution
of the hadronic component is below 10°%. whereas in tOe twWo smallest z-bins it is mere
than 90%. Nete that the number of charmed events is truly large, even ol large Q°. The
sumber of events containing bottem quasks is again wuch smaller due to charge (factor
16) and phase space Suppression.

To tesi the sensitivity to the gluon density, we gve in Table 5 the production rate
is o small = bin for verious choices of parton densities. charm guack mass velues and
wass fzetorization scales. Examining the compesition of these results, one finds very
le coptribution due to the hadrenic channel from beamstrahlung photoas (aboul 1-
29}, Perther one fnds that the contributions due to pointlike photons bothk of WW and
beamstrahlung osigic is similarly small. The numbers therefore indicate that there is a
zood possibility of meas Zing the ginon density in the photon usng charm guarks et the
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Figure 21: Hadrouic {dashed lines) and poimiike {solié lines) components of Fllavs. zat
0 = 2001 GeV (e, The lower colid Line is the leading order {LO]. the upper one the next-te-
leading order case. Lhe lower dashed line at = = 0.001 s the NLO oeder, the upper one the LO
case,

NLC. low charzn acceptance novwithsianding, The mest significant uncertainty is releted
to the charm quaethk mass. however 2 diferentiation of the gluon densities of GRV 5] and
ACFGP (16 seems certainly feasible at the NLC.

Bottom quark productiorn is se much moze suppressed that @ measurement of the pho-
tonde gluon density from bottom production in €7 scattering at the NLC seems impossible.

For more details and for charm quatk kinematic distributions. see Ref. 15,

$.3 Quarkonia production in ~~ collisions

The radiative decay width of the charmonium states e, X0 and xe can directly be mea-
sured in two-photen collisions at the NLC. These ~ partial widths provide an important
test of the pon-relativistic quarkoninm model (see e.g. Ref. [17] for theoretical details).
Accurate analyses of the charmonium states can already be expected at LEP2 [1], while
there is Lttle prospect of studying 77 production of bottomonium states.

Two-photon produetion of J/ bound states is an atsractive tool to determaine the
giuon distribution in the photon 18], In cemtzast to the case of open heavy favour
production, J'v mesons are generated precominantly vi resolved photons and can be
tagged in the leptonic decay modes. The cross seciion for inelastic Jiw production in
~~ collisions at & 300 GeV NLC via the leading colonr-singlet channel is predicted 10 be
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b including NLO corrections (19 and using a coherent superposition of WW and
estrablung photons (TESLA design). The cross section appears to be quite sensitive
to the parametrization of the gluon density in the photon [20°. but clearly more detailed
studies including realistic cuts are needed. Sa—ca.iled colour-octet processes, in which the

'14] E. Laenen. S. Riemersma. J. Smith and W.L. ven Neesven. Phvs. Rev. D40 (1994)
5733.

o

E. Laenen and S. Riemersma. preprint CF‘R\ TH ¥5-324. DESY 95.240 (hep-
ph/9602258). to be published in Phys. Lett.

heavy-quark antiquark pair is produced at short distances in 2 colour-orter siate and . s
subsequently evolves non-pesturbatively inte a physical J v, should contribute to the 6] F. :_;‘I':n':hc F. Cliapetta. M. Fontannaz. J P. "“”J"" and E. Pilen. Z. Pays. C56
cross section at some [evel 21'. The importance of such processes towards a suceessiul L (1992) 589: P. Au-crc.he J.F. Guillet ané \{ Fomtannaz, 1. PM“__CS'! 11994} 621.
description of heavy guarkonia production at the Fermilab Tevatron has recently beenm (17, G A b‘m‘:\lﬂ' CERN preprint CERN-TE.7170/94 (hep-ph /9403387, to be published
investigated i & series of papers 22, However, their phenomenological significance for - in Phys. Rep.
J v production has so far not been conclusively established {see Refs. 23] for analyses |18] M. Drees and R.M. Godbole, Nucl. Phys. B339 (1990) 355 and Z. Phys. C59 (1993)
of colous-octer contributions 1o J v photoproduction). A measurement of inelastic J v 5¢1.
production in v9 collisions at the NLC will zot only provide information on the gluon 18] M. Krimer, J. Zuzft. J. Steegborn and F.M. Zerwas, Phys. Lett. B348 [1995) 657:
distribution of the photon but appears to be a clean test for the underlying picture of M. Kramer. Nucl. Phys, B459 (1996 3.
quarkonium production as developed so far in the perturbative QCD sector. 200 M. Drees 2nd R.M. Godbole, J. Phys. G, Nucl. Part. Phys. 21 {1995) 1556,
21] G.T. Boéwin, E. Breaten and G.P. Lepage. Phys. Rev. D51 (1995) 1125
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T .= 13 GeV | me =18 eV m.= 1.7 GeV |
| b | p= M | o= Vam, u o= 2me “‘
| direct ges 588 i
| l-zes £.69 3.72 292 !
| 2-tes | D21 0.12 0.07 i
total 13.8 9.52 T _d )
TC hasm Q: ‘ z Eveats
Table 3: Total cross sections for eme” — = e = ceX at L= 300 GeV. Ioput parametars & | Mass | range range pe= Q2 = Qlup=20 |
described in the text. 1.3 2080 2140 2230
15 | 32-100 10-32 10~ 1880 1360 | 1930 |
17| 1740 1750 | 1790
R . MR
- 1s | 100- 320 | 1.0-3:2- 20 987 1024 1058 |
| 17 | T eor | 930 | 8
R | 37T 3080 | 4300
| 15  s2-100 |10-32.10°° 590 | 340 | 400
Q? z i Events | | 17 T30 3480 | 3810
range | range | {WW) | B(WW) | c(Beam) | biBeam] | T B T 478 504 361 |
[o0-320  10-32-107 | 1080 € 0 0 s 'j00-320 10-32.10° ] 7Ta 854 84 |
f "33_100.10-> 3790 30 220 20 17 e e a7
; . 032107 | 6230 | 430 | 350 200 |
1 ““ 3_'2 = 04 10__: “ 10,3;00 '—im 12"‘5‘)0 Elﬁ‘f__'r Table 5: Eveat rates at small z a2 che NLC with a luminosiey of 20 o=t and T = 300 GeV.
| \ 10— 3.2-107° | 2700 330 34.700 1320 We used GRV [5] parton distribuzions in the M5 scheme for the 10p halfl and ACFGP [18] for
! | o0 10— @A 10700 | 1240 the bottem.
| 201000 | 1o-32-10° | 180 1 70 |10
| [32-10.0 102 | 2310 160 1230 0|
Tro—22-10t | 5610 260 6750 310
M3 100,107 | 13,300 | 300  21.200 520

1
i
",:J
i

Table 41 Event tat

luminosity of 20 f&7°

and E = 500 GeV.

wn
o
=1

s of e+ collisions producing ¢harm and botto

m quarks &z the NLC with a

u
o
m



9 Gauge bosons production in polarized ~~ collisions

A high-energy +~ collider. such as the one that can be obtained from backseatterad
laser beams could be @ useful tool for probing the symmetry brealking meckanism which
stands as one of the last open problem in the standard model. In models with a lighr Higgs
pariicle. one unique opportunity for 4 colliders relates 1o the precuction of the Higes
on resozance end its ability to perform a direct measurement of the B~ coupling1.2].
Without the discovery of a Higes at LEP2, LHC or the linear collider. the best alternative
0 study the svmmetry breaking sector lies in the study of the self-couplings of the W. The
large cross sections for processes invelving W's dve v+ colliders an advartage in probing
the self couplings. These include either quartic couplings. probed in processes with W
pair fusion or tzilinear couplings. The former, whick can also be seasitive to the presence
of 2 heavy resonance is especially relevant for colliders with an energy above 1 TeV {3
while the latter can already be measured at more modest energies.

Here we teport on the results of two analyses concerning anomalous trilinear couplings.
The first which conceras WW oy couplings in W pair production. extends previous studies
in that it includes all 4 fermions final states. The information from the reconsiructed den-
sity matrix allows an improvement over previous results and shows & sensitivity to anoma-
lous couplings which could further constrain the region probed in e=e™ — W=W~ q.A
second znalysis deals with probing the WW Z vertex through v~ — WWZ production 3|
Only for a particular operator, that also induces pacity viclation. is the level of sensitivity
comparable 1o what can be achieved in e7e” — WW™ or v — uW Z[6.

Precision measurements that intend to uncover physics beyond the standacé model
must necessarily make use of the full standard model predictions including radiative cor-
rections. We present a discussion of radiative corrections for v — W - 7.8l

When discussing v+ colliders. an important issue relates o the choice of the photon
spectrum. While it iz possible 1o adjust the parameters of the laser to obtain & spectrum
most suitable for gauge bosons production, ome that is polariced and peaked at high
energies, the shape of the predicted ideal spectrum/9 can be severely distorted. Indeed
when one goes beyond the naive full conversion single collision description, the nearly
menochromatic spectrum acquires a long tail (10, As detailed studies and choicss of
the optimal parameters have not bres made, we have preferred 1o restsict our analysis
to the case of monochromatic photons. As a worst case scedacio, the effect of non.
monochromaticity can be estimated with a luminesity in the peak that is ten times smaller.

8.1 ~» — W™W" in the standard model

The reaction - — W-W~ will be the dominant source of W=W~ ar future lineas
colliders provided the photon-pheton collider option, based on Compton backscatrering is
realized. Indeed the cross section for W™ W™ pair production in photon-photon collisions
in the range 10° < @ <« is § i 5 = 500 GeV oand 37.1 pb ar 1 TeVILL

.7 pb at
Crass sections of W= W'~ pair production in <"« collisions are an order of magnitude

[*1]
[
¥l

smaller: 6.6 pb at 300 GeV and 2.5 pb at 1 TeV. With more than a million W' pairs per
year 2 photon-photor collider can be really considered as @ W-factory and wa ideal place
to conduct precision tests on the anomalous coupbings of the W bosons. Fewever. such
precision measurements rely on a very precise knowledge of the standard cross section.
including radiative corrections.

