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We examine the potential of a future 500 GeV linear e*e~ collider (NLC) to probe the “minimal” set {x,, 4,) of anomalous
WWy and WWryy couplings via the (sub) processes yy-W* W~ e"y»>W-vand ete”>W*W~, for comparison. Photon beams
both from classical Bremsstrahlung and, notably, from backscattering laser light off ¢* beams are considered. The differential
cross sections da/d cos 6 of the three reactions are calculated analytically and used as observables in a x2 analysis under identical
assumptions on machine parameters. The constraints emerging from the use of laser photon beams appear very encouraging, are
independent of x, and A, and impressively underline the importance of realizing laser photon beams at the NLC.

Research and development on linear e *e~ colliders at SLAC, KEK, DESY, CERN and Novosibirsk has been
progressing rapidly and the physics potential of such future machines is presently under intensive study. A very
important task at a future 500 GeV linear e*e™ collider (NLC) is to verify the non abelian gauge structure of
the electroweak standard model by probing the three and four gauge boson couplings as directly and precisely
as possible.

Of particular interest is the ““classical” set of anomalous WWy and WWZ couplings x, and 4, z, with k,, 4,
related to the W magnetic dipole and electric quadrupole moments iy and Qw, respectively, as

44 e Y
uw=‘2mw(1+xy+).y), sz—m(lﬁ‘y—/&y), (1,2)
and
ky=1, Ay=0, V=v,Z, (3)

at tree level in the standard model. The possibilities of probing these crucial couplings both at future ¢ *e¢~ and
hadron colliders have been extensively investigated in the literature [ 1-8].

Ate*e™ colliders starting with LEP 11, an important process in this respect is e*e~ -W*W~, However, here,
the WWy and WWZ vertices both enter and the associated anomalous couplings conspire to weaken the bounds
in absence of further theoretical input [3]. At NLC energies of 500 GeV, say, the situation improves consider-
ably [8]. vet separate tests of photon and Z anomalous couplings are desirable.

In this letter, we report on a comparative study of the sensitivity to the anomalous couplings «, and 4,, in the
following (sub) processes

Y’Yﬂijw_ (e+e—_’e+e—w+w-) , (4)
e y-W-v (ete —etW-v), (5)
ete -WHwW— | (6)

under identical assumptions on NLC parameters.
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Our new results refer mainly to the reactions (4) and (5), while the “classical” reaction (6) has been recal-
culated mainly to serve as a reference under the same conditions. Particular emphasis will be put in this paper
on the promising possibility [5,9,10], to obtain colliding yy and ye beams at the NLC with approximately the
same energies and luminosities as in e*e~ collisions by means of Compton (back )scattering of laser light. For
comparison, we also discuss the results obtained with the photon spectra from classical Bremsstrahlung in Weiz-
sdcker—Williams approximation.

The reactions (4) and (5) enjoy a number of features making them potentially very interesting at lineare*e~
colliders of high energy:

- Due to the exchange of a (massive) vector boson in the ¢ channel the total cross sections for both reactions
(4) and (5) approach a constant { =~ 86 pb and 47 pb, respectively) in the standard model at high energies,
while the e*e~ > W* W~ cross section vanishes asymptotically.

- Both reactions (4) and (5) are sensitive only to the photon anomalous couplings x, and A".

- Given the anomalous WWy vertex, local U(1). ., invariance requires the existence of an anomalous WWyy
vertex with strength proportional to 4, (see egs. (7), (8) below). At future linear e*e ™ colliders, this new four
gauge boson interaction can be probed for the first time in the process (4) and to our knowledge, has not been
considered before (for a recent application to heavy ion colliders, see ref. [11]).

Let us start by considering the most general C- and P-conserving WWY interaction term in the lagrangian [1],
suplemented with (minimal) WWyy and WWryyy terms to render it (manifestly) invariant under local electro-
magnetic U( 1) gauge transformations

ywy=y§x_if((xy_1)wpwuw+ ’i—; W;,,Wf;Fw), (7)
W

where

W#,,z (au—ieA,,) W,—(d,—ied,) W# , Fuw= aﬂA,,— a,,Aﬂ . (8)

Moreover, for the process e e~ —»W* W~ we add the standard WWZ anomalous vertex [ 1] obtained from eq.
(7) by the replacements y—Z and e—e cot 6,,, where 6,, is the weak mixing angle.

