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PHYSICS AT HERA

R. Rickl

Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany

. INTRODUCTION

The Hadron—Elektronwﬂing—Anlagel’2), called HERA, which is presently under construe-
tion at DESY will provide collisions of electrons and positrons with protons in an unex-

plored energy range. The available beam energies will be
Ee 2 (10-30) GeV

(1)
Ep & (300-820) GeV

yielding the total e+p centre-of-mass energy

ys= 2 Ee B 2 (110-314) GeV. (2)

HERA will thus exceed the highest c.m. energy of present-day lepton secattering on fixed
targets, that is s =-{§E;E;’ﬁ'23 GeV, by more than one order of magnitude. A similar fac~
tor of ten is gained in lepton-nucleon momentum transfer. At HERA practicable rates of
events should be obtained up to values of

Q= \(4Ee £l cos?B, /2 % 200 GeV (3)
where Ei and BL dencte the final lepton energy and scattering angle (relative toc the p-
beam direction}, respectively. For comparison, fixed-target experiments have explored the
range Q < 20 GeV. As for every collider, the actual virtue of HERA will much depend on the
luminosity. The aim is

31 Cm—2 -1

L - (1-2) x 10 sec . {4)

3)

Furthermore, design studies”’ of systems of spin rTotators indicate that it should be
possible to turn the transverse polarization of the electrons (and positrons) which at
Ee ¥ 30 GeV is building up in approximately half an hour, inte longitudinal polarization.

The maximum degree of polarization attainable is roughly

~ 0,
pL,R_ 80 % (5)
for both left- and right-handedness. This grestly improves and extends the experimental
possibilities at HERA since the helicity states et p @11 have different weak interactions
with protons. For technical details of the HERA project and' status reports gne may con-
sult, for example, Refs. 1-3.

Experimentation at HERA is scheduled to begin in 1990. Two large detectors, H1l and
ZEUS, are -presently being built. The Hl1l-Collaboration has been joined by about 170
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physicists from eight countries (France, FRG, GDR, Italy, Switzerland, UK, USA, USSR). The
ZEUS-Collaboration with ~ 270 physicists from ten countries (Canads, FRG, Israel, Italy, Japan,
Netherlands, Poland, Spain, UK, USA} is even bigger. For details about the detectors and

5)

gut a peculiarity of ep collisions at HERA which has far-reaching consequences for the de-

their expected performance I refer to the original proposals4' . However, I want to point
tector design and the possible measurements. Because of the much higher energy of the pro-
ton beam with respect to the e -beam, most of the final state particles fly in the direc-
tion of the incoming proton. This fact is illustrasted in Fig. 1 for the case of deep-in-
elastic ep scattering as described in terms of the elementary processes eq — eq and
eq —» v;q' invalving ¥, Z and W exchange, respectively. The kinemstics of ep —+ 1X is
basically fixed by the negative square 02 of the momentum of the exchanged vector boson
and the mamentum fraction x of the proton carried by the initial quark. Experimentally,
these variables are determined from eqg. (3) and the relations
a E.
X= ==, Y= 4--_—9 *e,/12 (6)
ys Ee

by measuring the angle E) and the energy Ei of the final electron in neutral current (NC)
scattering processes. Helatlons similar to egs. (3) and (B) hold for x Q ,¥ and the current-
quark energy and scattering angle. Hence, by reconstructing the latter quantities from the
observed current-jet one has an independent way of determining x,Qz and y. Obviously, in
the charged current {CC) case, this is the only possible way. Both procedures put strong
requirements on the detectors in particular in the very forward direction and at large
scattering angles as can be seen from Fig. 1. The expected precision in the X, Q and y de-
termination is discussed.thoroughly in Refs. 4 and 5. On the whole, the topology of ordi-
nary NC and CC events does not pose too big a problem and should permit a rather clear

distinction of poussible exotic events.

I now come to the main subject of my talk, the physics. at HERA. The spectrum of
possible investigations is quite remarkable. Below I give a fairly detailed but certainly

not complete list of topics:

(A} strong interaction physics

- proton structure and guark/gluon densities

- QCD scaling violations and running of cx

- properties of structure functions such as longituwdinal SF, sum rules, behaviour at very
small x

- jets and energy flow

- single particle inclusive production

- low 02 photopraeduction

- QED/QCD Compton scattering

- Heavy guark (in particular top) and gusrkaonium production



(B) electroweak interaction physics

- structure of neutral and charged weak currents
- W and Z properties
- 1-loop effects

(C) possible new physics

- new weak bosons and currents

- non-standard (psevdo-) scalar boscns
- leptoquarks

- supersymmetric particles

- compositeness of leptons and quarks

Quite evidently, the physics which can be investigated at HERA is im varicus respects com-
plementary to the physics at LEP 200, the latter being discussed at the present Workshop.
for example, HERA experiments will be capable of measuring quark and gluon densities in a
wide range of x and 02 and putting GCD to systemstic and stringent tests. On the other
hand, precision measurements of W properties and also the search for the Higgs boson at
LEP 200 would permit unigque tests of the standard electroweak theory. Furthermore, the
existence of new particles and interactions is probed by very different processes in ep
and ete” collisions providing thus experimentally independent evidence‘or constraints. This
is most obvious in the case of new weak bosons and leptoquarks. To conclude this short in-
troduction with a trivial statement, both HERA and LEP 200 have unigue capabilities. An
adequate comparison is therefore difficult, if not impossible.

In this talk I can of course not exhaust the physics possibilities at HERA. Since I
was asked to emphasize those topics which are also studied at this workshop from the point
of view of LEP 200, I decided to concentrate on the examples of new physics mentivned in
category (C) of the list givén above. However, before entering this discussion I want to
make at least a few remarks also on the standard physics case. In preparing this talk I

6-10)

have greatly profitted from earlier reports on the physics of ep-collisions. Many of

the aspects and details which I will have to omit can be found there.

. STANDARD PHYSICS

The various processes which can take place in ep collisions may be classified in

(a) low Q2 photoproducticon,

{(b) high 02 NC and CC scattering,
{c) production of heavy quarks,
(d) production of Z and W hosons,

(e) Higgs boson production.

The scattering of almost real photons off protons represents by itself a rich field

of HERA physics. Interesting measurementsll’iz)

intlude the total ¥p cross section,
elastic Compton scattering ( YP — ¥ P ), diffractive production of vector mesons

(¥ p-=Vp) and, most notably, high Pr jet and single particle production. The latter re-
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actions have proven remarkably efficient in testing the basic QED/QCD processes,

¥'a-—>ya/gg and yg — qq , (7)

lLab

and even higher order effects in present-dey fixed-target experiments at Er = 100 GeV. In

comparisan, the HERA yp c.m. energy for a 10 GeV photon radiated off a 30 GeV electron and

colliding with a 820 GeV proton corresponds to Eb?bfr 17 TeV! Given the high Yy P energies,
JSH’P!! (130-260) GeV for Ex ~ (5-20) GeV and Epﬁ 820 GeV, (8)
the sizeable effective 1uminoaity11),
IX’P & 10‘2:fepz 10%% en? sec™? for @, ~ (10-100)mrad, (9)
and the comfortably large cross sectionslz) such as
G (yp—» gX)% 10 nb for Ey™ 15 GeV and p$ > 2 GeV, (10)

it will be possible to study in great detail the hadronic nature of the photon, its point-
like behaviour and perturbative QCD.

Yet, the main physics interest clearly concentrates on the processes {b)-(e) of the
above list. Relative to low 02 photoproduction, these processes are generally quite rare.
Nevertheless, as shown in Table 1, the expected event rates are reasonsble to comfortable
in most cases. The estimates involve various approximations which are discussed in the

gquoted literature. Some comments are in order.

Among the most important tasks of HERA is the study of proton structure and of QCD.
In fact, the deep-inelastic structure functions F {x, 02), i=1,2,3 are very sppropriate ob-
servahles for a systematic test of QC014) through the pattern of scallng violations, for
the accurate determination of the running coupling constant CLS(Q ) and finslly for the
precise measurement of quark densities and, less directly, of the gluon density as well.
These structure functions are directly obtained from the inclusive ep cross sections. For

8)

example, in the NC case one has

de(e¥p)  4wa [ 2 . X : 2
T xTcht [y xE(x,G)+ (1-F, (x,& )t (y—iz—)xﬂ(xjo. )] (11)

where, in leading order QCD,

L (x,0%) = 2xF (x&) = Y Al ) x [ (x,67) + Gy (x,6 ]

(12)

(P (6,0 = 5 By (%) x [30000) - Gu,0)]

with e and ﬁf denoting quark and antiquark densities of flaver f, respectively. Further-
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Table 1