Virtual radiative corrections to the process v- -~ W W™ were calculated recently 117
using the algebraic manipulation packeges Feyndrts and FeynCalz. Bere we briefly report
the mair results of t2e complete Ofa) calculation |7 taking into account electiroweak
virtual radiative corrections. soft and hard photon emission. The calenlution is performed
using symbelic manipulation program FORAM and reproduces numerical results for the
viriual corrections of Ref. (12,

9.1.1 Radiative corrections

Cro-mass-shell (OMS) renormalization scheme and t Hooft-Feynman geuge are used to
calculate loop corrections, :e. o and the physical particle masses are used as basic
parameters. Unless stated otherwise, values of m, = 174 GeV and mz = 200 GeV aze
used. It is important to note that electromagretic coupling normalized at zero momentum
transfer «f 0 (and not @[ Mz} is relevant for WW production in photon-photon collisions.
because incoming photons are on the mass shell. More technically, mass singularities
coming from the light fermion contributions to the scalar loop integrals are cancelled out
in the total unrenormalized amplitude as 2 consequence of the Kinoshita-Lee-Nauenberg
(KLN) theorem. Sizgzular terms present in the photon wave function renormalization
constant are cancelled by the corresponding terms in the renormalization constant of the
eiectric charge due 10 a Ward ideniity guaranieeing the universality of the electric charge.
The width of the Higgs bosen resonance is included in 2 gauge invariant manner, “.g. as
described in Ref. [13].

Figure 1. [a) photon emergy distribution for the reaction v~ — WWo. (b) rela-

tiwe fermionze corrections as a funclion of the scattering angle for various top-guark
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Fig. la presents the photon energy distribution for the process of real photon emission
oy — WWWTY. The cross section is sirongly peaked at small photon energies and it
would be @ hasd task to discriminate & pIocess of WW production from one accompanied
by photen emission. Moreover. iz realistic case the energy of the initial photens will not
be fixed becruse of the quite wide spectrum of the Compten backscattered photons 91,
and it wil not be possible to reguire that W-bosens would be produced back-to-back to
suppress ezl photon ernission. So, in what follows no culs are imposed on the photon
angle and eDErgy and the cross sections are integrated oves the whole photon phase space.

igure 2: Born and corrected cross sections for WW production for verious polarizations.
felipitzes denote the curves for the corrected cross sections. stands for longitudinel.
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Fig. Za.b shows the total cross section of WW pair production summed over both
WW zod WW=o final states and integrated over W= scattering angles in the region
10° < @= < 170° as 2 function of enesgy for various polarizations. The bulk of the cross
section originates from tramsverse Wy Wr pair production. Transverse W's are produced

predominantly in the forward /backward direction and the amplitudes cozserving helicties
ase dominating. Cross sections integrated over the vhole phase space are non-decreasing

with enesgy. Fora finite angular cut <08 9= < cosf, they do decrease as 1/s, but still
thev are much larger then suppressed ¢1oss sections because transverse helic conserving
cross sections are still proportional to a latge factor of 1/(1 — cosé,.). For such a case
ive corrections are negative and they Tise with energy ranging from —3% at 500 GeV
1o —25% at 2 TeV. The cross section 7--LL. which is the largest one after the dominating
e G .i5 alsa decreasing as 1, s at tree level and corrections for it are also negative.
Tor the other helicities radiative corrections are positive at high energies. Radiative
corrections to cross sections o._rz Which are decressing at Born level as 1 's? are positive
and large. For the cross sections G._zr a0d Cames which ase decreasing as 1 ‘¢ for a

nite angular cnt ¢orrections ase evel larger. The cross section @.. - is decreasing al
iree lovel as 1% for 2 faite angular cut and is quite negligible at high energy. The
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cross sections ¢.—rT 284 Cenme vanish at the Bormn level so ozly the process of Wy
production contributes in Fig. Za.

The cross section for longitudizal W Wy pair production is the oae most sensitive 1o
the mechanism of electroweak symmetsy breaking. As an dlustration. Fig. 1b presenis 2
dependence of the fermionic corrections on the top guask mass at [Fo =1 TeV. Although
the dependence is guite STreag, the cross section o_.zr itself is quite small in COMPAmson
to the cross section for transverse W Wy pair production and it will be very difficult to
measure the top quask coupling with longitudinal weak bosons in this reaction.

Table 1. Total Born cross sections 20 relative comections for ¥asiouws polarizations. Whea
Born cross section is equal 10 2€I0 CIOSS sections of hard pheton smismion are given instead
of relative corrections.

v s = 300 GeV

e W A=t I i W a3 e i A 4
unpol 50.74 T8 730 | —13.0 | —0.256 —3.04 |
- -1T 8518 7.4 2.30 —13.0 | —0155  —2.82 |
— 0 5.04-107 pb 0 ¢ | 0 -
T LL 49081077 13.7 | 230 -12.3 a5k 5.00
4+=TT | 5281 768 730 | —13.0 | -3 =335
Me—-TL | 1888 10.2 2.30 —12.6 | —307 | —3.18
| =—=1LL 02838 s22 | 23 125 | Db46T  —182
s = 1000 GeV
M adadehy | E0T PO e w6 % | ST R T&=, %
ampel | 3T.08 | 13.4 | —257 | —L28 ~10.4
~+TT | 4008 | 13.3 | =283 | —131 ~-11.1
-~TL 0 T 6.13-10"pb 0 o | ¢ \
T LL | 11410 542 3.11 “a338 | Gq1 | 488 |
- =TT 33.61 13.] T al1 | =280 | =120 —10.0 §
+—TL | 01576 | 40.6 3.1l -21.8 —10.5 114 |
+—LL | 02510 15.2 3 | —244 | 2T —-3.7% |
vs = 2000 GeY .
T Ay AsAaAg oo pb el w | 8% e G s, % | 8%
[ umpel | 1424 201 3.28 5.0 —3.00 | —45
<+ TT | 1827 | 20.1 i 349 —45.0 —3.05 -25.3
-+ TL | 0 35810 %pb | 0 0 0 - |
= 3eTall0" | T4S 3.48 —54.8 32.7 704.
——TT | 1304 19.5 3.48 Za40 | —281 | —238 |
-—TL 1119-3-10': | 245 3.49 -298 | -—-21¢ 200. |
T LL [ 6384107 21.0 3.42 —-40.2 | —-T40 —23.1 |

Finelly, Tables 1 and 2 give Born cress sections and relative corrections for various
polarizations zad several scattering angles. Total corrections and corzections originating
from wirtwal bosonic znd fermionic contributions as well as from soft and hard photon
emission afe shown sepurately. A fictiticus photon mass A = 1072 GeVis used w0 regulacize
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infrared divergencies and a photon-energy cutof &, = 0.1 GeV disciminates between saft
aad bard bremsstrahlung. Looking at the Tables one concludes that bosonic corrections
ate domirating over fermionic ones. Corrections are lasger in the central region.
high energies large cancellations sceus berween negative virtual corrections and positive
corrections corresponding to real photon emission as one should expect. Indeed, the
collinear singularities that give Sse to the large corrections at high energies, skould cancel
out for the sum of virtual, soft and hard contsibutions as a consequence of KLN theorem.

4

Table 2. Differential Born cross sections and relative corrections.

V§ = 3500 GeV
"8,7 1 deBT™ dcosk pb | &9 G | GrIE oy | geore o

10. 433.3 .62 2.38 -10.7
20, 163.6 784 230 | -118
60. £.568 | 874 2.30 -18.5
90. | 4.551 853 | 230 | 174

/s = 1000 Gev ,
i g% ..oj""_‘dcos g o | f-"'g.:. % i é’ao,ﬁ. 3 ‘ Ebo.w. [ [:‘.f"r'u. Gl &8 o
0.218 -3.70 |

| 10 857.0 132 | 311 | 202 |
20. | 98,02 | 12 | sn b o.osa -1zl 835

| &0, | 2.416 15.8 an -38.8 473 | 248 |
£ 1212 182 | 311 | -41.0 -5.39 | -27.0

‘s = 2000 G-V

£.°  de® ™ dcos, pb | §7o8 & | £ o | goen o | $Fm o TE
10 384.7 20.2 248 -35.7 -L17 | -131 |
20, 32.44 | 220 348 | 475 | -3.53 255
50 0.6218 | 243 348 | -52.0 758 | a8 |

90, 0.307¢ 250 349 -T2.2 831 | 5240

9.1.2 Discussion

[o summary. electroweak radiative corrections are large but still uader control at least
for energies below 1 TeV, Taking them into account for precise measurements of the
anomalous couplings is absolutely necessazy but is not expected to affect dramatically
the results that will be presented next. As one-loop correction for the total cross section
is as large as —23% at 2 TeV (and eves —50% a: 90° ) & zelevant question is how 2bout
highes Ioops? The structuse of leading corzections at & > M. t ~ M3 is known z0
bave Regge form. 30, one can imagine that at very high energies it would be possible
to experimentally study the regpeization properties of massive weak bosons which ase a
unigue feature of non-abelian spontanecusly broken gauge theory.

It is worth mentioning thar WW production iz photon-phaton collisions should also
qualify &s = good vv luminesity menitor. In fact. ome can imagine that this reaction
could be used both 10 uncover aew physics and to calibrate luminosity. Indeed. anomalies
would affect longitudinal and censral W's. while to measure luminesity one would use
most coplously produced tramsverse and forward ‘baclkward W's[14]. Table 2 shows thas
radiative corrections for forward W scattening are guite small even at 2 TeV.

T2
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9.2 v —WTW" — i /2/2f; and anomalous couplings

Production of W' pairs can probe the symmetsy breaking sector through precision mea-
surements of the WHW vertex. Although very little is known about the precise form
of the symmetzy breaking, chiral Lagrangians provide a formalism to describe models
without a hght Higgs scalar. An effective Lagrangian governing the interaction of the W
can be writter with only 2 small number of undetermined parameters. In particular, the
Wy vertex is described by only cne operator [y = Loz — L4, which is expected 10
be O(1).

Ratker thao restricting ourselves to W pair production, we include the full set of four-
fermions diagrams in the semileptonic channel, 15lv. Although 2 complete analysis of the
effects of new physics on standard processes skould include radiative corrections within
the standard model. to get & first estimate of the level of zceuracy achievable, o discussion
2t the tres-level is sufficient. Furthermore the radistive corrections for the four-fermions
process are nat available. These are not been caleulated even for ™o~ |

As the main contribution from four-fermions atises from the resonant diagrams, we
first discuss the standard model and the anomalous couplings in the W channel only.
Note that the anomalous cross section. is dominated by the term linear iz the anomalous
coupling. The contsibutior of different helicity amplitudes to the total cross section in
the SM were displayed in Fig. 2. The total cross section is completely dominated by
transverse W's, especially at high energies. Although the anomalous couplings give dse
o amplitudes that grow as « for the production of WiW; in the J7 = 0 state, the
corresponding Jz = 0 production of Wy Wy in the SM decreases as 1/s. As 2 net effect in
the anomalous cross section, both WrWr and WeW: in either Jz = 0.2 have the same
energy bebavious(l]. Therefore if ome could inverfere the anomalous LT amplitude and the
standard T7 emplitude. the contribution of the anomalous would be enhanced. This is
precisely what can be achieved by performing a fit to the full four-fermions distributions.
including angular vadaubles characterizing the decay of the W, This procedures gives
access to non-diagonal elements of the density mattix.