The next step consists in calculating the tree level differential cross sections for the three reactions (4)-(6)
by means of the Feynman rules from the specified (effective) lagrangian. The tree level Feynman graphs corre-
sponding to reactions (4)-(6) are displayed in figs. la-Ic. All our calculations were performed analytically
without any further approximations by means of the algebraic manipulation packages REDUCE and
MATHEMATICA.

Our results take the following form in the respective center-of-mass systems with total (sub )energy § and CMS
angle 6=/ (y, W).
— Foryy->W*W~ we find

m%vdag,c.;v;gv- =ﬂ;2(1_};_2|)1/2F(Y,6), 9)
where
F(Y,0)=F, +x,Fy — A Fs+ Y2 Fs =y Fs + A Fo + 13 Fy — xiay Fs + 1, A3 Fo — A5 Fro

YA = x3A F s+ XA F s =X A F 4 + A5 F s, (10)
with
F, =8[3D—Y2 —2D<8+ %>+32Y+ gy] F,=32(5D—16Y), Fi=64D, (1)

150



Volume 272, number 1,2 PHYSICS LETTERS B 28 November 1991

Y W v W v W v W
(c) >o< v , W . ><
v W ¥ W ¥ W’ Y w

Hi

o
<
><m
= <
"
ml
I
= <
+
[11]
j ) :
<

Fig. 1. Feynman diagrams for the processes (a) yy-W*W~, (b) e y>W~vand (¢) e*e” > W*W~ at tree level. The black dots indicate
the vertices where anomalous vector boson couplings enter.

F,=32[D*(Y-2)+3DY—-D+10Y], Fs;=64(—2D>~3DY+2Y),
F,=16[—D34+2D*(6Y—1)+2DY(4Y~T7)+4Y], F,=16[-2D3*(2Y—1)+D(5Y+1)—4Y],
Fy=16[2D*(2Y+3)+D(8Y-3)—-8Y], Fy=16[-2D*(7Y-3)—-DY(8Y—-17)~3D—-4Y],
Fio=16D[4D*Y+2D(4Y*—8Y+1)+4Y—-1], F,,==D*+2D*(7Y—-1)+2D(6Y+1)+4Y,
Fi,=4[—D*-2D*(5Y+1)+2D+4Y] ,
Fi3=2[D*(10Y=3)+2D*(8Y*>+3Y—-3)+2D(8Y*—-18Y+3)+12Y],
Fla=4[-D*6Y+1)-2D*(8Y2-21Y+1)-2D(12Y—-1)+4Y],
Fis=12D*Y+D¥(32Y>-52Y—1)+2D?*(32Y*—80Y?>+55Y—1)+2D(16Y>—18Y+1)+4Y, (1l conrd)
and the abbreviations introduced in ref. [7]

n=1-xK, (12)
Y= 3§/4md, , D=cos?0+Y sin?0. (13)

For the special case 4,=0, our result agrees with that of ref. [7] apart from a term — 16DY missing in eq. (4.6)
of ref. [7].
- For e"y—»W™v with arbitrary circular photon polarization characterized by the Stokes parameter — 1 <& <1,
the result is

2 1
m%vddgtoévg = 5127[3?1120‘,, Y3(YY——4Z)2 G(Y.9), (14)
where
G(Y, 0) =G onpor +& Gror - (15)
with
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Z2+47Z+1
Gunpol=Z<8Y—4+ 8%)—8)@2(Y+Z)+ (G HA) (Y +Z%)(4Y—4Z—-1)+4YZ]
—32(xy+)w),lyYZ(Y—Z)+64A$YZ(Y—Z)2, (16)
Z 1
Gool = —4Z(2Y— 1— —(2%)>+4AYZ—4(XY+2/1¥)Z(2Y—2Z— )+ (g +4)2(Y?=Z2)(4Y—-4Z-1),
(17)
and the abbreviation
Z=1(Y=1)(1+cos ) = —a/4m3 . (18)

In the special case 4, =0, & =0, our result agrees with the one given in refs. [12,13], and in the standard model
limit for & #0, with the cross section of refs. [14,15]. Moreover, our numerical results for £&=0 but x,, 4,#0,
(see below) are similar to the ones of Yehudai as reported in ref. [5]. The consequences of probing polarization
effects corresponding to other nonvanishing components of the Stokes vector, & #0 (for CP violating anoma-
lous couplings ) and & # 0, will be reported elsewhere [16].