Estimates of representative event rates at {; = 314 GeV for an integrated lumi-

nosity [ dt = 200 po

ProCcesses dominant specifications number of
subprocesses events
2
_ _ all Q 11250
ep —.~véxh e q-v,a ) 4 )
@ > 10" GeV 880
a)
_ i i i 0? > 10% gev? 44660
ep— e Xh eq—eq
2 4 2
Q"> 10" GeV 790
ep —> etExh ¥g — tt m, = S0 GeV 120 b)
e f-—+el 7
ep — eZXh My = B3 GeV
¥aqa— g 36
ep —» ewxh ¥a— Wg' m, = 93.8 GeV 154 c)
. 2
ep ~» Y WX, ey -—>vy.W sin“B g = 0217 3
ep —» eHXh WW—>» H my = 50 GeV 2 d)

a) ZEUS-Collaburation, The ZEUS Detector-Technical Proposal (1986)

b) M. Drees and K. Grassie, Z. Phys. {28, 451 (198%)
¢) E. Gabrielli, Mod. Phys, Lett. Al, 485 (19B6)

d) G. Altarelli, B. Mele and R. Pitolli, Roma preprint $31 (1986)

more,

z

3, 2 Cl % 2 e 2
A;(Q): G{ - ZG‘;VCVF m 1t (Ve + ae)(\/{_ + G‘F)(

z

B, (&)= ~2Q,0.0 Eﬁ_
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2

¢
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’)

where Qf, Ve and 8p are the electromagnetic charges and the NC vector and axialvector
-1/2 sini?Bw. Similarly, the

couplings, respectively, with the convention Qe = -1 and 3,

CC cross sections are given by

(13)



L

de{ep) T 2
= oy zzZ[lV-d-l i (x,Q%)
dxd@ 4 sin*G, (@emy) 0] Widgt e (1)
F) Ve, 1M d (03]
and d& (e*p) = dG (e p; ui,ai-a Gi,di),where i is a family index and the V's denote ele-

ments of the Kobayashi-Maskawa matrix. The background to QCD scaling violations in Fi(x,Qz)

from target mass and size effects, heavy flavor thresholds, higher twist operators and jet

15)

sent energies and values of Q2. These non-perturbative hadronic effects are expected to

fragmentation etc. is still the main uncertainty in all quantitative QCD tests at pre-
disappesr with increasing 02 much faster than the calculable QCD scaling violations. Al-
though the latter being determined by Cfs(QZ) also became smaller at high values of Qz, one
sees from Fig. 2 that the effect is clearly visible at HEHA7'16). The influence of syste-
matic uncertainties still remains to be seen. Careful consideration must further be given
to the complications due to the W and Z propagators and the electroweak charges in Egs.
17)

and to thresholds

(b,t,...} which may be crossed. I should also mention the exciting possibility of un-

{12)-(14), to the effects of electroweak radiative corrections

veiling a substructure of electrons and quarks by studying the structure functions at the
largest accessible values of 02. Note that at HERA one can penetrate to distances as small
as T~1/Q ~ 1072 ¢n and procbe the existence of new physics even at scales A® Q as illu-
strated later.

18)

HERA experjments. Through deep-inelastic e+p scattering ore can simultaneously study the

Testing the electrowesk sector of the standard model is another important task for
structure of the chargedtand nevtral weak currents and the W and Z propagators. When the
momentum transfer reaches values of Qﬂ'O(mw,Z), the electromagnetic and weak interactions
become equally strong as indicated in Table 1 by the similar numbers of CC and NC events
at Q > 100 GeV. In fact, the cross section for ep —» eX is already sensitive to contribu-
tions from the Z boson at considerably lower values of 02, say 02 > 1000 GeV2, s0 that the
shape in '02 of the NC/CC ratio & (ep —s eX)/ G’(ep———)y-ex) can serve as_a suitable measure

19)

directly test the pure left-handed nature of the standard CC imteractions by checking that

CBCC(e;p) =C3’Cc(etp) = 0, Longitudinal polarization also provides further handles on the
neutral weak sector through the polarization asymmetries A(e[*ea) and A(et—e;), the

of electroweak parameters . Moreover, with longitudinally polarized e’ beams one can

L—et) and A(ea—e;), and the mixed asymmetries A(el—e;) and A(e;—et).

charge asymmetries A(e

In the abaove,

oy L G(e) - G(es)
Ale.-e) = Gle.) + G (€,) | o

where ET(ei) denote differential or (partly) integrgted NC cross sectigns. These asymme-

tries have several virtues: they are large in the Q° range of HERA, very sensitive to the
NC parameters and, in comparison to cross sections, less affected by uncertainties in the
knowledge of quark densities. An example is shown in Fig. 3 where the polarization asymme-



try A(e eR) 1ntegrated over x is plotted versus Q Also indicated are the sensitivity
to varlatloﬂs of sin 9 and the statistical errors corresponding to a run of 150 pb-l.
After a few years of runnlng and a careful anslysis of structure functions, scaling viola-
tions and electroweak radiastive corrections, one can expect gquite accurate tests of both
NC and CC properties. Studies which will make this assertion more quantitative are on the

way and will be presented at the DESY Workshop on Physics at HERA in fall 1987,

I have pointed out, several times, the importance of the electroweak radiative correc-
tions. A thorough discussion of this difficult subject lies totally beyond the scope of
my talk. However, I at least want to mention a recent study17) of the problem and present
some indicative numerical results. From Fig. 4 one can infer the pure QED and the weak
part of the total radiative corrections to the differantial e p —» & X cross section. The
QED contributions are mainly due to vertex correctionms and bremsstrahlung and are by far
dominant. The weak corrections are small and dominated by the Z self energy. The total
correction at x = 0.5 amounts to approximately - 40 %. Furthermore, it is very interesting
to note large cancellations of the radiative corrections in the asymmetries defined in
Eg. (15). Fig. 5 shows the remaining corrections to A(e[—ea) which amount to less than
about 10 %. In particular, A(eL L) 13 almost unaffected by radiative corrections and,
hence, a favorable observable for sin 8 determination. In the numerical calculations ex-
emplified in Figs. 4 and 5 the folluw1ng set of parameters has been used: o = 1/137,

= 93 GeV, My = 82 GeV (if not stated otherwise), my = 100 GeV,-m1 ffom Ref. 20,
m(u,d,s,c,b,t) = (€¢.03, 0.03, 0.15, 1.5, 4.5, 30) GeV and set I of the scaling violating
parton distribution of Ref. 21. Furthermore, sin26W = 1—mﬁ/m§ to all orders. The depen-
dence on My and m. is rather weak and probably not observable. For example, at x=y=0.%
5A(e[~e;)3¥ 0.01 and -0.02 for m, = 100 —» 1000 GeV and m_ = 40 —>» 100 GeV, respectively.
Finallyé2§ should not omit to say that the results of Ref. 17 disagree with earlier

studies so that this chapter is not yet closed.

23-25) 26,27)

Apart from NC and CC scattering, the production of W, Z and Higgs bosons
of principal interest. The maln production mechanisms in ep colllslons can be read off from
Table 1. For a run of 200 pb one predlct524) a total of about 160 W and 40 Z bosons. Al-
though these rates are not overwhelming, they may slso not be completely useless if the W
and Z bosons can be reconstructed from their hadromic decays. It has not yet been studied
in detail whether or not such a reconstruction is experimentally feasible. At any rate,

the leptonic decays W —» evy and Z w—;vrv- with the branching ratics B(W —» e\r)~‘0 0e3

and B(Z — V% * VF%‘ + vy vz )} = 0.19 represent a non-negligible background to
missing energy signals from p0531ble new physics such as the production of supersymmetric

23)

particles . Dn the other hand, concerning the standard neutral Higgsboson H® HERA ex-

periments will have little to say. Here, the dominant mechanism is WW-fusion. ZZ-fusion is
less efficient by a factor of 7, while yy production involving virtusl loops can be to-

tally neglected. Thus, not too surprisingly, the production cross section is extremely
26) §-1 H's per 200 pb” ' for m, = (10-60) GeV. How-'

ever, the existence of non-standard (maybe charged) scalars or pseudoscalams with masses

small in the HERA energy range, giving

accessible at HERA and considerably larger couplings is not yet excluded and worth some

27)_

consideration
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I shall finish this very brief and anly indicative account of standard physics at
HERA with some remarks on heavy quark production. The number of cc and bb pairs produced

)

via yg-fusion is substantial11 . A small fraction of these pairs form quarkonium reso-

nances. Particularly noteworthy is the case of inelastic J/y productionza) in yg = Jhyg

29)

Also top quarks can be produced with appreciable rates. According to the estimstes of Ref.

as it provides a direct measurement of the gluon density in the proton at x 2 Q(1077).

30, one expects ~ 600(25) ep—»etiX events for m_ = 40(60) GeV and an integrated lumino-

sity of 200 pb_i. The decays of these heavy quarEs lead to a burst of many particles in
the direction of the incoming proton, isotropically distributed in the plane perpendicular
to the beams. Hence, it should not be too difficult to distinguish ti events from other
processesz). This invites one to some speculations. Top search st the CERN p5—collider31)
has shown that it is very nan-trivial to detect top production at hadron machines. Very
light top quarks with mt< 30 GeV would be a case for TRISTAN. If mt< 50 GeV, clear evi-
dence should come from SLC and LEP I. However, if the top guark is just a little bit
heavier than 50 GeV, top msy actually be discovered at HERA! Finally, in case m, < @ top

would also be seen in W decays at LEP 200.