The v7 — jjlv cross section was computed using MADGRAPH propezly modified to
include the anomalous couplings, at Axed center-of-mass energy. To obtain he following
aumerical results, we have taken My = 80.1 GeV, Mz = 01.187 GeV. sin® far = 0.23,
all} = 1/137 and o(Mz) = 1/128. We assign &(0) (a Mz))to WWY (WWZ) ventices.
The W width is taken 10 be the expesimental width I, = 2.08 GelV'.

In order to compare different methods and make the connexion to previous analyses
which relied only on a fit to either the total cross seetion or the angular distdbution of the
W75, we present the results of three differsnt methods. The first is a simple comparison of
the total number of eveats cbserved with the expected standard model rate. The second
s 2y fit on the 8, distribution, £, being the angle of the 77 sysiem with the beam pipe.
whick corresponds 10 the angle of the W in the center of mass frame. Finally, we evaluate
the accuracy that 2 full event by event maximum likelitood ft reaches. We base this
analvsis on 2ll the 7 variables describing the kinematic: the polar and azimuthal angles
of the 77 and i pairs in the frame of the decaying “W's”, the polar angle of the “W™
pairs in the center-of-mass of the colliding beams and the invariznt mass of the Ji and v
pairs (that are most of the time very close to My |, The 37 limits obtained on Lsf from
the different fitting methods are presented in Table 2 for sither unpolarized or polarized

beams. The luminosity is assumed to be £y = 20(.4 5 T =3

. In all cases. we imposs
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apgular cuts on 21l final particies with the beam <os 8,6, < .98, we require the electron
o be away from the jet, cos fe< 9 and we impose & cut on the energy of the {ermions.
£,. > 5/5/400Ge ).

45 the standard cross section, with this set of cuts, decreases clowly with energy while
the anomalous one stays constant. ene expects only 2 mild improvement of the Lmits
2¢ the emergy increases, once the effect of the increased luminosity has been taken mte
account. Lhese expectalions ate borned out by the imits extracted from the 1otal number
of evente shown in Table 3. Basically no improvement is cbtained from a fit on the cos €

ist=bution since both standard and amomalous ierms beve simiar distributions. Oz
the other nand = full ML fit gives startling results, especially so at high energies. Note
Lowever ibat one suffers from not being able o identify the charge of the jet (7 = I
s mentioned above, the main jmprovement using this method occuss in the Jz = g
cbannel where the interference between the anomalous term which favounrss W W and
ke standard one which favours WrWr grows as & As the fraction of W; is much larges
in the central region. we would expect that an apgular cul oL the W angle should bring
even further improvement with the J. = 0 state. While the Lmits obtained from the 1otal
cross section are degraded due to 2 loss in statistics, the Improvement brought by the ML
is indeed moze noticeable after 2 cut on €03 fu-| < . has been applied. This is especially
<o at the highest energy. I the eficiency for reconstrucling W's is significantly better in
the central region. it could be advantageous to impose this tvpe of cut despiie the loss in
statistics.

Table 3. 3¢ upper Lmits o2 Lg| obtained fom a total c16ss section messuzement aad from

ML fits o = — Fjiv. For the case j = J. an average over ke vwo imitiel pelunizations
that ferm J: = Qor2is pesformed

e =400Gev (L= 30F7°)
[ | cosfw | S 1, ‘l cos fw 'S 0.8 |

I?c!.-a o ".or.s.l‘ ML | ML | © total | ML {
(pb) | (§# J—T1| b | {g—31

amp | 251 18 | 13 14 || 89 | 2.4 22 |
e 270 | 18 1.0 14 122! 25 20 |

| e | 23218 | e | 14 e | 22| 21 |

s = 800 Gev (L = 80f6T) c

anp | 138 | L1 52 | 80 " YREEEIEETE
oo 182 21 32 81 3 23| 9
W lges| 10 | @ | 88 (18| 20 14

[ s = 1500 Gev (L = 320f67 )

i wp | 46 | a1 | 4 30 | T8l 22 36 |
s | 501 82 ; .08 a8 | 107 22 | =
— | a1l 87| 82 56 || 49 20 | 8%

With the results using only the j3l¥ channel, W pair production in 7~ can test the
clectrowesk symmetry breaking mechantem already at 400 GeV since it probes Ls = L.
Eowever one has to keep in mind thet the luminosity specirum has not been included.
Since the Emits on Ly scale as £ the loss in precision oceurring from @ reduced lu-
minosity in the peak is casy 10 estimate. As conceras i1he presence of a long tail in the
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spectrum/ 100, the effect would be insignificant at 400GeV, sinee it lies for the most part
helow the threshold for pair production. At higher cnergies, again the crucial factor te
sxtzact o good bound on the azomalous coupling is the leminosity near the maximum
energy. Provided the specimam is precisely k20%D. there is appazestly no disadvantage
having also 2 large aumber of lower ensrgy pROTOn pairs.

93 ~ —W W™ Z and W self-interactions

As the presence of apomalous WWZ couplings, might Rint to 2 different scenazio of sym-
metry brezking than those <har affect the W~ it s interesting to investigate whether
these can also be probed at the photon-photon collidez. The most direct way of doing
so is through WWZ production. Although this is 2 three-body final state process. its
production rate tures out to be rather large 13), ¢ = 12 pb at 1 TeV centre-of-mass
epergy. This should be suficdent 19 provide 2 precise test of the tri-linear couplings.

In the efective chiral Lagrangian description of Higgsless models, the anomalous tT-
linear couplings invoke. in addition to the two operators considered before, Ler and Lor.
one O and P wiolating operato? L¢(16). The latter operator also brezks custodiel ST(2).
and affects only ZWW and ~ZWW interactions. The & U(2). conserving operators are
expected 1o be O1) while the non-conservizg one might be further suppressed.

The explicit form of the © /P violating operator, is given in the notation of Ref. 18]

Ll= —L—E— (TR VIUTHXW)) T =z Was. (1)

where W, X and V ere constructed fzom the Goldstone bosons and gauge fields.

Iz the last section we have chown that W pair preduction in ~~ reactions can probe
‘he electromagnetic W {nteraction to a very high accuracy which means a suringent bound
on the combination Lez — Loa. One goal of the apalysis of triple vectos bosen preduction
is to separate the individual contributions coming from Ler. Loa- In additicn, this is the
lowest order process in 47 that can probe L. which contzibute only 1o vertices involving
2 7. Considering the different C 2nd P properties of these two classes of opesators they
1l be treated separately. In all cases, the helicty amplitudes for vy — W-W=-Z were
evaluated with FORM in both the unitary gauge and 2 modified non-linear gauge (5

9.3.1 Le and Lsr

The effect of non standard operators sach as Loz and Log should appeas mostly in the pro-
duetion of longitudinal gauge bosons. Indeed the amplitudes where three vector bosons
are longitudinal are significantly enhanced over the standard model. However, we are
considering only the term lineas in the anomalous coupkng. As a result of the inter-
ference with the standard amplitude containing dismal amount of W WrZe 15|, the
contribution to the sotal cross section from this armpplitude remains very small. Without &
reconstruction of the polasizations of the vector bosons. the effect of anomalous couplings
is significant only in those amplitudes where at most one vector bosoa is longitadinal. In
that case. we find that all distributions are very similar to the standard one. The effect
of the Lap, Lop operatoss is then restricted 10 2 single obsesvable, the total cross section.

The total cross section and the associated 3¢ bound on Ler and Lep at fixed photon
energy are showi in Table 4 for a luminosity (o and a branching fraction B = 39% which
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Figure 3: Ly; coming fFom v — WW=Z fwide bend) and 4o — Jile
1 4
v 2

‘marrou dand . . the solid lines are obtained wnth o hemenosit
dashed knes with £4/10.
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corresponds to all events comtaining less then three neutdinos. The eagles between all
particle puirs and between all vector bosons and the beams were restricted 1o cos £ < 0.9

Table 4. Cross sections and bounds on the opesatoss Lop,Log from vy~ — WWZ. &
branching {raction of B = 89% is included.

v, (GeV)  L{mpr) ¢ ifb) 3z beund
400 20 954 — 05500, ~ 0.24Lgg | Log 0.44lcn < 13
i 500 30 278.3 = 1.65Lor + 0.76Lsr Loz — 0.46Ls5 < 3.6
1600 520 | 203.8 = 1.90L,; + 0.64L0z | Loz ~ 0.50Lug < 2.0

While the Ly; — Lyr combinaztions one ean probe do mot vary much with energy.
increasing the energy from 400 GeV to 200 GeV improves very much the bound as the
czoss section at 400 GeV is still suppressed by a lack of phase space for the three massive
pariicles. Going much higher in energy (1.6 TeV) brings further improvement only because
of an expected higher luminosity; the visible cross section at this energy is less than at
300 GeV as it suffers more from the cut of events with a particle close to the beam pipe.

The bounds on Lyz.Leg ace rot nearly as good as the ones obteined previously with
pair produciion, as shown ic Fig. 3. However the pair production processes (in v~ and
¢7¢” ] have been analysed in mach greater depth. in particular including full correlations
between the decay products of the vector bosons. In Light of the results obtained i the
previous section for W pair production we alse expect that a maximum likelihood £t
allewing to retain some of the precious information from the density matrix elements
sensitive 1o the interference between the mostly longitudinal anomalous amplitudes and
the large standard amplitudes could significartly improve these limits.

8.3.2 Charge and Parity violating operator. Lg
As ather zpomalons operatoss, [p will contSbute predominantly to the production of
ongitudinal vector bosons. However it favours Zy rather than W:. Contrary te what

happened for ie L: operators, bigher order terms. in particular those in L2 cennot be

e

Figure 4: Camparison of the L% distmbutions (dashed ltne

-]

ith the SMfull irne

(8]

i ooy
o Tt

o

do /deas(Wy) (fh)
da /4, (Ib/Gev)

dofdeos(W'W) (fb)

i ©F kg
| E i
2 0.5 i -1 ¢ 1

cos(Wy)

ignored, This is obviously so for observabies that do not depend on the polarization of
either the initial or fnal states. For such observables, terms linear in Ly vanish due o
the C and P violating nature of this operator. Even for specific polarizations. quadratic
ferms in the anomalous coupling are not alwars negligible due to tke specific structure
of this couplng. This of course poses a conceptual problem as the contribution from Li
corresponds in fact to 2 higher order operator in the energy expansion of the efective
Lagrangien., For the sake of simplicity, we will neglect all other sub-leading operazors
whose icterference with the standard model is of the same order as L.