- Fore*e™—W* W~ the cross section as a function of k, , and 4, » is well known and may e.g. be found in ref.
[1]. For simplicity, we shall, henceforth, assume 1 —x,=4,=0. Other plausible choices, compatible with low-
energy information [4] or SU(2) symmetry arguments, like k,=1, A,=4, or k;=k,, Az=4, actually lead to
stronger bounds on (kx,, 4,) if combined with the results from the reactions (4), (5). The subprocesses
yY—>W*W~= and e"y—W~v may be (approximately) related to e*e~ collisions by folding the respective cross
sections with appropriate differential yy and ye luminosity functions, respectively *'

1
doc*c*—»c*’c*W*WA J dLYY(T) dG’W SWAEW -
= 19
dcos @ 4’2/\dT dr d cos 8 ’ ( )
1
M ~ J dr dLye(7) dOye- w-v (20)
dcos 8 dr dcost '

m%v/x

where the differential luminosity dZ,/dz is defined as usual in terms of the momentum distributions f;; of
particles i and j

dL

ab f (%—:C./’,(X)J‘}(T/X), t=

Am

, (21)

L |

T/ xXm

with s being the total e*e~ CM energy squared and x,, < 1 corresponding to the maximum momentum allowed
kinematically.

We consider next two very different sources for the photon spectrum in eqgs. (19) and (20).

(1) Classical photon Bremsstrahlung. In this case, corresponding to the familiar Weizsidcker—Williams approx-
imation, the photon luminosity spectrum is very soft and with the help of eq. (21) and x,,=1 takes the well-
known form

dlL,. a s Y1+ (1l=1)%

d—;(r)=<ﬂln4m§) T =H(D), (22)
ALy oy (40 5\ (1 o2

—dT(T)_<21n4m§><r(2+T)21nr T(l r)(3+‘:)). (23)

# A small background from subprocesses with photons replaced by Z’s is, as usual, neglected.
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(ii) Laser photons. The idea of Compton scattering laser light off ¢~ and e¢* beams of a single pass ¢"e™
collider was first discussed a long time ago by Akerlof [17] and Ginzburg et al. [9,10]. This possibility appears
quite realistic [5] and is most interesting in our context, since the spectrum of the scattered laser photons is
hard and the total luminosities for ye and yy collisions turn out to be of the same order as the one for e*e~
collisions {9,10]. In this case, the corresponding differential luminosity functions are obtained from the mo-

mentum distribution of the Compton scattered laser photons # [9,10]
1 doc l—x+1/(1=x)—4x/x5(1 —=x)+4x2/x3(1 =x)?
laser ¢ = - YYc — 0 24
¥ (%0, x) oc dx  (1—4/x—8/x3) In(1+x0)+5+8/x,—1/2(1+x0)?’ (24)
where the dimensionless parameter

_ 2\/3 Waser
me

Xo (25)

characterizes the dependences on the total e *e~ energy \/E, the laser energy ..., and the electron mass ., and
will be taken [5] to be x;=4.82, corresponding to w),...~ 1.26 eV. The differential luminosity functions are then
obtained as

dL lacscr aser

Tdy’[“zfly (Xo,T), (26)
and dL%*"/dt by integrating eq. (21) analytically with eq. (24) and x,,=x,/ (1 +x,). The resulting expression
is, however, too long to be quoted here. In figs. 2, 3 the luminosity functions weighting the differential cross

sections in the integrals (19), (20) are plotted, with the dashed curves corresponding to the classical Brems-
strahlung (Weizsdcker—Williams) and the solid lines to the laser photon spectrum. The differences are dramatic

in both cases. Due to the hardness of the laser photon spectra, subenergies of the order \/— ~ 0.8\/5 are involved

#2 For the e~y conversion factor k=0(1) we tacitly assume [5] k=1.