. NEW PHYSICS POSSIBILITIES

There is no experimental result that unquestionably contradicts the standard model.
However, it has serious theoretical deficiencies as evident from the large number of un-
explained structural features and parameters. Well-known questions concern the dynamical
origin and the values of the particle masses, the understanding of why there are several
{maybe exactly three) families of fermions, flavor mixing and parity viclation in weak
interactions, and finally, the unification of the fundamental forces. Also the presence
of an elementary Higgs bason in the standard theory is somewhat problematic and certainly
lacking in experimental confirmation. Attempts to solve these problems have produced many

interesting ideas of possible physics beyond the standard maodel,

Generally, the energy scale of such new physics is rather high. This is either re-
quired by the phenomenological success of the standard model which makes it difficult to
modify it or to add something mew, or it simply reflects the natural scale of the problem
considered. Some of the proposed idess and the typical scales involved are indicated below:

- left-right symmetric extensions of the electroweak modelsz): My 2 0{1 TeV)

- composite Higgs boson as envisaged in technicolor theoriessa): R/\ c 2 0(1 TeV)

- composite leptons and quarks, and composite models of weak bosunsal’ss): A2 0(1 Tev)

35), and horizontal symmetriesasjz )\2,0(100 TeV)

- supersymmetry as a solution of the gsuge hierarchy problem37): m(SUSY particles) £0{1 TeV)
~ grand unificationss): A~ D(:LO15 GeV)

supergravity37), and superstringag): Az 1029 gev.

- composite models of families

t

Admittedly, I have dropped many clever proposals from this list such as the composite
Higgs models discussed in Ref. 40, the strongly coupled standard models considered in Ref.
41, and others. While physics at Az ({10 TeV) is within the reach of the new colliders
coming into operation or now being built, future e’e” and pp supercolliders will give

access to f\§,0(100 Tev). On the other hénd, experimental tests of grand unification and
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and superstring theories seem extremely difficult, at least at accelerators.

All of the above models raise new questions and problems which are far from being
solved. This situation and the, in some cases, enormous extrapolations in scale render pre-
dictions for phenomena at collider emergies rather uncertain. With this caution in mind, I
shall now illustrate the physics reach of HERA. Sections 3.1-3.3 deal with new interactions
detectable by measuring inclusive cross sections and asymmetries, while the praduction of

'new particles and some typical signatures are considered in sections 3.4-3.6. The examples
discussed are representative for new physics searches at HERA, but in no way exhaustive.
Many other exotic processes have been contemplated in the literasture in connectlon with

HERA. Moreover, the experiments may have surprises in store for us.

3.1. Superstring-motivated Z°

39)

Superstring theories represent an important step towards a "theory of everything”
that in the low energy limit comprises the so successful standard model. Although it is
still rather mysterious how superstrings in higher dimensions above the Planck scale may be
linked to the effective particles and interactions relevant at collider energies, super-
string-inspired phenomenology has already become a common topic of physics studies for
future machines. '

42) is the existence of a new neuytral boson

One such superstring-motivated conjecture
Z' with My < 0(1 TeV). Roughly speaking, compactification of the.hetefotic E8 X E8 super-
string in 10 dimensions on suitable Calabi-Yau manifolds may yield a supersymmetric E6
grand-unified theory in 4 dimensions with the E6 symmetry broken by the Wilson loop mecha-
nism at the Planck scale to some subgroup G of EG' In case there is no further symmetry
breaking at intermediate scales and G is the low energy group, it. must necessarily be

bigger than the standard gauge group. This leaves
G = SU(3)C X SU(Z)L-x U(l)Y X U(1)Y,cE6 (18)

as the minimal low energy theory containing the standard model.

The electroweak sector of (16) contains, besides the photon and the standard weak
bosons, a new neutral boson Z' assoclated with U(I)Y.. Furthermore, the 15 helicity ‘compo-
nents of 5 standard fermion family form, together with new fermion species, a fundamental
27-plet of ES‘ The fields and quantum numbers of the lightest family are specified in
Table 2. Corresponding assignments are assumed for the heavier families. Note that the
electromagnetic charge obeys the vusual relation Qem = T3 + Y where T3 ig the third compo-
nent of the wesk isospin. Finally, the Higgs fields also belong to a 27-plet of E6 so that
all of them are SU(Z)L doublets or singlets. The supersymmetric counterparts of the above
degrees of freedom play no role for the present discussion and are, therefore, not con-

sidered further.

In order to provide masses to all weak bosons, the SU(2)L X U(l)Y X U(1)Y, symmetry
must be broken spontaneously to U(l)em‘ The neutral mass eigenstates 21 and 22 are in

general mixtures of Z and Z°',

zZ, = cos® 7 + sin® 7', Z, = -sinB Z + cosB Z2'. (17)
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Table 2

Multiplet structure and U(1) charges of a fermion 27-plet of Eg in the model defined by Eq.(16)

Eg s0(10) | su(s) SU(3) sU(2) ¥ ¥ L-fields
3 1/6 v d
10 3 ~2/3 1/3 u®
1 i et
16 ) 3 1 1/3 d®
5 -1/6 .
i 2 —1/2 V‘e e
1 1 1 0 5/6 NE
e
27
3 1 -1/3 h
5 _2/3
1 2 1/2 E° N
10
3 1 1/3 h©
5 -1/6
1 2 -1/2 Vg E
1 1 1 1 0 5/6 n

Evidently, the lower mass eigenstate 21 is to be indentified with the already observed
neutral weak boson. While in the absence of mixing m, coincides with the standard model

value m,, Eq. (17) implies 1
nZ = cos?® m> + sin?® m> 3 mo . (18)
z Z, 2,7 "z,

Furthermore, the familiar W-Z mass relation of the standard model is replaced by

.
My
m; cos6,

= 1 . {(19)

Q=

.. 2
with ms

Gw defined by the gauge couplings, sinzeW = g%/(gf + g$), or equivalently by Eqg. (19)

differs from the angle @, obtained from the W and Z, mass ratio:

given by Eg. (18). Hence, as a second consequence of mixing, the Weinberg angle
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2 b}
2 mW mw + 7
SLN E)w 1 m;.,‘ £ 1 3 = Sln E)W. (20)

Thirdly, because of mixing the couplings of Z1 to the ordimary fermions deviate from the
standard NC couplings. Evidence for the presence of a second neutral boson can thus arise
indirectly from modifications of the standard NC phenomenology due to mixing as well as

directly from new processes involving 22.

Altogether, the neutral current sector of the above model depends on five parameters:
mzl, s, G, ew, and the U(1),, gauge coupling 9y~ These are treated as follows. Accord-
ing to the conjecture that the two U(1) factors of {16) break down at comparable
scales, one takes Oy» = gy = e/cos ew. Furthermore, m, is assumed to be fixed by experi-
ment. The nominal value substituted in later numericallestimates for HERA is m, = 93.3 GeV.
Using then Eq. (19) and43) My = 38.65 GeV/sin Bw one can determine the weinberglangle EBW
as a function of my and 0. Lastly, m, and © being related to unknown Higgs expectation
values are consider%d as essentially fr%e parameters.

Present-day bounds 447

on 22 come from low-energy nevtral current data, W and Z mass
measurements, and from the negative result of the Z' searches at the CERN Collider. The
allowed domain in (mZ , B8y is exhibited in Fig. 6. One sees that the present lower limit

on the 22 mass is ratﬁer weak : m222; 150 GeV. This is not too surprising considering the
relatively small value of the gauge coupling Gy - Future experiments at the FNAL Tevstron,
SLC and LEP can be expected to give access to considerably heavier masses: m, < 230 Gev
48) 4t 2 Tev and m, £ 500 GeV in e*e” collision®® on the 2 geak.

2
The weak coupling of 22 to ordinary fermicons makes the case49’50)

in pp collisions

also somewhat diffi-
cult for HERA. Here, one has to search for deviations from the standard model expectations
in NC processes ep —» eX at large 02. As pointed out in chapter 2 asymmetry measurements
with longitudinally polarized e¥® -beams are particularly powerful for electroweak tests.
Fig. & illustrates the sensitivity to the presence of 22 for three representative asymme-
tries defined in Eq. (15). Shown are the contours in (mz ,0) for which the standard

model asymmetries A(Z) and the asymmetries A(ZI’ZZ) pred%cted by the two-Z model differ

by §A =1A(Z,,2,)-A(Z) | = 0.04 at x = 0.3 and 0° = 2x10% Gev? ¢
cate that effects of this size may be detectable by a careful analysis of the Q" -dependence

. Preliminary studies indi-

(see e.g. Fig. 3}, provided that the degree of polarizetion is not much lower than about

50)

B0 %. Further interesting results are summarized below:

(1) The various asymmetries differ greatly in sensitivity to 22 (see Fig. 6).

(2) The effects on a given asymmetry depend on details of the model considered (see e.g.
section 3.2).