In Fig. 4. compasisons between the standard model and purely anomealous distributions
aze displayed. Since the photens are not polarized. the lattes correspond to the term in
L. The distributions have been normalized such that the total cross sections without
cuts are identical. Perhaps the most seriking difference is iz the energy of the Z, The
standard Z's are mostly soft. as a purely infrared phencmens explzins the nnexpectedly
large pumber of Z; in the standard model. Oz the other hand, the anomelous intesastion
favours very energetic Z's. As is typical of processes involving longitudinal vector bosons,
the anomalous interaction contributes to the production of a lazge number of Ws and 2's
in the central regon relative to the standard model. Furthermore anomalous interactions
produce W pairs that are evenly distributed over phase space while they are elmost
perfectly back-to-back in the standard modal,

Upper limits on the operator Ly can be obtained from the toral cross section er
from asymmetries that are explicitly P violating/5]. Hewever, the use of @ ML method
which takes advantage of the difference between the standard znd anomalous distributions,

rovides better results already at the level of vector boson production. Evidently, further
improvement are expected once the decay of the massive vector bosons is included. as this
procedure allows for the possibility of reconstruction of the full density matrix,

The results of the ML £t are displayed in Table 5. The fif on Lg reguires the identifi-
cation of all final particles. which is provided only by the W W'~ 2 = jjiull. lvjjli, {vivy;
and {wivil channels, giving a small branching fraction of 12.6%. As the L% fir does not
require knowing the charge of the W's. we can add 1o the above twe more channeis: 777500
and jijjvv, giving a branching fraction of 26,37 Altheugh the Lmits coming from the
ineas term are zot cearly as good, they are very uvseful to chasacterise the anomalous
coupling once a signal in the total czoss section or distrhbution has been observed. How-
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ever. oae needs to go beyond 1 TeV to probe the region where one expacts new physics
to appear.

Tabie 5. 3¢ limits op L nung = maxmem Brelibeod .

Evergr | L | Pol. | Le
| {TeV] &t | linear quadratic ‘
e ' F=: B=012 B=1 EB=028

! | et [ 178 500 (5] 110 |
0.4 20 | 4= | 47 132 1 100 ‘
wp | - - R

+ 45 | 7 81 | 1

0.8 8 |=—| N | 31 15 21

wIp & - e85 | 12

= [+ T | 0.5 )

1s 32 - 22 6.2 2.1 28
|anp | - - 11 15|

3.4 Conclusion

The predictions for W paiz produciion, includiag cadiative eorrections in the standazd
model are known with very kittle heoretical uncertainty at least for energies below 1
TeV. This process can possibly be used hoth for luminesity monitoring and precision
measurements of the W properties.

Four-fermion production in the jilv channel provide @ sensitive test of zlternative
symmetry breaking mechanism via the measurement of anomalous couplings and this
already at 400 GeV. For this process, the advantages of 2 maximum kelihood fit to
the full angelar dsttbutions were ilusteated. Such methods have not yet been used for
WTIWZ — 6 fermions, but the results from triple vecter bosons production indicate that
this process can provide meaningful constraint on WW Z anomalous couplings at colliders
of energy greater than 1 TeV.
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10 Light Neutral Higgs at a Low Energy ~~ Collider

Debajroti Chondhary’. Marie Krawezyi®

chen, Germeny
ysres, Warsaw, Poland

While the Standard Mode! (SM ) Higgs scalar has been constraiped by LEP] data to
be heavier than 65.2 GeV. minimal exteasions like she general two Higgs doublet model
( 2HDM] may yet have a very Lght (40 GeV') scalar (A ora pseudescalas (4) as long as
My = My > Mz 1. To probe the interesting regime (~ few GeV)in carrent or planned
Xperiments is however a diffcult task. both experimentally and theoretically (234, In
this context. the -~ optien at the Next Linear Collider, seems to provide an unique
opportunity (3], We focas hare on the resonant production of very hoht Higgs perticle at
the low energy ~~ collider. suggested as a test machine for the NLC {7,

The general 2HDM is characterized by five masses and two angles: a and 4 [5]. We
consider the phenomenologically appezling version. where the doublets @ 2 (with vacuum
expectation values vy 1) couple exclusively 1o the J; = 1,2 fermion fields. A large ratio
tand = vty ~ mym: 3 1 then appears naturally. Concentrating on the very ligh:
scalar’fe with the assumption M, > Ms ~ M. we note that LEPI data constrains [1b]
2 = J. Assuming this t¢ be an exact eguality] we further restrict ourselves 10 the sconasia
with a large tan 3 thus enhancing the coupling to dowzn-type guarks as well as charged
‘eptons. Note that this parameter is a0t Bmited by LEPI data for My < 10 GeV 41 In
Fig.la. we present the partial widths of & for tam 5 = 0.

We consider the resonant production of very Light Higgs scaler at e7s~ NLC collider

with emergy \F7=10 GeV' 7. The cross section for the basic process vy — & — FF

(where we specify 7 to be = oz x| is given by

(1= A:Xy) (1}

87Tk — = )I(A — ff)
($my — M7 =TI M7

wiers A are the mean helicities of the pheton beams and the rest of the symbals carry
their usual meaning. Iz order 1o caleulate the total cross section ¢, (fF), we need to fold
the 2bove with the photon spectrum resulting from Compton backscattering electrons oz
an iatense laser light, The latter depends. apart from the momentum fraction of the initjal
el=ctron carried by the photon {Z1,2). also on the helicity of the initial electrons A, initial
laser beam direuler polarization P, and other machine parameters 6. To maximize the
photon energy. we choose : = 4.82, and thus y ::.":_“':; > 0.83,/5.. = 8.3 G2V, Fellowing
refl (6. we assume the ‘broad’ spectrum of photons with 20, P, = +1. This has an
advantage that it is rather fiat over V8 and favers the Jz = 0 state, the polarization
state of Higgs scala-.

“The oppesite case, with wery Lght A, leads to very similar signatnzes and will be discussed elsewhere i3,
“Note that this kills the ccupling of & ws W, Z bosoas.
fAlse other data ke those oz the asemaleus magnetic moment for muoz, stil] allsws tan 3 ~ 20 or higher

> "t

for My 2 2-3 GeV (2.3
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Figure 5: (o) The partral decay widths jor b fortan 3 = 20 (e = 3). (b} The srciusion
plots that may be achieved ot NLCyy from either gu or 7+ channeis, The parcmeter
space above the curves can e ruled out at 3o, The upper and lower seis are for integraz
fuminosity of 100 pb™* and 10 5! respectively. Also shown is the imit “derivedls” in
the event of 1072 accuracy in presant (g — 2), meesurement,

To & very good approximation, (7 f) x tan? 3. For tan 3 = 20, this cross section
for M: zbove the corresponding thresholds and below & GeV varjes for =7 (up) fnal
state between 0.1-7.3 pb {0.5 fb-6 pbi. The (orders of magaitude larger) background is
maialy due to direct §7 pair production. since at such low snergy the resolved photon
coniributions are negligible. While the predominant coattibution (7. = 2) is already
reduced significantly by the choice for the specirum, the forward ‘backward peaked J = 0
contribution is reduced by impesing a cut (—=0.6 < cos§" < 0.6) on the CM scattering
angle. Further improvements in the signal to background ratio can be made by restricting
the total boost of the Ff system. here we put z; —z, < 0.6,

Since I'; is tiny (see Fig.la), in the event of indinite resolution in the invariant mass.
the signal would be striking indeed! We adopt, though, & more realistic approach and
choose, for the experimental resslutions, EMyz =26, with §,=0.01 GeV and 5.=2 GeV".
The 3¢ exclusion plots it the tan 3-3, plane that may then be obtained using the up and
=7 final states are displayed in Fig.15. To be specific, we have adopted two representaive
values for the integrated luminosity : 100 pb7 and 10 7% It is interesting thar theugh
the =77 cross sections are trpically lazger, vet better limits aze obtained from the muonic
channel. The sitnation would be reversed i¥ & could be improved. Note that the above
results are not expected to have lazge theoretical vncertainties in contrast to eg. T — A
process|2z.3].

To summarize. we consider the physics potential of high luminesity, low enesgy NLCv~
in the context of a possible light Higgs scalar in the genezal 2HDM. While the Hrits
obtainable with an integrated luminosity of 100 pb7! aze better (for 2 < M, < 7 GV

-

thaa the existing limits from (5 - 2),. a luminosity of the order 10 b7 'y would lead 10
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bounds much more siringent sven than those expected from 2 ten-fold improvement in
ig — 2), measarement 2b]. Photon polarization is crucial though.
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1. Intreduction

Extensive RicD eforts at the leading purticle-physics laboratories are forming the
basic of machine caiture needed to comstruct and operate the future lnear collider.
This worz i serveved by ao interregional colleboration’ [1]. which in 1995 appointec 2
Technicz Review Committee (TRC) to prepare a report on the status of the different
mizchine designs and of the related m‘._D work[2]. This was the first report in & senes

«hich is to copverge 1o 2 common conceptual desizn in three vears. The TRC working
groups covered injection sysiems. damping and compression systems. linac tec hnology.
benm dvnamics. beam delivery, and experimentation. as vell as each of the machine
proposa.

Pftteﬁ'dh‘[,! hese recent de loarnem\. extensive grounr".\o.x was laid a1 workshops
- La T:.m . SLACY. Snowmass]3l, Jzpan(6. 16], EuropelT. L1
|. Finlan d:‘ .the U S-\| 13), Hawaiil10]. among others. - and the machine -
t bL*kk LCA0 2t KE I\ [.'f’ﬁ1 1r_ P o:':mo. L9217 in Garmisch-Partenzirchen.

ce compleuu of the .993 TRC Reoon. there have been improvements in the
rmachine desigos. and r.ae: present seriss of \"o.-_-sncwps '14] led to more work on expe=n-
nerntation 1$sa | The present paper includes these updates 2long with a summary
entation mpo*‘[" 20 for completeness.

brief averview of the physics potentizl of a lipear collider in Section 2.
snnal programmme s highlighted in Section & Some rmain e e’ ph'
heir requirements on machine and detector are expanded upen in Section

&N

e [ LAPTP- Anmecy, R. Setties/MPI-Munich, and 4 Wagner DELY.Hambusg were copveners of the
wariong greup far the present werkshops

! TRC Experimentation workmg group with the fcllowsne members
srealucd/ TNFN Frascath, § Kawabsta/KEK. D Miller/UC Loncon. B Orava, SEFT
Heleinki. ¥ Rizhard Ll Onay, T. Tauchu/K ..,1-. A Wagner/DESY Much matenal irom their report 2.
is inciuded nere.