8 L T 1 [ — LA B B B
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Fig. 2. Equivalent photon spectra that may be obtained from an electron beam with energy 250 GeV. The dotted line shows the Weiz-

sicker—Williams spectrum due to classical Bremsstrahlung. The spectrum from a backscattered laser beam is shown as the solid line for
the same electron energy and laser energy wy,er~1.26 eV (xo=4.82).

153



Volume 272, number 1,2 PHYSICS LETTERS B 28 November 1991

T

lill—lilllllll 1T T

NELR
!

1.5

17

T

T

Fig. 3. Differential yy luminosity for virtual yy collisions due to classical Bremsstrahlung (dotted line) and for backscattered laser pho-
tons (solid line) from e*e~ beams with the CM energy \/Ez 500 GeV and x,=4.82.

here, which leads us to expect a much enhanced sensitivity to the anomalous couplings x, and 4, as compared to
the Weizsdcker—Williams case.
Given the differential cross sections for our three reactions (4)—{6), a x* analysis ** was performed by com-

paring the standard model predictions with those corresponding to nonvanishing anomalous couplings x, and
/., including a free normalisation constant f;om,

2 2
2= LJSnorm + Jnorm , (27)
X Z < Alslat. norm Asys
with
doM do(k,, 4,)
= Y= — v 28
Xi dcosf,’ d cos 6, (28)

The statistical errors 4%, were computed from the following (conservative) set of NLC parameters:
— /s=500GeV, [ %..-dt=10fb"", |cos 0] <0.7,

- WW reconstruction efficiency (including branching ratios) =0.15,

— W reconstruction efficiency (including branching ratios)=0.1,

and the standard model cross sections X..

#3 We think that the treatment of the systematic error by eq. (27) is more appropriate than another form frequently employed (notably
by theorists)

. o (X=1Y ,.
pey (B20) L meapr s,

which actually implies uncorrelated systematic errors, bin by bin. In general, for given 4, this form leads to more optimistic bounds

than cq. (27) where the bin by bin systematics is totally correlated. We thank D. Haidt and H.-U. Martyn for helpful discussions on
this point.
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The systematic uncertainty was taken to be *
Aoye=12% . (29)

Bounds on the anomalous couplings x,, 4, at 90% confidence level for two degrees of freedom are derived by
displaying the contours in the (1 - x,, 4,) plane corresponding to

xi=4.61, (30)

with y? being minimized with respect 10 fporm. This fiXes form to first order in 42,

2 (Yi/45a)’+ 1/ 45 (31)
zi Xl Y//Aélzal-i- I/Agys '

f ~
Jnorm =

Note that 2, X, Y,/4i% = No (|cos 8] <0.7), the total number of events for given x,, A, and our cos § cut.

Next, we turn to a discussion of our results.

(1) Classical Bremsstrahlung. In this case, we apply the Weizsidcker-Williams approximation, egs. (22), (23),
for the photon luminosity function. The corresponding exclusion contours at 90% confidence level are displayed
infig. 4forete”—»ete"W*W~ (cf.eq. (19)), forecte—se*W~v (cf. eq. (20)) and forete">W*W~ (with
1 —k;=4,=0), for comparison. Due to the softness of the photon luminosity spectra (cf. figs. 2, 3), in this case,
only comparatively low subenergies \fz\/?s are available for probing the anomalous couplings and the total
number of (reconstructed ) events is correspondingly low,

NM(|cos 0] <0.7) =340« 45?2 forete —ete " WHW— |
~1000<4;? forete —»e™W-v. (32)
# When comparing our results with others, please note that in processes with dominating systematic uncertainties (like yy—»W*W= and

e~ y-»W-v), a £ 2% systematic error in eq. (27) gives quite similar bounds on the anomalous couplings as a + 5% systematic error in
the x? formula quoted in the preceding footnote!