(3) The domain in (mz ,B) where the changes & A of the asymmetries mainly come from 22—
exchange (flat parts gf the contours in Fig. 6 at relatively small values of Moy and § )
is clearly distinguishable from the regions where the effects dominantly origingte in 2-Z'

mixing (steep parts of the contours at large values of m and 8 # 0).
2
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These observations emphasize how important it is to study as many asymmetries as possible
in order to optimize the detection limits, to distinguish the existence of a new gaugé bo-
san 22 from other possible sources of an effect which might be seen, and to determine some
detailed properties of 22. Unfortunately, such a comprehen§ive measurement has also a

serious drawback, namely the sharing of luminosity among ei,np callisions. Onme must there-
fore find some reasonable compromise. In summary, if no deviation from the standard model
predictions on asymmetries is observed at HERA it should be possible to put the following

constraints on the parameters of the superstring-motivated 22 boson associated with (16):

m, X 300 GeV and [B)g2°. (21)
2

On the other hand, if a signal is seen it will bhe difficult to attribute it unambiguously

to the existence of 22, unless My i1s considerably smaller than the value (21).
2

3.2. Left-Right Symmetry

left-right symmetric models 32)

are motivated by the attempt to understand P and C vio-
lations in weak interactions. The general idea is to begin with a P and C conserving elec-
troweak Lagrangian, and to attribute the observed P and € violations to the non-invariance

of the vacuum.

The simplest L-R symmetric extension of the standard SU(2)L X U(1)Y theory is based on
the group

SU(ZJL'X SU(2)R X U(1)B_L ) (22}

with a dlscrete L-R symmetry so that gL = gp where 9, g are the SU(2)L p 9auge couplings.
One now has a second isotriplet of gauge fields WH assoc1ated with SU(E)R, and the right-
handed leptons (including Vh) and guarks which are SU(2)L singlets become doublets under
SU(2}R. The complete assignment of leptons and quarks thus reads as follows:

1

a

{1f21 0! “1) ) lﬂ = (Uo 1/2r _1) [

(1/2, 0, 1/3) , g = (0, 1/2, 1/3). (23)
The electromagnetic charge is given by Q = T3L 3H + E%'—‘-with the difference of baryon
(B) and lepton (L} number playing the role of the U(1) charge. Due to spantaneous symmetry
breaking all gauvge, bosons, but the photon eventually acquire masses. While thé charged
mass eigenstates Wl o are mixtures of wL R (gL =9g = e/sinf3w; JI,H), the neutral mass
eigenstates Z1 o, can be represented as mixtures of the standard Z and a new Z' boson with
the follow1ng coupllngs and currents: 97 = 971 = 9/31ne cose and J, = JBL—sinzewJem,

Z' = (cos 0 JBR + sin 0 (J em))/ JEEEEE;. The respective mixing angles are

denoted by 3 and @ and the convention is as in Eq. (17). Deviations from stanmdard model
parameters ang relations due to mixing have been pointed out in 3.1. Again, the lower mass
eigenstates wi and 21 are identified with the ohserved weak bosons. Following the strategy
adopted in 3.1, one may treat the heavier masses M and ms and the mixing angles 3 and

O as free phenamenological parameters.Theoreticallg, thesezparameters are determined by
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the Higgs boson structure. In addiginn, one has a new K-M matrix which describes flavor mix-
ing in the right-handed currents JR and which is, in the simplest models, the same or the
charge conjugate of the left K-M matrix. Let me first consider the neutral current sector
of the above L-R model. The observed W and 7 mass values together with low-energy NC data

imp1y24:45,51) |

22'2 300 GeV and B less than a few degrees. More definite limits are de-
picted in Fig. 7 where the Higgs constraint (19) has been used. This Figure further illu-

. strates the deviations of the polarization asymmetry A(e[—eé) from the standard model value
A{Z) = 0.35 at x = 0.3 and 02 = 2x104 GeV2 in NC scattering at HERA, and the variation of
the effects with m, and © . The remarks made at the end of section 2.1 in connection with
Fig. 6 also apply tg the present case. Moreover, I want to emphasize the different shape of
the contours in Fig. 7 as compared te Figl 6, that is the sensitivity of asymmetries to
details of the models. The most stringent test352) of the existence of the heavy neutral
bosan Z2 associated with the simplest left-right symmetric extension of the standard elec-
troweak theory are provided by the polarization asymmetries A(et - e;) and the charge

asymmetry A(e; - eg). With a similar experimental precision as the one leading to the

detection limit (21) for a neutral E6 boson, one would have access to masses of 22 in the
range
mzzﬁ (500 - 700) GeV. (24)

The charged current sector of (22) provides an interesting example for heavy W sear-

44)

ches at HERA. The constraints on N2 and right-handed currents resulting from present-

day CC phenomennlogy depend on the processes considered (/xand [l decays, non-leptonic de-

cays, KL—KS mass difference, v scattering etc.) and on various model assumptions (m v

W 300 GeV to 4 TeV, while WL—NR mixingHmust

9 mixing etc.). The mass bounds range from m
be small in any case: [31 < (0.3—5)0. Thus, %he existence of charged SU(2)R bosons with

masses in the few hundred GeV range cannot yet be ruled out, although there are indica-

tions that wR must be searched for in the TeV region. The relevant W_-exchange process in

) R
ep collisions is eq——o‘vhq' where the right-handed neutrino could be light or heavy, and

it could be a Dirac or Majorana fermion. Fig. 8 shows the expected cross sections for two

indicative cases: LN 2 0 and My & M. . The mixing angle ¥ is assumed to vanish. In the

theoretically preferged caseaZ},Rthat ﬁs for a heavy Majorana neutrino, the cross section

is rather discouraging:

& (ep —)V’HX) & 0.01 pb for B = M &2 200 GeV, (29)
R R

On the other hand, the signature would be spectacular: vy — e X and e*X with equal branch-

ing fractions. Conversely, for a light Dirac neutrino the cross section is more comfor-
table:

G (ep—ovYoX) 20,1 pb form, = 0, m, =2 500 GeV . (26)
R Vh wR
+ -
However, the clear e -signal is now not available, and one must therefore search for small

right-handed current contributions to inclusive CC scattering. This is another case where
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longitudinal polarization is extremely important for detection. Unfortunately, even for
80 % polarization the background from ordinary left-handed weak interactions is substantisl.

16)

It has been estimated that for an integrated luminosity of =~ 250 pb_1 shared between the

two e polarizations and for(3 /G €€~ .02 at 02 > 5000 GeV2, a cross section ratio ex-
pected for M & 300 GeV, one would Just gbserve a 3% effect. This indicates that inclu-
sive searchestor right-handed currents in the mass range

m, % 500 GeV (27)

R

demand very high polarization and leong running times.

3.3, Residual interactions

Attempts to solve the flavor and mass problems of the standard model have led to the
suggestion that quarks and leptons may be composite of more elementary constituents?4’35)
The binding force should probably be confining at a scale Az 0(1 TeV) so that the bound
state radius would be characterized by T w~ 1//\£0(10‘17cm}. Hence, my q<K O(A) ~ 1/r

gquite in contrast to our experiences with ordinary QCD bound states sﬂch as the ¢ mescn

or the nucleon. Notwithstanding the above and other puzzles of this approach, it 1s
interesting to study how this conjecture could be checked experimentally. Clearly, at ener-
gies E>A the composite nature of leptons and quarks should become manifest. However, one
would also expect saome observable effects at energies E< A . An essentially unavoidable

53,54) induced by the strong binding

conseqguence of campusiteneés are residual interactions
force. Such interactions are described by non-renormalizable operators in the effective
low-energy lagrangian. The most important of these are four-fermion operators which have
dimension 6 and, therefore, dimensionful coupling constants: 92//\2. As the binding force
is most likely strong, cne may plausibly take g /4n‘ 1. These contact interactions inter-
fer with the conventional gauge 1nteract10n and yield deviations of order Q /o A from

the standard model expectations. Here, Q is the typical scale of a process and o 13 one
of the usual gauge couplings. Since @<< 1 these effects are already observable at Q éc,ﬂ
93} 2t PETRA and PEP one has derived limits ﬁ%e > 1-3 Tev
for various assumptions on the chiral form of the contact terms, while high Py jet produc-

tion at the CERAN Collider "’ has provided the bound f\qq> 450 Gev.

In fact, from Bhabha scattering

In ep collisions, one can test lepten-guark contact interactions and bound the scale

parameter Aeq' For definiteness, I restrict myself to the NC processes eq —» £q using the

57)

effective Lagrangisn

:f [ ALL (e X’u '_}(C] Kr.q ) ¥ “I]& (e X el.} qRXPc{R)
e - 28)
I (e (T y) ¢ 8 (eax*‘ea\(ﬁama)]
Nre Nrr

where the coefficients v] b take the values 1 0r0, and g2/4ﬂ' = i, The following cases
are considered: W(V]LL YfLH YIHL VIRR)’ AR{ r! T y] R=" NRL = nRR)'
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LL(VILR = V]RL = VIHR = 0) and, correspondingly, LR, RL, RR. Fig. 9 shows the effects of a
LL contact term on the differential cross section G (e p — e_X)/dQ2 for various values

of Alif For an integrsted luminosity of 200 pb“1 one should be sensitive to A LLﬁ 5 Tev

as indicated by the statistical errors.