Maraewis ‘SL.-\C S

L
[
par

© operalion 0P
ares how the different machine designs affect the
{ detertor concepts is fa_lo'.w-" by an example
ciormance. Some conclusions are drawn 1o Section =

4. Section & 5 ar{sing

iTom discoveries.

'-p_.‘mrxn s It

for destgning

EULE .5

2. Overview
A few exampees of €727 experiments at Ve from 0.2 10 .! Tel with requirements on
deractor and machine are given in Tables 1 ; =ik result from the workshops cred
above. The e”e™ physics programme is well balanced b-::-va:n (1)  programme of dis-
covery phvsics. such as scarch for the Higgs boson and for physics bevond toe standard
model (SM. for examiples UPRTSYTRMELTY SISV, and (2) 2tich programme of stan-
Gard “bread and butter” physics. such as new measurements ir pootly mapped regions
of the S.M. top quark properties and trilinear geuge couplings, and familiar messure
ments to further the understanding of QCD. This programme, the @ ¢~, +~, and €™~
collider options. and he possibility of improt ing on the precision measurements ‘
peak. create 2 collider facility ith 2 new magnitude of potentizl for decades of F frnnt
particle ph
The main goal of next-generation colliders is To understand the origin af electroweak
symmetry brezki o n.,SC The mechanism for E55 is most prodably operating in the
energy regime [13] “of 5 = Of1 Tel) or below. and the linear collider has the fexibility
amswer all of the relevan: r‘x.act:om in that range.

3. The Experimental Programme

Ir: the following. the -\'per:me*tauon phases Tefer 1o the energies at which the
mackine could run for carrying out its exp »r::'ncr«t.xl progremme, ané the machi
stages refer to the construction work which has teen realized. In presen: planning{21].

designs for the “rst stage of the machine allow 5 = 0.8-1.0 TeV 1o be reached Witk an
“adizbatic 1 psrm"r' of machine technology without having to bulld new tunzel. and the
second stage would then go beyond 1 TeV. This approach has been successiully appliec
to the operation of LEP = LEPI—LEPLS L. 2—-LEP? - with hardware upgrades anc
ting new physics at each stage

ne

3.1. Experimentation Phases

T - AR '.'u- international workshops much work o'n:c:cd around 2 starting phase at

= 0.5 TeV which vields a :)h\:,ic_ programme with healthy compl ementary 1o that
of LHC. The following are presently identi 1Gahle milestones for running the machine at

3 Te\' with 1667 of data. zny discovery gap that might exist between
could be closed. a defnitive test of the SUSY- Hzgp scenatios could
& in those models the lightest Higze has M, £ 130 Gel/c® and would
\.1ar~ stantdard analvses could be perfommed. for exampls the
gange coupiings WV V=s 7% measured twice as precisely as ar LEP2. A




in being .-Hv to ¢ rover all presently

shold couid be fouad with 2 Sipary scan iovelving
or with a 2-37! run above threshold. 1o vield
near-gauge-coupling pr r weuld improve iy
four relative te LEP2. The top threshold scan with 3fb~Tp pe:r point a:
Y energy points. which could fellow straight awey or be de:aw-:: unti] later. would
ten=0.2 GeVic®. Now thar the top quark hat been discovered. VE =
15 alse be viable as firsi-phase energy of the machine.

—Ma:.;- workshop studies were done assumning 10-100%~ of dara at VE = 0.5 Tel
Precision measurements would look for new physics iz properties the top quark such as
T its substructure. the trilinear gauge couplings waonld be measured to abour
1he Higgs bosons with masses up 10 ~350 GeV' 'c* could be discoveres. I
TErmmetsy exists. depending oz how it is realized o nature. this firet < stage

: fy same of the Lighter supersymmetric particles | ¥ L.

he pa:te.-n is clear

j &
=]
1.
m
b4
ﬁ

X3
the first stage: there are phvsics questions o be
answerec at low energies. and the successive increase in machine energy and luminesit

inue, with

b ~100-2007" of data to be takes at appropsate energies up to
0 TeV, The goal ar kigher snerzies of the Arst stage would be to search for
ses and or supersvmmetric perticles. The SMm Hlbg'- can be discovered
ass of .'l.fyr\;- bDD— D0 GeV/e®, £ S2SY has beer ‘ound earijer. the search
vier Higes states | H7 and 4" produced in aesociation. and H=. produced
in pairS‘ ar;:i the colf:rr_-v: :

{g. . which are he::n'} 10 mest models, will

¢~ The second stage unco new and erandard physics that le at higher
Increasing the length  gradient of the ""L&-.‘.}‘.iﬂ" would allow ~100-
1P 2 TeV, opening the search for ever heavier

ploEx2

I <he Higgs turns out 1o be heavier than ~300)
/7. it no longer behaves [ike particle as the Higgs sector is strongly intess acting.
Tze programme for studying the meckanism of electroweak symmetry breaking would
Pa35 10 2.0, precision meusuraments of gauge boson production ~ the 1, W seattering
ent 2t the highest energy which should be at least ~1.5 Ted'. At this stege, the

>~ linear coli be the Dest place te measure pew

persymiInetric ;

Cles.

ena which may exst
e direct or indireet evidence for an ended-gaupe

energy range

1ew neasy fermions if thelr masses are with

or the urcm <tion :r'

the collider.

'S \'}J 'I"'fLS""IT}

e Tests

.h ..1 acd all three n:cm;drr- modes offer
ng supersvmme :

o8, 0P, 6T e T il e

£5 B0CRSS T possible ex doubly charged abje

i
L8}
[rel

Tukie - Seme e™ ™ expenments and the corraspond:ng performance peeded for the mashine & sty
keyv  from-"net important. 1o we Very Lmportant
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of the Table gives the perfermance of the detector for measunag the lumnosty
: expenments @ whiieh the ¢ m.s energy spread must be well tnessured
ing “alepimetry” cefer 1o meASUTIAR aceuracy T momentum, sneTEy. respectively
Rl angie tagger would allow Jow-r studies wnd high Q3

[F1]
(]
Nt

o discovery of a heavy Majorana neutnino. Lince the
changes to the hardware of the €7 e” machine anc
» pursued during the first phase of the fucility. Thee -

Ti. AN 1O poss

tHICITe

. machine for measuring 1he quark and gleon
£ & mast rAportant experiment, which showlc b

j¢ the direct produciion of the higgs boson. wh
via joops with contributions from pew partices as well as from 17 and
I ;

proceeds
Thus a precision meesurement o [ o aypon Eives indirect access to new physics

: - Running on the £ ? peak with polarized bears could measuze sin’ By 10 BT
sccuracy than at LEP/SLC 4nd provide the indizect
S framewerk(f. 60]. The luminosity Teguirement 15 <5 » 10%em~isTh. and botd
beams should be polarized 1o reduce the ersor en sint e 1o well below =0.000] 39
For experiments measuring CP violatioz in the b-guark segior OF E? oscillations.
sinosity of ~10%em™3s~ would be needed (6. 61
Finailv., & techrical remark. The Z° -peak running is imporrast for calibrating
the detectors and measuring ~he zbsolute enerzy <

1= modest.

Mgz, Getermination Lo test toe

ccale. The luminosity requirement.

~ 10%em™s
2.2, Complementarity of Hadron and ee” Colliders

I+ has been emphasized 2t the international workshops 1nat the ppand e7="
programmes are complementary. and what ic found at the LHC will influence the =x-
serimental programme Al the e—e~ collider and vige-versa, Examples of comparison ol
the phaysice potential of e—e~ and pp colliders are fonne elsewhere[13. 22. 23, 241, These
stdies show that tae complementarity of the «7e” smackine te LHC

¢ already necces-

- =

fost-phase operalion at v & = 0.3-0.5 TeV'. whick is the

» way to the hiher enez ere the compiementaniy
hifts to other ohysics [mezsurements. For example. the prope 7 u light Higes
would be mezsured at the frst phase of the ™ hine ruaning 2t the peak of the Higges
production Cross section, whereas an intermediate-mass Higgs w uld be messured 21
e second phase of the machine running at the appropriste ¢neTEy Most top quark
properties will be derived from running at the peak of the tf cross section around 0.4
S tly. for pinning down the properties of the supessymInetsic particles and for
manping out SHUS) perameter Space. boam enargy and polarization would be railored
t6 the measurement in question. s | e shown s

does not exist. the mechans

s, Wi

0. a

examples ia Section 3 below.

If the Higgs a8 patt m for ESB would be studied in

W=~ production at & seconc-stage energy of 1.5 TeV and in precision measureiments

vith pelarized peams & lower energiss.

o optimize differsnt measurernents by running at the
desized energies with of without polarized beams thal gives the e7e” zollider
full phys 21l complementarit) 1

very reach of the LHC is matched by @ ¢” around | T\
. 2o an esseptial part of the entire programime. 0

vo the hadron colliders, Ut is

L
Lk
2



4. Experimeniation: Machinew— Detector—Physics

4.1. Machine

The clobal

2cts of interest listed in Tabie 1 are: luminosity, 4, /5=
.and beam polarization. Narmow £ % means the ERerTy
e ot be small i~ Q0.2% )1 and the luminesity spectoum
"¢ the ~0.1% level. see Table 2). Table 1 makes it clear that there is

3 i

“ics in the high luminosity and that the polarization of the beams wi

the beam-energy spread, beamstrahlung,
lef.sr. can be caleulated 1o high preeision. the
first and secone edects have 1o be measured. The beam-enerzy spread 1s mainly due
1o beam dyaamicsin the damping ring and acceisrating structure. The beamstrahlung
however induces an average loss in Seam energy §g whick it related 1o the luminosity.
as £ x \V3s. The machize could thus achieve 2 better luminosity spectrum as far as
beamsrzahlung is concerned by compromising the luminosity, if it were o turn out for
2 given measurement that the averal] o Slematicsiatistical error is reduced,

= radigtion [Ls.p0).