Fig. 4. Exclusion domains for the anomalous couplings x, and A, from e*e~ »e*te"W*W~—, e*e” —e*W v in the equivalent photon
approximation, and from e*e~ —»W*W~, The areas surrounding the cross symbol (standard model at tree level) are allowed at the 90%
confidence level.
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For comparison
NN (lcos 8] <0.7) ~1800<4g? forete ->WHW— . (33)

The exclusion contours are, therefore, largely determined by statistics in these three cases.
From fig. 4 we conclude that in case of classical Bremsstrahlung, we obtain (at 90% CL) the following:
~ individually,

frome*e”—»e*Wv: —0.06<1-x,<0.09, |4,{<0.11,

frome*e” —»e*e”W*W™: Comparatively little valuable new information on 1—x, and 4,.
Only if 4,0 then |1 —x,| <0.06 ,

~ jointly from all three reactions (cf. shaded area in fig. 4),

—0.05<1-k,<001, -0.05<4,<0.06 (l-k;=1,=0).

Altogether, for classical Bremsstrahlung, the constraints on the anomalous couplings { —x, and 4, from
ete"—ete"WYW~- and ete~ —»e™W~v are much weaker than those from ete~—W*W~. However, it should
be remembered that they are (essentially) independent of ik and 4!

(i1) Laser photons. In this case the situation is much more favorable due to the hardness of the laser photon
spectra, (cf figs. 2, 3). The corresponding exclusion contours at 90% confidence level are displayed in fig. 5 for
Yy—-W*W~= for e"y—»W-vand for ete " ->W* W~ (with 1 -k,=4,=0), again for comparison. Due to the
high subenergies available, the cross sections are much larger for reactions (4), (5) and we find

NM(jcos 6] <0.7)~25200>> 452 foryy-Wrw-—,
~4600> 452  fore y-»W-v. (34)

The exclusion contours are, therefore, largely determined by systematics, eq. (29), in this case. Moreover, as
explained in the preceding footnotes, they also significantly depend on the way the systematic errors are ac-
counted for in the y2 expression.

1—k,
Fig. 5. Exclusion domains for the anomalous couplings «, and 4, from yy>W*W~ e~y—>W~v,and e*e” > W* W~ from using backscat-
tered laser photon beams. The areas surrounding the cross symbol (standard model at tree level ) are allowed at the 90% confidence level.
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From fig. 5 we conclude that in case of laser photons, we obtain very significant new constraints both individ-
ually from reactions (4), (5) and - even more so — jointly, from combining all three of them (cf. shaded area
in fig. 5). We find (at 90% CL):

— individually

from yy-W*rW-: —0.02<1-x,<0.04, —-0.06<4,<0.1,

frome " y-W-v: —0.04<1-x,<0.06, [4,]<0.06.

— jointly from all three reactions (4)-(6) (cf. shaded area in fig. 5),
[1—k,1<0.02, -0.04<4,<005 (1-Kkz=42=0).

The bounds from yy-»W*W~ and e~y—»W v appear very encouraging, are independent of kz and Az and im-
pressively underline the importance of realizing laser photon beams at a future 500 GeV linear e *e~ collider.

Let us conclude.

We have examined the potential of a future 500 GeV linear e*e~ collider (NLC), to probe the “minimal” set
(x,, A,) of anomalous WWy and WWyy couplings, via the (sub)processes yy-W*W~, e"y->W~v and
ete->W*H*W—, for comparison. We considered photon beams, both from classical Bremsstrahlung and, nota-
bly, from backscattering laser light off ¢ * beams. The differential cross sections do/d cos 6 of the three reactions
were calculated analytically and used as observables in a y? analysis under identical assumptions on machine
parameters. The use of laser photon beams leads to very encouraging constraints on (x,, A,), representing a
dramatic improvement over a photon spectrum from classical Bremsstrahlung. Unlike e*e~—>W*W—, the con-
straints from the (sub)processes yy—=W*W~ and e~y—W v are independent of (kz, A7) in the light of which
also the relatively weak constraints via classical Bremsstrahlung appear useful. The role of polarization in the
processes considered here is presently under study.

Note added. After completion of this work, we learned from a recent preprint by Yehudai [ 18] where similar
constraints on (x,, 4,) are derived from the process yy—»W W~ and laser photon beams.

We thank F. Boudjema, D. Haidt, H.-U. Martyn and P. Zerwas for useful discussions. One of us (S.Y.C.)
wishes to thank the DESY theory group for its kind hospitality. This work was supported in part by the Korea
Science and Engineering Foundation.
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