Similarly as in the case of new gauge bosons studied in 3.1 and 3.2, asymmetri9557)
are very useful for testing the helicity structure of the effective interactions in (28).
This is illustrated in Fig. 10 where the polarization asymmetry A(e[ - ea) is plottes for
all models defined above and for Aab = 3 TeV in comparison with the standard model pre-
diction. As can be seen, A(eL - eR) is particularly sensitive to LL and RR contact inter-
actions. Table 3 summarizes the results of .a comprehensive study57) of all asymnetries de-
fined in Eq. (15) and their sensitivity to P\ab for each helicity combination considered

in Fig. 10. From this Table one can infer the most sensitive asymmetry for a given contact

Table 3

Survey of the sensitivity of asymmetries to contact interactions

(at x = 0.3, 0° = 2x10% Gev®)

helicity structure most sensitive standard model Aeq(TeV) Aeq(TeV)
of contact term asymmetry A value of A for §A =0.08 for &A = 0.04
LL e - eq 0.35 4 | 5

- +
LR eg - eg 0.17 5 7

+ .+ ,
RL g - ep ~-0.38 7 10
RR B - &g ¢.35 5 7
W gL -8 0.73 - 5 7

- +
AA eg - €g 0.17 6.5 9

term {in some cases there are several asymmetries with comparable sensitivity), the stan-
dard model values of these asymmetries at x = 0.3 and 02 =2 X104 GeV2, and the values of
Aab for which these asymmetries deviate from the stamdard model prediction by §A = 0.04
and 0.08. One can conclude from this analysis that asymmetry measurements at HERA could
probe eg contact interactions up to compositeness scales 'Aeq in the range

Aeqﬁ' (5 - 10) TeV, (29)

provided that the precision alsoc assumed for (21) and (24) is achieved.
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3.4. Excited leptons and quarks

Composite models for the known leptons and quarks also predict many excited state934’35)
with both conventional and exotic quantum numbers. Naively, cne would expect m*~ O(A)
for the masses of these particles where A is the compositeness scale. As AZ20(1 TeV) this
would preclude production at HERA. However, it is possible that the same mechanism which
keeps the ground state fermions light also leads to some relatively light excited states.
Experimentally, at least, this possibility is not excluded. For example, searches for ax-
cited electrons in e’e” annihilstion at PETRA put the mass limit2>’ m_. > (23 - 70) GeV
where the smaller number is independent of the coupling strength of excited to ground
state electrons.

For illustration of the capabilities at HERA for the production and detection of ex-

* *
7,9.58) of a weak isospin doublet (v e ). The

cited leptons, I shall cansider the case
most important process is single inclusive production ep —» l*X invalving el*v-trensitions
where V = y, Z and W. Gauge invariance requires a magnetic-type coupling, while possible
problems with (g-2) measurements are avolded if this coupling is restricted to one heli-

58)

city companent of the electron. The effective Lagrangian can then be written in the form

- € T v
;Ce” = ) Copoy = U'cP e, afu\/‘, + h.c. (30)
| V=y,2W
where the coefficients Col®V specify the relative coupling strengths to ¥, £ and W, the con-
ventions being ¢ =~ (F+ £")/2 and ¢ = £/ \2 sine . The inclusive cross
* ee a’ * ew

sections for e and v productlon are shown 1n Flg 11 as a function of ihe heavy Lepton
mass. Note that elastic e production, ep — e p, amgunts to about 50 % of the total e
cross section which recéives the-dominant contribution from photon exchange at low Q .

)

Furthermore, the decay e*-—- ey provides a very clean signature”’: a peak in the invariant
mass distribution ofreg- pairs above a managesble background and a jet of hadrons or, even
more strikingly, & single proton in the extreme forward direction. Hence, 10 events per

100 pl:f1 may be sufficient for detecticn. In that case, one can probe the existence of ex~

cited electrons with couplings £/A = f'/AN % 1 TeV'1 Up to masses

m_. % 200 Gev (31)

as can be seen from Fig. 11. On the other hand, the prospects of detecting excited neutri-
nos are less promising because of the smaller production rate and the perhaps more compli-

* -
cated decay modes such as y —» eW, W— vl or qq’.

59) at the

Similar rates as far as the e* are expected for excited quark production
hadronic vertex, ep — eq*X if one assumes an effective qq V coupling correspandlng to
(30). However, the signature 9) from the supposedly dominant decay mode g —» qg is less
striking and the background due to conventional processes such as yq — gy and ¥9 —qq
is more severe. Finally, most composite models contain also more exotic boundstates such as
color-octet leptons or color-sextet quarks. Searches for such states at HERA are discussed

for example, in Ref. 60.
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3.5. Leptoquarks

In the standard model leptons and quarks enter as independent fields. On the other
hand, their electromagnetic charges are quantized in the same units, their weak SU(2) pro-
perties are identical and also their family structure matches. This strongly suggests that
in a more fundamental theory leptons and guarks should be interrelated and, correspondingly,
new particles should exist which mediate lepton-guark transitions. Such states are gene- '

rically called leptoguarks (LQ) and occur naturally in superstring modelssl)

fied theoriesas), but also in technicolor theoriesg’BB)

34,35,41)

and grand-uni-
and models of quark-lepton sub-
structure

One can distinguish various kinds of leptogquarks with spin and SU(3)CXSU(2)LXU(1)Y

guantum numbers as given below:

(A) LQ's coupled to lepton-guark channels:
(3111_1/3 or "4/3)J=Ur (3'3'_1/3)J:0' (3,2!—5/5 or 1IB)J=1;

(B) LQ's coupled to lepton-antiquark channels:
(3*,2,7/6 or 1/6) g, (3*,3,2/3) ;. (3*,1,2/3 or 5/3) 4.

The electric charges are Q = T3 + Y =2/3, -1/3 or -4/3 for class (A) and 5/3, 2/3 or ~-1/3
for class (B). Furthermore, in same theories such as technicolor and composite models glo-
bal symmetry breaking gives rise to J=0 leptoquarks which are pseudo-Goldstone bosons. In
this case, the couplings to fermion pairs are proportional to the fermion masses. Finally,
leptoguarks violating baryon and lepton number must be extremely heavy in order to avoid

rapid proton decay, while those with baryon and lepton number conserving couplings have to

62)

satisfy only much weaker bounds . In particular, low-energy experiments permit the ex-
istence of leptoguarks with flavor-diagonal couplings as large as electrToweak gauge coupl-

ings (but only to either left- or right-handed leptons) and with masses of order 100 GeV.

Such low mass leptoquarks could be produced at HERA. In fact, as leptoquarks are per
definitionem resonances in eq.channels an ep collider such as HERA is an ideal machine to

search for them61’63’64). A systematic study of all possible scalar and vector leptoguarks
has been performed in Ref. 63. Here, I concentrate on the (3,1,—1/3)J=U leptoguark S1

which couples to the e u and ‘v;d channels and which is assumed to be not a pseudo-Golc-

stone boson. Using the effective Lagrangiansg)
of e o) 0T, |8
eff = g‘!L (u_r. d— )L er e, 54 + |'1.C. (32)
L

with €= C.q77' being a charge conjugated fermion field, one readily obtains for the
total S1 width

o

- 8a
N2 —/— m. ~ 0.7 Gev (33)
5 31T S,

where 9y = 0.3 ¥ e and mg = 200 GeV has been used. Thus, leptoquarks accessible at HERA
will be very narrow. The c%oss sections for the fusion processes e’ u —» S1 and e'u —“731

are also easily calculated from (32):
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_ T (— 1
Glefp —SX) = f 5= W (g ms,) (34)

where G(x,OZ) are the up- und antiuvp-quark densities, respectively, and fof = giL/41r.
5 for £ = 0.1-1, One
sees that present bounds allow copious production of leptoguarks atiHERA. For £=1 and
Mg = 250 GeV one expects 4000 events per 200 pb_l! Conversely, leptoquarks with

Fig. 12 shows the resonance cross sections (34) as a function of m

msiai 200 GeV can be discovered for 30 times smaller couplings 94+ that is for f = 10'3!
i

Although the subsequent S1 decays, 81-——55 or v + jet vield events which at first

sight look like conventional NC and CC events, the angular distribution564)

of the decay
leptons and jets are very different from the normal distributions (see also Fig. 1). More-
over, the inclusive y distribution of leptoguark events is flat, in contrast to the fall-
ing distributions from nmormal NC and CC scattering. Therefore, it should be rather easy to
detect a paossible leptoquark signal. The clearest evidence for leptoguarks would be narrow
peaks in the inclusive x-distributions centred at x = miQ/s. These peaks should become

4 2

clearly visible after applying a cut in D2 (or y)}, e.g. 02 > 107 GeV®, in order to sup-

press the NC and CC background. This is illustrated in Fig. 13 where results of a complete

calculationsa)

are shown including the standard processes and all interference effects with
s- and u-channel 31 exchange. 0f course, in a real experiment the very narrow peaks in

Fig. 13 would be smeared cut by the finite resolution in x. Nevertheless, the above esti-
mates indicate that leptoquarks with couplings 950/415“’0(0() are detectable at HKERA up to

masses very clese to the phase space boundary:

LA & (250—?00) GeV.. (35)

The possibility to probe the existence of leptoquarks with m g > Vs = 314 GeV exists
also. Such heavy leptoquarks induce effective four-fermion interactions similar te the ones

discussed in 3.3 and thus give rise to indirect signals in inclusive CC and NC cross sec-

63,64)

tions and asymmetries . From the expected sensitivity to the compositeness scale J\eq

detailed in 3.3, one can estimate the maximum values of " g accessible to such indirect
tests:

mg ~ {fo Aeq < Jf 500 GeV. (36)

Taking f=1 and comparing (36) with (35) one sees that if no effect is observed the direct

mass limit (35) can be improved by roughly a factor of two.