4.2, Detector

The derector nerfomance as Lhe fellewing general breakdown in Table 2: hermetic
coverage, tracking. calorimetry and enesgy dow, 3-D gracularity of the subdetectors,
charged leptor idertification | 2nd sign cetermination . vertax tagging, ard = 'K iden-
tification. Thiz of categorizing detector pezformance emphasizes the measyring
us subsystems. If the brealdown is 1o according to analysis perior-
mance. the jtems would be: missing-energy measurement. snergy-fow measuremen: .
ST Tecomsiruction. Jet-jet resalution. lepton reconstruction. lepten-lepton resolution,
bir-tagging efcicnen. and meassurement in the forward-backward direction. The sun
for according o subdetersors woild ber vertex detector, inner sracker. ceatral
tracxer, electromzan caiorimeter, hadron calorimheter. the coil. muoen chambers.
lemizosity and €nd-cad trackers calorimeters. date-acquisition svstem. the trigger sys-
tem, and. last-Lut-not-leust. the computer farm for online reconstruction of the data,
Table 3 shows the correlation between different breakcowns.

4.3. Physics

The =

workshor

a1 Tabies T and 2 ace based on examples from the internationa)

5. 27,55, 26. 30, 31. 32, 33, 34. 35. 26, 37 38,39 30, 41, 94, 45. 46

¢ The Higes lioson

gs-strehizng and gouge-bosan-
n the mimmal SUSY modet TMSSM ) mes
umbers gnd of the branching ratios to test ¢

% S M end MSSM Higgses).

(]

: single CP-ever scalar boson Hgaw, Intae MSS. v
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Table 2. Céralation botween dafferrat wawy of jookine =t the detectar

Detectar Pertormance

[ Anxvsts Performancs Hermee  Tracks  Calor  3[im leptom Vertex gl
sasity i imetsy  Grang LD Tas TEN |

wang-Energy Measusement ¢ x % < x

Enrrpe-Flow Measuremen: x x x X ‘:
| iot Retonstruetion Lo x x x ‘
i - I2* Reveiution | x x x

Lepton Reconstruction x % x x !

b ~-Taggmng i x x 1 ] ¥
Eon-uc-Bad:\wd Direczien x % x

Suhdetector System | |

‘ Vertex Detector l % % % x
| ingier Trackar | x ¥ x x x |
Jeneral Tracker « x x x x %
coiromragnete Calonmetss | ] x % x |
| Hacren Calomimeter ! x x x x |
E Muon Chamsers | x x ¥ x x |
| Lum; asd End-Cap Deviees | ox X x x x |

The physical spectrim consists of rhree peutral Sosons. the CP-even A and HY and the
CP-odd 4% and a pair of charged bosons H*. The searches for these particles bave
heen sirmulated in some derail usizg the performance of » isting detectors 26, 30, 36.
48, 34, 36, and the discovery with cuch detectors is straightforward in the light-]
stenarios studied up 10 now fie.. for Higgs masses up to abous 330 Gel'/e? a1 V5 up
re 0.3 TeV' Vertex tagging improves the significance of the signals constderadly ané
is *hus rated highly, in particular if Mgz Mze[36). Excellent tracking improves the
Witz mezsurementfsl. Hermeticity is newded to identify decays with large mis
=Herey. sitice the MESM Higgses can possibly decay invisibly, While light Higgees
can be discovered with detectors of performance similarto LEP/SLC detectors, Fnding
and studving a heavier Higgs at higher /% puts more demards og i
The summary In terms of detector performance desired is shown in Table
terms of analvsis peformance. 5 T-tagging. jet-jet and |epton-ler
resolurion. and hermeticity are Important 10 very import the detecter.
muckine. high luminesity is peedad 1o measure the Higgs braneaing ra:
€ TS ehergy and uminosity are required in case the S\ Higgs i heavy

: cinl be glscovered up o z mass of M, = 800700 GeV the firs

,.
ol
il

*PLOD, LnVariznn mass

obine maciine For My, > 800 GeV,e%, the sscond stage i= needed for o

L=
L
o




-

e BT

er luminesity end /5 will be required if the world is supersymmetric. since
Higgs oasses rasge from light #° (B°.A4™ und the
Higes | H= may aiso be heavy. In zddition to Higzs-sirabluag. the neutral

te possibly very heav

are produced in associatior. nd the charged Higgs is pair-produced.
auge bosons

rmiinear couplings, of the quadrilinesr couplings: unfoiding the «
h polarized-beam exzperiments.

The zo olden c:ﬁamu& jor the measurement of trilinear W= m;n'mgb (WYY =

£ €4

- Z% 732, 38, 33, 4T is eTem =W W= ivgy’. Detector aspeets for the mezsure-
of the couplings are discussed in detail in Section 7. Hermeticity 1 impertant
lding & g0o¢ missing-energy meastrement because of the energetic aeutrino io
the Fnal state. The LEP/SLC-type detectors are adequate for sxtracting the couplings
at o5 = 0.5 TeV(32). but detectors ax studied for JLCI6! and for 1 TeV' [48] improve
tne forward-angle performance. which is valuable due to the forv-a.rd-pmkmg of the
aroduction angular distribution. These detectors allow good energy-fow measurement
dowsn to cosh| < 0.98 for the helicisy analvses. At higher epergies. the improved per-
formance in jet recoastruction. lepton reconssruction. and jet-jet resolution for WS
reconstruction are necessamy. This bread-and-butier experiment of the physics pre-
gramme puts strong demands on machine and detector(45], as seen in Table 2. Thus
it be used in Section 7 below as an example for studying the detector resolution.

4 well-measured luminosity spectrurm. polarized beams. high luminesity and higher
£nergy are lpportant machine 3.>pt_ct.$ The error in measuring the trilinear gauge cou-
plings decreases roughly as 175, so thet higher energies will ireprove[32 this measure-
ment. Beam polerization is necessary for disentangliag the 4 and Z% cauplings.

o 17, 17 scartering

It the heavy Higgs scemame, study the mechenism for E8B through meesurement of

W, W -seettering at the highest energy i.‘"m iigh: Higgs ts found.

If ‘L!u‘,;,u lasger than ~800 GeV'/c". the ngge decomes strongly te'ac'"ing very
broed, and no longer discoverable as particle. and the programme for 'mncremncung the
mechacism of slectroweak spontanesus symmetry breaking would consist of precision
Measurements of gauge boson production, the W W -scattering e.\:pe-imenz[32. 47 at
ge of the mackine. which should encompass a Jeast V5 = 1.5 TeV for

ended gauge models

-"fcr rew gauge bosons end new matter parricles.

o2 gauge models require higher energies, highe: lurninosisies. ané therewith

it possible detectors. If a Z' exists, or new heavy fermions. the linear collider is

v siited o investigate these objects. For these studies the highest energy of the

stage e”e~ coilider should be realized. /s = 2 TeV, and the discovery reach

o7 the LHC will be exceeded by virtual 2' production in e”e™[13]. Beam polarization

wanld then th in studyviag its production, and the detector woul id have 0 measure
Enal states bir-tagriag. W=+ Z° -reconstruction. and missing-energy resolution are

L COTA

1t Bn

e
)
tn

* Supersymmetn

Searel for signals of che

sleprons, es wall g5 of .:gudrxé and gluinos,
o "-:rr of the meas spectrum, the widths and the couplings; meesure-

s to wnderstand the mechenmsm for supersymmetry
iele (LSP ) is eften assummed 1o be the JXELV 25T

; : ¢ jcteracting and Trequently zn end-product i
reactions producing supersymmetric nerticles. Thus topologies involving SUS) pas-
ticies are often characterized by missing energy. so that hermeticiry of the detector is
essential for these measurements. On the machine side. beam polatization will help
for he searches, since for example slepron production It enhanced while the 72 W™
background is suppressed. If SUUSY is discovered. the examples discussed in the follow-
g Seat

o 6 show that beam polarization becumes z valuable tacl for extracting s
pmpr.-r:i‘_-sf‘sﬂ Very good three-dimensional gracularity in the tracking and calorime-
try in the detector translate into very good jet 2nd lepton reconstruction 2nd two-jet
resolution. which make the studies of the complicated final states miore tractable. In
many SUS) models. the non-colored states (charginoe (7. neutraline 1% slepton ¢
and might be produced at the 0.3 TeV phase of the machine (see Section 8.

while the colored states (squark §, gluino §) tend to be heavy in most models sa thar
higker energies would be needed to study them.

o The top quark
Measurement of M., et and eboue

threshold, of 1he top guark maegnelic and electric
fipole morents, of its decey properties. of the Yukawe coupling. and of rare decays.
~TLC1\ of the top quark is one of the rentzal research topics at the linear
zoll . A precise deterroination of its mass will sharpen the sensitivity of the
clectroweak radiative corrections to the Higgs mass/60]. Precision measurementsof top
auark properties will be made at the threshold region and above. and the comparison
between the two will give important cross-checks 1o the SM, The above-threshoid
measurements can happen together with the search for discoveries at the highest avail-
able /5 at that time.

The measurement of the top mass in the threshold region will be an imporsant part
of the eaciy programnme of the collider’s first phase. Te achieve ar accuracy of =500
‘jn o for the top mass from & 10 57} threshold sean[27], ar =200 MeV /¢? from a 50
' threshold sean[33). 2 precision measurement of the lumir sity spectrum £iy/5) 1o
—-10" is needad. This r&qu'::es good tracking in the endeap region of the detector[23].
as indicated in the last row of Table 2. A detailed quaniative study of the effect thaz
the luminositv-specirum measurement has on the precision measurements remains to
be done, Assuming the spectrum to be koown L infinite precision, a reduction of
the beamstrakluag to achieve a better specirum does not pay off. a¢ the reduction i
totzl luminosity reduces the precision of

be scan for a given runping time (847
For wop-quack studies above threshold, where tf events will be produced at about
the same rate as u”™p~ events. the collider can operate ir its highest luminosity mode.

(4}
(7]
(a1



breakdown or exter
the top :mo...‘..c' + mag-
"= A) structure.

af searches

Th-.—

these m
L have six jets or four fets a.nd had lepton =
z from the p'o-na decay of each r-guark inte a -quark and a W’ --powu.
olution. missi z_g—enﬁfg} resolution. W - reconstruction. and »tagming

y importan:. se that improved detectors are d»rsi:able. Hermetic coverage down
te lcos 81 < (.98 would ameliotate forward-backward measurernents related 1o the the
helicity structure d-.d detecting rare decays involving the 3§, Good lepton recon-
straction is essential for studyving the lepronic decays of mp. for the p.,, measurement

way of

-‘J"D 0"!‘ ol it event

e

duriag the '.'rres::oI-é scan, for the helicity analyses and for the study of rare decays

t—H7h H‘ . Thae latter reaction also calls for good vertex detection. For

nergy-fiow measurement. the culibretion error must be belew 157 2o

r_'r.:—.ul-: an uncertainty in the M., measurement to less than =300 Mel
e QCD

\ives
Mreasuremer

of ¢y (s many studies of the Aadrontc final state
In general e*e™— (2% 2" —qdg, as well ps eFTe =W "'~ e*e™ 7, evc.. all
e QCD. znd careful measurements have to be perfortned at each phase of the
chine to make sure that the S.M is evolving properly with /5.
The measurement of the energy dependence of the strong coupling constant is an
important ingrediant of the SM, and requires the machine energy to be varied over
a 2road rang=[43]. ‘"u:r'he: understanding of QCD requires continued measuremen: of
the general properties of hadronic final states. because the theory also continues to
evolve \[a:r.i'-‘ the :ra.-:n..ng and calorimetry of the detector should be good but they
do not nave to be excellent for these studies. and the lower Iuminosity, e.z.. as expected
it the early Upt'rdti[‘.l :JE‘m.\ﬁ of the machine. is sufficien:

o T o«pm‘_-r'J p

e
of QP

X -QCD phenomenology. of the photon structure function F7iz.
1we resonanaes and heavy-flevor production.

lider there are useful event rates both from virtual photon
& ovirtuas photons. The higher enersy
.\"Zgniﬁca_n:l;. enhance the precisior poy
of heavy flavour production and the
re of <he photon by measurement of
thout an chserved final state electron.

wu
L)
~1

5. Machine—Physics

A big advasntage of the linear-collider facility comes from tne :
trate specizlized experiments 1o answer qu ns arising from new phy
covered. In the following are some examples from the SUSY werld

There has heen much progress recently in understanding how to pesform preci-
sion measurements to map out the Spectroscopy of the sparticly masses and use their
£ &5 Lo measure the SUSY perameters(37]. An example from the study is seen
in Fig.1. the results of a measurement of slepton production, specifically eTe™ —Anis
—uviun]. The beam enmergy is chosen at enhanced production cross section. and
hearn polarization is used to eliminate the W background. The acoplanar-pair search
is straight-forward. and the energy distribution of the muons is seen in Fig.l. Tht-
end-points depend so the masses My, and M. The result of a fit for the two masses
gives the smuon mass and the LSP mase to 21.5 GeV and =1.0 GeV', espo:ctlve-;..

£

- 120 — " T TG
L 1 1 - E F | 3
la) e%e” = g mx i - b) =

a5 LT - 50 GeY 2 S b
3 T g .
: 8. ]
") = =
: ) T
= 3
- 118 -
3 3
. 118 =
&C 138
Fig & i{a) The enermy distributiop of the mmuens fram Zagp decwys wuh the fir resuls

by the solid cusve. 5,y -contonrs in the M, - :‘.‘.{\j plane obtained by fitting the muse
SpAStTRmL (37,

Beam polarization ie thus an important ool for these measurements. For example.
rginos % are w miNture of charged uang and higgsino ssaves. By measuring the pre-
duetion of erarginos for left- and right-handed ™ polasization. the angular distribution
changes as the rate of higgsino production chazges, while the t-channel production of
wsnos ts wurned off using right-handed electrons. Thus 1t is possible to decompose the
states and dedoce the mixing angles of winos and higesmnos in the chergimo. A similer
zame can be played with the neutraling ¥, which is a_minture of neutre! wine. dine.
and fuggsing states. In each of these e:.."pwrimmts. L3 wouid Be oplimized to mu
mize the produetion of 77 or §7 the masses of which have bee
axpenments similar 1o the one descriped above.

Further, the masses and production cooss $ect

ch

asured in eaclier

as of the superpariners depend in
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=S

4SS M parameters g, M. Mo, . tand, 1. By comb
hangels, it is possible to caduce these parameters an
Lry. For pton and geugine procurtion
A, znd the subsequent ermination of the charizing and
':m-:ﬁ parameters. whica can then be used to test the
cation as "“‘p 1o = = % a5 seer n Fig. 2. Also shown is toe

a mass relation bet Zicted by & specific mace!

<he :1-:;;5'.1:-:::1-31-
neve cross-chech

230 T T P T T T
- -
{a) - . dogp =7 e
13 ml . - L7
t- =& -\\ S P N, 22
s B S - = 4
z FR z Le*
g 100 T— 2 =4 e |
£ | < we JPriai “
1 et 4 - Universal \
- GUT - 52 Sealar -
- ,:: Mass
1-*7 i | 1
a0 5 Ly = . |

2 Mo 1GeV) MEE "‘“3,-. (Gev?)

Fig 2 Testsof MSE.M ar the 5080 GeV linesr collider ia) The e

parameters M. o, M, ;. snd tand to the mensuretaents o

ws the grand nnificasion telanop serween the 30720 and [1 ) gauge

bason superpariners. (b test of the mass relation involving the SUYDY geuse teson superoastner

Fpi€R): the dotted L

and the slestzon cu,,rrr.a.. ner The %~ contoure ipelude reconstrucuon afficiencies and standard

model backgrounds.[37 22

&, Machine—Detector

Hese =he differan: mnachine designs are compared. Some of the issues for
‘he machine and detector closely interact are listed fisst. and some guentities derived
from machine perameters affecting :E:re detector desigh are compared in Tables 4 anc 3.
the sumbers for which were caleulated by one of the authors «D. Schalte). This s ar
update to the TRC report’?. as thie machine parameters for S-Band 7&»:1:-.. and NLC
h:'.'.', evlved since then

Beckarounds, The sources of backgrovad are :'ron. .....am Dear e-'f ] 't. SYNSRToLron

nto the détector and of he

B e
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where The s are due to beamstrahlume. The total energy in the pairs per bunch
crassing can e a few hundred times the c.m.s. energy. Nevertneless. this background
e sinee the trajectroies of the particles have either stall angles
or small ransverse momenta. The first tvpe i trapped b
'or:tcal masks at the endcaps of the detector: the wconr‘ tvpe is constrained to stay
close the tie beam axis by the strong sc-l-sno:da.l magnetic fie i' of ¢ ‘:—- detector. The
mask creates the “dead cone” of Table 4. row 12, to which the detector i blind. Due
10 The pairs, detertor components msice r"o: mask will experience high radiation ievels,
28 will the vertex detector at small radii.
iibrenion. All mackine designs. whether at 0.3 or 1.0 TeV'. require heam stadilizy
4t the sub-10 nm level o achieve their desizn luminosities. Grouad vibration. of either
seismic ot cultizral origin. must be controlled to well below this level at tkbe final focus.
Beam diggnostics neer the {P. It is importent to be zble to measure the beam
parameters at the interaction point (IP) separately for each beam at the fzl] beam
inrensity. BAD to produce such devices and locate them within 207 of the distance
from the [P to the drst quad. will requize close cooperation between detector and
machine phy
rirecred beem diegnostics, Experierce from the SLC/SLD tell us that these entail
specticmeter. 2 COMRpLot nolasimeter. 2ad beamstrahiung proten moritor.
; iplications
The lzser photons must be transporied to within a few censimetess of the IP for
Campion .ai:ks.caueﬂ:g and the electrons raust beextracted without creating too much
background. The interaction among these devices, the vertex detector. the cther beam
monitoring eguipment. 2nd the masks is sufficiently complicated so as 10 requirs the
design of & dedicated detector for the ~~ experiments 3t & dedicated interaction region
(IR}. Conceptual engineering solutions have 201 vet begun 1o address these lssues,
Deteetor fiming
The bunch lime structure of the various designs vasies from 0.67 ns (CLIC) w0
705 ns (TESLA . as seen in Table 4. rew §. Through the beam-beam interaction.
each bunch crossing occuring withia the time resolution of the detector may produce
varticles that can partially obscure & real physics event triggered by & different bunch in
the train. Thus. the time resolution of the detector and the meximum tolerable trigger
rate becorne potentially important parameters in deciding between competing machine
e +. I sub-nanosecond timing were trivizl aad computing power large, fast. and
ap enough. any machine bunch stracture could be considered. Unlfortunately. such i
act the case. Table 5. row 10 gives » measure of the probebil
from underlving hadronic events in a good pha
2 timing resolution of 100 ns.
mggrr rote and Date volume
t the SLC SLD the trigger rate 2nd data volume can vary enormously from puise-
te-paise.  Querall trigeer rates under poor conditions are much larger thar can be
explained by physice or simulated backgrounds. While one hopes that any future
i!l be immune 1o such problems. it is prudent o design the trigger and data
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ot dynamic range to ride out these disturbances. in addition
provides some of the moess us gnostics for the accelerator
ily correlate izs dara with *h the machine should be a de

= machine designs except VLEPP incorporate multibunck operation. Whet
unch spaciag is loag enough o alow for a 'noge decision, one can mmagine
where 1'r;e rate of the frst-level trigger would be the product of the average
g tate {Table 3. row 11) and the probability for @ hadronic backeround
'bc rc-a:u beam iateraction i Table 3. row 6). The resulting trigger rates
| ars quite tolerable but. for example, twe orders of magnitude Jarger
] triggers

When the interbunch spacing is very short. another possiblity is to consider 2 simple
ch train crossing as first level trigger[8. This would be followed by 2 software trigger
that znalyzed all data buffered into memory during the bunch traiz. In this medel.
maximum trigger Tale would be the machine repetition rate. as tabulated in Tahle

EH

E e Far compurison, Table 5 row i3 shows the rate for useful phveics events.
ass 20pb as the rough total for in er‘:snx:g-ph_\'sics CTOSS Sectlons.

@ guess at the data volume can be made: & good event (Table 5 row 13)
will contain a few mep of informarion[f].