As a fimal remark, ieptoquarks which are pseudo-Goldstone bosons have sizeable coupl-
ings only to heavy fermions or gauge bosons and are, therefore, more difficult to produce
in ep collisions, Dominant mechanisms ere expected to be e + g(— tt) — LQ + £ and

¥ .+ g--» L0+ LQ. Substituting for the relative coupling strength £ introduced esrlier

33)

essentially £~ ezmifmﬁ as suggested in the technicolor framework and taking

m, = 50 GeV, one estimates a LQ yield from electron-gluon fusion of about 800 a? events
per 200 pb—1 for mg ¥ 150 GeV at maximum- HERA energy. Here &£ denotes an unknown mixing
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angle. The anticipated decay modes LQ — 1t with 1 = e,p,T followed by heavy flavor decays
lead to final states which provide plenty of signaturesg) such as isolated muons and heavy
quark jets containing further leptons. These can quite efficiently be separsted from the

66)

backgroundg’ of conventional photoproduction and deep-inelastic processes including

ep —» ett+X. Thus, leptoquark Goldstone bosons can be studied in the interestingaa) mass

range mLoﬁi 150 GeV, provided that f is as assumed above and £2 > 0.1. The unknown mixing
parameter & does not enter in leptoquark pair production via photon-gluon fusion. How-
ever, the production rate being of the same order as the one for top quarks given in

< (50-60) GeV.

Table 1 is only significant for Mg <

3.6. Supersymmetry

Besides being an interesting and elegant mathematical construction, supersymmetry may
play a profound role in particle physics. Indications for that are provided by supergravity
and superstring theories. Moreover, SUSY may be of immediate importance for the standard
model by protecting the mass parameters of the elementary Higgs sector from quadratically

divergent radistive shifts and stabilizing the Fermi scalea7)

. If the socalled naturalness
problem of the standard model is solved in this way the supersymmetric partners of the con-
ventional particles must have masses in the range m £ O(1 TeV).

37,67)

The minimal supersymmetric extension of the standard model predicts the follow-

ing superpartners:

{A) sleptons and squarks (s=0): TL RY GL ]
(B) gauginos (s = 1/2): §, ¥, 7, W

(C) higgsinos (s = 1/2): ﬁo, ﬁo: [N

Note also thst this model has at least two scaler Higgs doublets. The couplings of the above
weak eigenstates are fixed by gauge invariance and supersymmetry. After SUSY breaking, the
physical fields which acquire masses are mixtures of the weak eigenstates. Since the SUSY
breaking mechanism is not reaily known, both the masses and mixing angles are uncertain.

37)

However, models exist which predict the mass spectrum and the'mixing from renormaliza-
tion group equations in terms of a few breaking parameters such as genuine gaugino and
scalar masses. In the usual supersymmetric theories, there is also a discrete symmetry,
called R-parity, which is multiplicatively conserved and distinguishes ordinary particles
(R = +1) from their superpartners (R = -1). This has two important phenomenclogical conse-
quances: firstly, SUSY particles can be produced only in pairs and, secondly, the lightest
sparticle being stable escapes detection and thus causes imbalance of energy and momentum.
Mass limits for SUSY particles have been cbtained from searches at the CERN pp Collider
and in e'e” annihilation at PETRA and PEP. The results depend on the assumed mass relations
and decay modes. The least model-dependent bounds are my > 20 GeV, m. » 20 GeV (e+e_ ex-

1 68

periments55)) and ma 2 70 GeV, m§ Z 60 GeV (preliminary UA1l result ). However, the situ-

ation presumably changes before HERA comes into operation. While squarks and gluino masses

in the range ma, m. % (120,150) GeV are expected to be probed at the FNAL Tevatroneg}, ane
should be able to discover sleptons and winos at LEP70) if mg, M £ 50 GeV.
The main source of SUSY particles in ep collisions is the associated production of

-73)

- sleptons and squarks71 : eq — &4 and  ¥J',
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- sfermions and gauginos74): ey—» 'é‘g . VW etc. , and

- squarks and gluinosao'71}: ¥g — §q and ¥ya — 44.

Furthermore, the existence of squarks and gluings would affect the running of o (02) at
QZ>> mg, mé and also change the properties of the deep-inelastic structure functions71’75)
essentially through the evolution of § and g densities inside the proton. However, in the
light of the already existing mass bounds one finds that slepton-squark production is by

far the most promising SUSY process to be searched for at HERA. Therefore, I shall discuss

here only the latter one.

The relevant diagrams are depicted in Fig. 14. In ogdeg to calculate the corresponding
71-73) one has first to diagonalize the (W™ ,H7) and ( § 7H° °) mass

which invelve four unknown quantities: the mass parameters Ml' M2 and MH asso-

cross sections
matricess7)
ciated with the U(l)Y and SU(2)L gaugincs and the higgsinos, respectively, and the ratio
v2/v1 of the vacuum expectation values of the two Higgs scalars. The problem becomes more
manageable if one makes the reasonable assumptions that N'Ilfﬁ'l ME at the grand-unification
scale and that v]_£ Vo, and if Ml' M2 and MH are taken to be resl. Furthermore, it is very
convenient for phenomenological applicetions to determine the chargino {xjj i=1,2) and
neutralino (2;2, i=1,2,3,4) mass eigenstates and their mass values in terms of the
lightest chargino and neutralino masses. This procedure has been chosen in Ref. 73. Three
representative solutions are given in Table 4. Fig. 14 shaws the corresponding cross sec-
tions at the highest HERA energy which, in a large range of T and E’masses, depend only on

Table 4

Chargino and negtra%ino masses {GeV) and corresponding mass eigenstates characte-

rized by the (W—, ﬁ_) and (S‘, 7. H°) admixtures (%), respectively, using my.2
4

and Moo a8 input in the diagonalization procedurea)
4

- P -] o — 1Iref
X x; 2 Xi X Xy = H
30 225 ¢ 37 232 195

a (88,12) {12,88) (100,0,0) (0,86,14) {0,14,86) -~
80 93 20 92 102 21

b (34,66) (66,34) (99,0,1) (0,37,63) (1,63,36) -
30 448 20 213 449 47

c | (4,96) (96,4) (2,7,91) (80,15,5) (18,78,4) -

a) H. Komatsu and R. ROckl, DESY preprint in preparation.

the sum my + ma. One sees that the production rates of sleptons and squarks are rather
sensitive to gaugino mixing, that is in our approach to the masses M xs and Mye of the
lightest gaugino mass eigenstates. The relative magnitude of the cross sections a to ¢
in Fig. 14 can qualitatively be understood on the basis of the information given in

Table 4. Requiring a minimum cross section of 0.1 pb for detection, which corresponds
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to about 10 events per year, one finds the following theoretical detection limits:

My + ma % 180 GeV (a), 170 GeV (b), 150 GeV (c),

(37)
Mg + Mx £ 170 GeV {a), 150 GeV (b), 160 GeV (c)

where & to ¢ refers to the assumed gaugino system.

Whether or not the mass range (37} can be reached experimentally depends on the domi-
nant decay modes of sleptons and squarks. Since the ratios of sparticle masses and, in
particular, the supposedly stable sparticle are not precisely known, it is difficult to
answer this question reliably. In the mnsf favourable case where the photino is stable and
m,gnma, s0 that & — ey and § — Q¥ , the answer is a cautious yes. This assertion is
briefly substantiated below. Although the visible particles are the same in ep —» 83X —3
ej‘g‘g X as in conventional NC events, ep —» ejX, the electron and jet momentum correlations
present in NC scattering (see Fig. 1) 1is completely lost in SUSY events due to the escap-
ing photinos. As a consequence, the values of the scaling variables x and y determined
from the measured e momentum using Eq.(3,6)generally differ from the values of x and y
obtained from a g-jet measurement, i.e. A x = xq " Xy 3 0and AQy= yq " Y ¥ 0, whereas
for NC events & x % 0 and 4y ™ 0. This also applies to the difference ALP- Yq~ Yo~ T
of the azimuthal angles. The MC simulations shown in Fig. 15 demonstrate convincingly that
it should not be too difficult to separate signal and background. Indeed, more detailed
studies? indicate that with cuts {Ayl > 0.2 and |AY]> 0.2 one can remove the NC back-
ground with less than 20 % loss in signal. Further significant backgrounds could arise

23)

from heavy flavor and weak boson decays in processes such as ep —» ettX and ep - eWX 24)
as can be seen from the rates given in Table 1. Such relatively rare processes should also
be studied carefully. Finally, concerning the CC SUSY reaction ep — JGX; ¥ — V‘}: .

G — j§ and also for more complicated 1 and § decay chains one may consult Ref. 9.

. SUMMARY

HERA will provide ep collisions in a new energy range. In comparison to present-day
fixed target 1N scattering one will gein more than two orders of magnitude in equivalent
lepton beam energy and one order of magnitude in usable 1N momentum transfer: E12 56 TeV
and Qmaxﬁf 200 GeV. Furthermore, there is a good chance for performing physical experi-
ments with lomgitudinally polarized e beams. This will make HERA to a flexible and power-

ful teol for the study of strong and electroweak physics.