Here some global
natione: workshops[, &
are listec, ‘n Tab‘»'- 8 Ea:‘

) do mdd: of Lhe wh sics in the early phase of the
:.c..I pﬂrﬁa:‘mmcn figures are shown ir the first zwo columns
Table £. For lughcr fuminosities and/or higher energies. high performance detectors
are needed. and such detectors are the subject of the last two columns. Examples given
are the JLC Derector” 6] which is being designed ar KEK and 2z ~1 TeV Detector™

ich 2as been discussed in Europe. Both detectors are large and give good parfor-

1-2 Te\ The JLC Detector is being designed to have good hermeticitv

e the fullest possible solid angle. to have jet invariant mass resolution comparable
the zaty '.vr"l'.hf af *hc W= and the Z°% and give a lepton pajr recoil mass
¢ comparable with the beam energy spread of ~200 Me\',

s under study with the demands on pcrfa.-manr-e listed iz
ather alternative is 2 small high-field detector[41]. whish
s for the ~American” detector’30) being considered in view of NLC

Table 3 Tabls 2f some machine parameters selatad U

devecter design
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Takle & Exampies of detector performances used in physics stedies
P pny

Tudle 3 Table of some machine parameters related ro backgrounds

el | LEP/SLC | L2 L TeV !
Savle” I Detector | Detector Unizs i
| TESLA | SBLC JLC(S) ! JLCic: | JLerxy NLC | VLEPF CLIC | ; i
; | Upper sumbers for 0.5 Te\' machize versien :
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E Backerounds/ 100ns 7.1. An Example for Detector Optimization
B . : | T | A | ~ Ser A e - "~ TEFTS TR - 0 o :
[ n | owr | o [ s 29 A ; The measurement of trilinear W= couplings (WWV. V' = 7.2%) [32, 28, 33. 47 i
i 72 s50 | | 1036 Ti4 150 | 1010 used as a benchmark reaction to ‘:ud" d~=:ec or pe'forma.acr- This is a continuation
i Rk | s 50 53 35 o3 04-.08 and u:rcate o the excercise ‘;C'dfu&l. carlier | I The eciden channe! was recognized
i q7s Lo & | 14| 0613 ' - Zf = poel 'Tne.s.gn c:_zn'e -:k_:a.g:—.-‘o: the
; - = : : = TR ing “ s is identified E~ that of the ‘ep;on ne pr oduction angle is given by the
- 100Mamii= ey 10 023 16 33 & 11 £ [ 002-.015 . 5 i -
3 i : B N i dis of the haérenic system. and the decay angles are derived fom the recon-
L e o | 18 b == | 013:32 guark and lepton four-momenta. The trilinear 1'-boson couplings arise from
i i 3 iagrams involving +". Z” exchange ard measure the structure of the I (em.
s | 25 | 108 1275 1 3 St and wexk magnetic aad electric moments|. They determine and are measured usiag the
s | 108 - _— . angular distributions of longitudinally-pelasized Wy and trans -:sallv-nolan::ed iy
34l H{ER ia 73 ples NaR T . 5 . = . . :
‘ The Wy and Wr components are extracted statistically using the Widecay apgular
=z = 5 1 5 55 25 s ;
iy } : | ! The W is the physically interesting compeonent since it is related 1o the
-3 i3 >3 o |4l =23 of freedom used to expedite £55 and the massive gauge bosons. The
1= 2 | e 18 11 12 a 0o 08 roduction in the W’ sector. however. is of Wr via the t-channe] p-exchange.
iz . o | o 19 a1 rerg | ins oo information about the trilinear couplings. is thus 2 backerouad for
. B | 2 1
1N
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forward-peaked, while trilinear couplings are sensitive to

nis prominent in the central-te-backward cos 6 region, The

still an order of magnitude larger than the signal =t back-

for \.:zpa-.uzcd peams. A polarized electron beam turns off the 1-chaune!

pe"’.:ari?_:-_:i.:_- background and changes the =° 7° moxsure. which enables

g the -.Z components of the anomalous couplings. so that it is very im-

portant for this experiment. But the beam pelarization will not be & perfect 100%, so
that it will alwavs be necessary 1o subtract the background.

v theoretical scenarios for fitting combinations of the parameters <. &

Zi Aar AZe
and grww waich describe the structure and couplings of the W boson were tried out
for dme:em observables: the total cross-section ¢. the production angular distribution

) s
Ty and the production and decay aagular distributions e
Table T lists the detector and rmachine aspects which were to be rated with regard to

importance for the different experiments.

Table 7. Detecior und machine aspects for which good performance 18 important for the mea-
suzement of the trihneer couplings. Quality kev: from'-'zoz :mpc-':‘.n‘ to e very important,
LEP/SLC detector~w, L£(y/35) stands for a precision measurerment of the lummosity specioum,

T o
Detactor | ¢ Temededom wde dcos ¥ do? dicas Fasd :m: dejdcmelaol

at \'§= 25 TeV | at \.:: 1.0 TeV J

| Hermeus Coverage I - - ——
Tradking "\ x| - —— |
Calorimetry - - | -~ |
3D Granulaoty || = - { e ]
Lepron: 1.D i ‘ ‘
tinciuding charge| J - - | —— i
Vertex Taggmg “ = | ; | i

¥ Separatics -

Detector=Machine { 1
I e - )
T -

Beam Polanzation || - | - e |

The performance of the “LEP 'SLC-stvle” detector in Table 6 is good enough for

the couplings’ Teasurements &t vs= 0.3 TeV. but improved trac
mucns at small poler angl !

g of electrons and
aliow more p'ec:»e measurements or a ¢

r. lumines-

This is the example used hers to discuss detrector eotimization
The tracking accuracy listed in Table © are for tracks in the central [lcosé' < .7

region of the angular distribution. For “dipping” tracks in a solenoidal magretic field.

£ VI

[¥3)
A
w

the formula should read

g -~ g
L =0 < —_—
Byt L

where ( is the number in the “Tracking” row of Table 6. & iz & geomerrical [actor

e Ao and R are the outer and inner radii of the tracking detectors, 2 = L is toe
{along the beam) of the centzal tracking detector and N is the ma.x:imum number
asured points of charged particles by the :raxsmw detectors, For the discussion
which follows. € = 6. Az = 1.8m. Ry = 0.1m. L = 2.2m and N = 33 have been used
for the “"LEP/SLC-style” detector (vertex inf ;v.:lo* cludedi.”

For 200 GeV electrons oc-u:znt in the eveatsaz /s = 300G=V. ¢ energy measured
by end-cap calorimerry is good 1o z few percent e\e: at small a.ngle\ until one runs
our of calorimeter at anzlf-r belene |cos#| = 0.98. Far 200 Ge\’ muons the momentum
error from the curvature meazsurement by the tracking detectors becomes severs at
small angies: e.g.. %’— > 30% for eos#| > (.06, using the above formula and the

~ detector. However. the curvature measurement for the eisctron is
important at sr‘.a.ll angles as well as for "'Lr.* muan. tn oréer to reliably determine the
sign of its charge. for knowing the charge of the corresponc ling W=. Since the apguiar
distribution iv strongly peaxed in the forward direction due to the t-channel. a wrong
iration of the charge would put the event in the wrong hemisphere and bias the
measurement in the ba -d direction. 2 sensitive region for the couplings. This bias
can be corrected using Meate Carle. but the smaller the correction. the smeller
svstematic error.

Assuming that a 33% error on the curvature measurement is safe for determining
the charge (37 from zerc. b from the wrong sign}. then the “LEP/SLC-syle”
can measure down fo lces =~ 0.94. Ope could live with this. but due o the fo
S cos#. one gains rapidly in statistics 2t smaller angles: the gain is 2 factor
28] in going from lcosd = 0.3.; e cosé = 0.955.
This performance iz achieved at 5 =300 GeV with 2

}' 2= 1000 GeV' 46, Tr. performaace figures for
» main fmprovement is in the tracking
1d Bt 2T. For this detector, the sign of c':v.im;r*
trd be me b 3= significance relative to zero !
nearly the same performance as 2 “LEP, SLC-style” detector for measuring ¢
track.

by increasi

althoagh this still must be verifiec by detziled simulation. the 1E00GAN de.

sxpected 1o have & ring the couplings ar

mance for meas

sifnilar per

37 the magnetic fiele B e contaned an ot s LS



/5= 300 GeV.as & “LEP/SLC-style” devector 2t V5 = 200 GeV. This statement only
cnfare to the the effect of detector acceptance and smearing. The effects of initial state
radiation and beamstrahlung are of course more severe at the high energy. The ear-
ler studies at 500 GeV using various detectors gave selection efficiencies ranging from
50% (due to detector acceptance (lcosd| < 0.885) but without radiative effects [28])
1o 36% (with is.r.. beamstrahlung and detector accepiance but no detector smear-
ing 23]) to as low as 6% (with everything included: is.r., beamstrahlung, detector
acceptance=|cos 6| < 0.5. aad smeasing [32]). In this cese it is clear that effort should
20 inzo improving detector acceptance and reducing the smearing effects.

This has been one example to show that tracking 2t small angles, or more geaerally
detector performance in the forward direction, should be considered carefully. For other
channels which can be used for the couplings’ measurements that invalve t-chzpnel
gauuge boson fusion[33], eve™— evW, eTeT— v, €77 viZ ané eTem— eeWW,
the performunce at small angles is even more important. There is much work left to be
done on understanding event selection. background subtraction, deta correction and
corrections for radiative effects.

8. Conclusions

QOne summarizes from Tables 1, 2, and the discussion that:
= - the lowest enecgy of the machine should overlap with the highest energy of LEP
so that no e™e~ “discovery/measurement gap” exists:
© - the starting energy for the experiments should de /5 = 0.4 TeV, which opens
much of the physics potential listed in Tables 1 and 2, allows precision measurements
of the SM and perhaps discovery of the Higgs and/or SUSD;

2 - & first stage eaergy for the collider of 5 = 0.8-1.0 TeV provides a physics pro-
gramme complementary 1o hadron collicers and with competitive discovery reach in
mary areas;

% - the machine desigz should include an upgrade path to the second stage at /5 =
152 TeV in order to match fully the discovery reach of LHC, to discover/measure any
new phyvsics in this energy regime, and to study £85 in the heavy Higes case:

= - the luminosity required [ £d? vasies from about I =1 [year for early commission-
ing (and discovery) runs and later up to 100fb™1 (year for precision measurements;

% - polarized beams open new physics windows and are necessary: polarized ™ are
essential, polarized e improve the powes of this technique;

7 - improved detecter performance buys effective luminosity.

The series of physics milestones between LEP energies and 5 = 1 TeV show
that a convincing phvsics case can be made for commissioning the machine at lower
luminesity (10%em™~") and a e.m.s. eergy of 0.3 1o 0.4 TeV before reaching the first
stage energy of /5 = 0.5 to 1.0 TeV. The combination of experiments with polarized
Seams and zttainment of the design luminosity (2 few  10%¥em™s™') would round
sut 2 progremme that would span decade of physics at least. The second stage will
continue with a step-wise energy inerease up to /3 = L5-2 TeV. Both stages contain
important ingredients of the complementarity and competition 10 the hadron colliders.

uy
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More details about the e”e™, v~ and 2”4 options as well as that of runaing in
the e~e~ moce zt the Z° peak may be found in the TRC report[2], and the reader is
referred to the relevant contributions to this workshop.
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