I have briefly pointed out the many ways offered by HERA to put the standard medel
to stringent tests. Most noteworthy are

- the investigation of the proton structure, in particular, at high 02 and small x,

- the study of the running of cis and the pgttern of scaling violations of deep-inelastic
structure functions in a large range of Q°,

- the test of perturbative QCD in hard scattering processes, and

- the examination of the structure of neutral and charged weak currents, Z and W propa-

gators and, to some extent, even of radiative effects.
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A special topic of great interest is further top quark search in the mass range m, £ 60 Gev.

The main part of this talk has been devoted to searches for possible new physics. This sub-
subject is by nature very speculative. In order to facilitate a comparison with the physics
reach of other machines (in particular, LEP200) I have selected examples which have become
more or less standard for such purposes: heavy Z' and W' bosons and new weak currents, re-
sidual four-fermion interactions, excited fermions, leptoquarks and supersymmetric par-
ticles. These topics are also strongly motivated by theoretical perspectives on physics
beyond the standard model. Keeping in mind that detection limits are very model-dependent
and often not particularly well defined, one may characterize the bounds below which new
physics can be probed at HERA as follows:

- neutral bosons (Eg or SU(2), x SU{2)p x Ulg_) m,. & (300 or 600) GeV
- charged bosons (SU(Z)R; th:: me or Q) mwH 2~ (200 or 400) GeV
- electron-quark contact interactions ‘Aeq & (5-10) TeV

- excited electrons My £ 200 GeV

- leptoquarks (pseudo-Goldstone bosons or not) mLQ o (150 or 300) GeV
- selectron and squarks my + ma & 180 GeV.

In the first three examples (except in the case of a heavy Majorana neutrinc) one is deal-
ing with indirect signals. The physics source of such effects can be identified with some

confidence only st lower masses and scales than the ones quoted.

Although HERA may not be comparable in precision with LEP as far as electroweak tests
are concerned, or in ‘available energy and luminecsity with a hadron collider, it does have
complementary virtues and unique capabilities. Among the topics discussed, these are the
study of profon structure and dCD, including sensitive tests of substructure effects in eq
collisions, and the searcﬁ for new particles carrying the electron number in a mass range
beyond LEP. '

ACKNOWLEDGEMENTS

T want to thank my collaborators F. Cornet and H. Komatsu for numerous discussions on
various subjects I have presented in this tslk and for kindly providing Figs. 3,7,9,10
(F.C.) and Fig. 14 {H.K.).

REFERENCES
1) See, e.g. Reports at the 13. Int. Accelerator Conf., Novosibirsk, 1986,'DESY M-86-10
(1986).

2) G. Wolf, Lectures at the Advanced Study Institute on Technigues and Concepts of High
Energy Physics, St. Croix, Virgin Islands, 1986, DESY 86-089 (1986).

3) D.P. Barber, Talk at the 7. Int. Symp. on High Energy Spin Physics, Protvino, USSR,
1986, DESY £86-170 (1986).

4) H1 Collaboratiocn, Technical Proposal for the H1 Detector (1986).
%) ZEUS Collaboration, The ZEUS Detector - Technical Proposal (1986).

8) Proc. of the Study of an ep Facility for Europe (ed. U. Amaldi), DESY 79/48 (1979) and
Proc. of the Workshop Experimentation at HERA, DESY HERA 83/20 (1983).



7)

8) .

9)
10)
11}

12)

13)
14)
15)

16)

17)
18)
19)
20)
21)
22)

23)
24)
25)

28)
27)

28)

29)
30)
31}

32)

33)
34)

-23-

G. Altarelli, B. Mele, and B. Rickl, in Proc. of the ECFA-CERN Workshop on Large
Hadron Collider in the LEP Tunnel {(ed. M. Jacob), CERN report 84-10 (1984), p. 551,

R. Rickl, in Proc. of the 13. Int. Winter Meeting on Fundamental Physics (ed.

M. Aguilar-Benitez and A. Ferrando} (Instituto de Estudios Nucleares, Madrid, 1986),
p. 288 and in the Quark Structure of Matter (ed. M. Jacob and K. Winter) (World
Scientific Publ., Co., Singapore, 1986), p. 717.

R.J. Cashmore et al., Phys. Rep. 122, 275 (13985),
J.A. Bagger and M.E. Peskin, Phys. Rev. D31, 2211 (1985) and erratum.

W. Hoogland, in Proc. of the Study of an ep Facility for Europe (ed. U. Amaldi),
DESY 75/48 (1579}, p. 315,

J.J. Engelen, in Proc. of the Workshop Experimentation at HERA, DESY HERA 83/20 (1983),
p. 241,

P. Aurenche et al., Phys. Lett. 135B, 164 (1984) and Z. Phys. C24, 309 (1984).
For a review see, e.g. G. Altarelli, Phys. Rep. 81, 1 (1982).

R. Voss, in The Quark Structure of Matter (ed. M, Jacob and K. Winter) (World Scien-
tific Publ. Co., Singapore, 198B), p. 141; Ch. Geweniger, in DESY-Workshop: QCD -
Theory and Phencmenology, Intermal Report DESY T-86-01 (1986), p. 364.

E. Longo, in Proc. of the Workshop Experimentation at HERA, DESY HERA 83/20 (1983),
p. 285.

M. Béhm and H. Spiesberger, University of Wirzburg preprints (1986).

For a review see, e.g. H. Fritzsch and P. Minkowski, Phys. Rep. 73, 67 (1981).
J. Blimlein, M, Klein and T. Riemann, Akad. d. Wiss.
Particle Data Group, Phys. Lett. 170B, 1 (1986).
D.W. Duke and J.F. Owens, Phys. Rev. 030, 43 (1984).

Feltesse, in Proc. of the Workshop Experimentation at HERA, DESY HERA 83/20 (1983),
371.

Altarelli, G. Martinelli, B. Mele, and R. Rickl, Nucl. Phys. B262, 204 (1985).
Gabrielli, Mod. Phys. lett. A1, 465 (1986).

.N. Kamal, J.N. Ng and H.C. Lee, Phys. Rev. D24, 2842 (1981);
Salati and J.C. Wallet, Z. Phys. C16, 155 (1982);

Neufeld, Z. Phys. C17, 145 (1983);

86hm and A. Rosado, Ui Unlver51ty of Wirzhurg preprint (1987)

Altsrelli, B. Mele and R. Pitolli, Roma preprint 531 (1987).

Hioki, 5. Midorikawa and H. Nishiura, Prog. Theor. Phys. 63, 1484 (1583);
A Bagger and M.E. Peskin, Ref. 10;

.A. Dicus and S.5.0. Willenbrock, Phys. Rev, D32, 1842 (1985);

Bates and J.N. Ng, Phys. Rev. D33, 657 (198%);
.J.F. Gaemers, University of Amsterdem, private communication.

.L. Berger and D. Jones, Phys. Rev. D23, 1521 (1981);
. Baier and R. Rlckl, Nucl. Phys. B201, 1 (1982) and B218, 289 (1983).

.D. Martin, C.-K. Ng and W.J. Stirlin, University of Durham, DTP/B7/6 (1987).
. Dress and K. Grassie, Z. Phys. C28, 451 (1985). '

M. Della Negra (UA1l Collaboration), in Proc. of the XV, Int. Symp. on Multiparticle
Dynamics {ed. G. Gustafson and C. Peterson) (World Scientific Publ. Co., Singapore,
1984), p. 366.

For a review see, e.qg. R.N. Mohapatra, in Quarks, Leptons and Beyond (ed. H. Fritzsch,
R.D. Peccei, H. Saller and F. Wagner) (Plenum Press, New York, 1985}, p. 219.

For a review see, e.g. E. Farhi and L. Susskind, Phys. Rep. 74, 277 (1381).

For reviews see, e.g. W. Buchmiller, Acta Phys. Austriaca Suppl. XXVII, 517 (1985);
M.E. Peskin, in Proc. of the 1985 Int. Symp. on Lepton and Photon Interactions at
High Emergies {ed. M. Konuma and K. Takahashi) {Kyoto University, Kyote, 1986),

p. 713.

, Zeuthen, GDR, in preparation.

X ™ IDm 7§:DDC._N O ZTI VX M @ T C



35)

36)
37)

38)
39)
40)

41)

42)

43)
44)
45}
48)
47)

48)
49)

50)
51)
52)
53)

54)
55)

56)
57}

58)
59)
60}

61)

_24._

See, for example, discussions by H. Harari, in Theory-Workshop: Physics at the Fermi
Scale, Internal Report DESY T-85-02 (1985), p. 120; '
R.D. Peccei, Lectures at the 17. Ecole d'Ete de Physique des Particules, Clermont
Ferrand, France, 1985, DESY 86-010 (1986).

R.N. Cahn and H. Harari, Nucl. Phys. B176, 135 (1980} and references therein.

For reviews see, e.g. J. Ellis, in Proc. of the 1985 Int. Symp. on Lepton and Photon
Interactions &t High Energies (ed. M. Konuma and K. Takshashi) (Kyoto University,
Kyoto, 1986), p. 850; H.P. Nilles, Phys. Rep. 110, 1 (1984).

For reviews see, e.g. P. Langacker, Phys. Rep. 72, 185 (1981) and in Proc. of the 1985
Int. Symp. on Lepton and Photon Interactions at High Energies (ed. M. Konuma and
K. Takahashi) (Kyoto University, Kyoto, 1986), p. 186.

For reviews see, e.g. J.H. Schwarz, Phys. Rep. B3, 223 (1882) and Plenary Talk at the
XXIII. Int. Conf. on High Energy Physics, Berkeley, 1986; M.B. Green, Surveys in High
Energy Physies 3 (1983) 127.

See, for example, reviews by H. Georgi, in Proc. of the 1985 Les Houches Summer
School; D.B. Ksplan, Talk at the XXIII. Int. Conf. on High Energy Physics, Berkeley,
1986.

l.. Abbott and E. Farhi, Phys. Lett. 101B, 6% (1981) and Nucl. Phys. 8183, 547 (1981);
M. Claudson, E. Farbi and R.L. Jaffe, Phys. Rev. D34, 873 {1986);

B. Schrempp, Talk at the 23. Int. Conf. on High Energy Physics, Berkeley, 1986,
MPI-PAE/PTh 72/86 (1986) and references therein.

See, for example, review by R.D. Peccei, Plenary Talk at the XXIII. Int. Conf. on
High Energy Physics, Berkeley, 1986, DESY 86-13% (1986) and references therein.

W.J. Marciano and A. 3irlin, Phys. Rev. D22, 2695 (1980).

. Langacker, Ref. 38 (Kyoto Conference) and references therein.

.5, Durkin and P. Langacker, Phys. Lett. 1668, 436 (1986).

. Barger, N.G. Deshpande and K. Whisnant, Phys. Rev. Lett. 56, 30 (1986).

- Cohen, J. Ellis, K. Enggvist and D.V. Nanopaulos, Phys. Lett. 165B, 76 (1985);
. Ellis, K. Enqvist, D.V. Nanopoulos and F. Zwirner, Nucl. Phys. 276B, 14 {1986).

L
v
E
J
M.J. Duncan and P, Langaéker, Nucl. Phys. B277, 285 (1986).

V.D. Angelopoulcs, J. Ellis, D.V. Nanopoulos and N.D. Tracas, Phys. Lett. 176, 203
( .

F

v

F

c

0

1986) . _

. Cornet and R. Rickl., Phys. Lett. 184B, 263 (1987).

. Barger, E. Ma and K. Whisnant, Phys. Rev. D26, 2378 (1982) and D28, 1618 (1983),
. Cornet and R. Rickl, DESY preprint in preparation.

.J.C. Burges and H.J. Schnitzer, Nucl. Phys. B228, 464 (1983) and Phys. Lett. 1348,
329 (1984); C.N. Leung, S5.T. Love and 5. Rao, Z. Phys. {31, 433 (1986);
W. Buchmiller and D. Wyler, Nucl. Phys. B268, 621 (19867.

E.J. Eichten, K.D. Kane and M.E. Peskin, Phys. Rev. Lett. 90, 811 (1983).

S. Komemiya, in Proc. of the 1985 Int, Symp. on Lepton and Photon Interactions at
High Energies {ed. M. Konuma and K. Takahashi) {Kyoto University, Kyoto, 1988),
p. 612,

. Aubbia, ibid., p. 242.

. Rickl., Phys. Lett. 129B, 363 (1983) and Nucl. Phys. B234, 91 (1984);
. Cornet and R. Rickl, DESY preprint in preparstion.

C

R

F

K. Hagiwara, D. Zeppenfeld and S. Komamiya, Z. Phys. C29, 115 (1985).
J. Kihn, H.D. Tholl and P.M. Zerwas, Phys. lLett. 1588, 270 (1985).
K
T
v
C

Streng, University of Munich preprint (1988);
Rizzo, Phys. Rev. D33, 1852 (1986) and D34, 133 (1986).

. Angelopoulos et al., CERN-TH 4578/86 (1986}; A. Dobadao, M.J. Herrero and
. Munoz, University of Madrid, FTUAM/87-4 (1987).

o oT =T



62)
63)
64)
65)
66)

67}
68)

£9)

70)

71)
72)
73)
74)
75)

_25_

Buchmijller and D. Wyler, Phys. Lett. 177B, 377 (1986).

Buchmiller, R. Rickl and D. Wyler, DESY 86-150 (1986).

Wudka, Phys. Lett. 167B, 337 (13986).

Budaz and J.A.M, Vermaseren, CERN report TH-2861 (1981) and erratum.

P. Petiau, in The Quark Structure of Matter (ed. M. Jacob and K. Winter) (World Scien-
tific Publ. Co., Singapore, 1986), p. 755;
D. Haidt, Internal DESY report H1-4/85-14 (1985).

H.E. Haber and G.L. Kane, Phys. Rep. 117, 75 (1985).

A. Homna, Talk at the XXIII. Int. Conf. on High Energy Physics, Berkeley, 1986;
see also E. Reya and D.P. Roy, Phys. Lett. 166B, 223 (1986).

H. Baer and E.L. Berger, Phys. Rev. D34, 1361 (1388); E. Reya and D.P. Roy, Z. Phys.

0n - ¥ =

€32, 615 (1987).

H. Baer et al., in Physics at LEP (ed. J. Ellis and R.D. Peccei), CERN 86-02,
Volume 1 {1986), p. 297.

5.K. Jones and C.H. Llewellyn Smith, Nucl. Phys. B217, 145 (1983}.

.R. Harrison, Nucl. Phys. B248, 704 (1985).

Komatsu and R. Rickl, DESY preprint in preparstion.

Altarelli et al., Ref. 23; P. Salati and J.C. Wallet, Phys. Lett. 1228, 397 (1983).

.A. Campbell, J. Ellis and S. Rudaz, Nucl. Phys. B188, 1 (1982);
Antoniadis, C. Kounnas and R. Lacaze Nucl. Phys. B211 216 (1983);
Keunnas and D.A. Ross, Nucl. Phys. 8214, 317 (198337;

Marleau, Phys. Rev. Qgg} 2928 (1985).

l“t')HUUCTJI’U
e 0. PR



Lepton

m FleRTEey

Fig. 1

251 FE(X,QZ) ]

_26_

29 8 7 6 5 4 3 2 1x0'Gev?

4/5 x10[. GeV2 10068\/ PT

Kinematics of the subprocess eq —» 1q' in collisions of 30 GeV electrons and

820 GeV protonsg). An event is characterized by a point in (x,Qz) on the lepton
side and by the corresponding point on the gquark side. The vectors joining the
origin of the diagram with these points represent the momenta of the final lepton
and quark-jet, respectively, in an event.
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Fig. B Present-day bounds on the mass and mixing angle of & superstring-motivated neutral
EB boson 22 {a) from W and Z mass measurements alone47) and (b) from all NC data45),

in comparison with the sensitivity of NC asymmetriesSU) at HERA. Indicated are the
contours in {m, ,8) where e; - et {deshed) , eE - e; {dashed-dotted) and e% - e;
{dotted) deviat& from the respective standard model values A = 0.52, (.35 and 0.17

at x = 0.3, Q° = 2 x 107 cev? by §A = 0.04.
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Fig. 7 Present-day bounds on the mass and mixing angle of a neutral boson associated with
left-right symmetry (a} from Mygs My measurements4?) and (b) from all NC data45), in
compariscn with the sensitivity of a polarization asymmetrysz) at HERA. Shown are
the contours in {m, ,8) where A(e[ - ea) at x = 0.3 and Q2 = 2 x 10% GeV® devistes
by § A = (.02 (dottéd}, 0.04 (full), G.06 (dashed) and 0.08 (dashed-dotted) from

the value A{7) = 0.35 predicted in the standard model.
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Fig. 8 Right-handed charged current cross sections at HERA for a heavy and a very light
right-handed neutrinoY).
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q L= +1) on the neutral current cross sec--
integrated over x for various values of the compositeness scale /\eq (TeV).

The statistical errors on the standard model prediction (full curve) correspond to
a run of 200 pb"l.
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fig. 10 Effects from contact interactions with different chiral structures (q =+ 1) on
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Fig. 12 Cross sections at HERA for the resonance production of the scalar leptoquark 81 by

eu and e'U fusion and for two values of the coupling glLGB).
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Fig. 13 Theoretical x-distributions in high D2 neutral current scattering at HERA if the
scalar leptoguark S1 exists with Mg = 200 GeV and 94 = 0.3 (full curves) in
comparison to the standard model pre%ictions (dotted curves} .



-32-

10

Lt il

‘alep—1G+X) in pb

| W

01

Fig. 14 Cross sections at HERA { {s = 314 GeV) for the pair production of sleptons and
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to different chargino (x,{’) and neutralino (x!;) masses and mass eilgenstates as

squarks’”’ with m(TL) = mri’R) and m(§ ) = m(§g). The predictions a to ¢ correspond
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versus Ay = Yq - ye'for the following hypothetical SUSY events at HERA: ep—s 83X,
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