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Abstract—The combined results from ep —> VWX, ep — eWX, and ep — vyX processes at HERA are
used to constrain anomal ous three-boson couplings. The effective model for anomal ous couplings where there
is no light Higgs boson and where interactions responsible for the breakdown of electroweak symmetry are
strongly coupled is considered. Bounds on the couplings Ly; and Lgg, which parametrize contributions from the
anomalous WWy (WWZ) vertices, attainable from an analysis of the distributions for the processes in question
are presented. The results are compared with the bounds resulting from the LEP | and LEP |1 data. It is shown
that the bounds coming from HERA significantly reduce the parameter region allowed by the analysis of the
LEPI and LEP I data. © 2000 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

One of the main goals of the operating LEP Il and
of future next linear colliders is to measure the Wiy
and WWZ couplings. In the Standard Model (SM),
these couplings are strictly fixed by the structure of
SU(2) x U(1) symmetry, and any deviation of the cou-
plings from the values predicted by the SM will defini-
tively indicate the presence of new physics. It is conve-
nient to describe the phenomenology of models with
anomalous couplings in terms of the low-energy effec-
tive Lagrangians. Within this approach, effects of new
physics manifest themselves as higher dimension oper-
ators modifying the couplings of observed particles,
including anomalous boson couplings. This approach
has a number of practical consequencesin limiting the
number of anomalous couplings to be studied.

In this article, we consider a class of models where
interactions responsible for electroweak-symmetry
breaking are strongly coupled and where there are no
new particles light enough to be produced at energies
below 500 GeV—1 TeV and study the effect of the low-
est dimension operators that lead to anomalous contri-
bution of the WWy(Z) vertex at HERA energies. Devia-
tions from the boson self-couplings predicted by the
minimal SM were studied extensively in the literature;
in particular, they were discussed in the context of the
HERA collider [1-6]. The main processes to probe the
anomalous couplings at the HERA collider are ep —~
WX, ep — eWX, and ep — VWX, where X is a had-
ronic state. The first two processes reveal sizable cross
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sections, which allow oneto reconstruct final states and
to analyze relevant distributions for the processes. In
turn, the cross section for the process ep — VWX is
too small, so that only isolated events can be observed
at the present HERA luminosity. For this reason, the
chance to probe the anomal ous couplings via this pro-
cess was usually neglected. We will show later, how-
ever, that this process is highly sensitive to anomalous
contributions, permitting the inclusion of data on this
process in the analysis as well.

There are two main distinctions between the present
study and those that can be found in the literature. First,
we apply the effective Lagrangian formalism allowing
us to parametrize the anomal ous gauge-boson interac-
tions and to correl ate them with the symmetry-breaking
sector. Second, we perform aglobal analysisof all three
processes, ep — WYX (eWX, vVWX). Here, we pay spe-
cia attention to the fact that the process ep — VWX,
in spite of the small cross section, reveals a high sensi-
tivity to anomalous terms and |eads to bounds compet-
itive with those from the process ep — ¢WX and more
stringent than those coming from the data on radiative
charged-current scattering.

Thisarticleisorganized asfollows. In Section 2, we
briefly summarize the effective Lagrangian formalism
used to describe anomal ous couplings. In Section 3, we
present the results of our calculations for the HERA
processes. In Section 4, we present bounds on the
anomalous couplings parametrizing the triple boson
vertex and compare these bounds with those coming
from LEP| and LEP |1 data. Finally, we summarize our
results.
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2. FORMALISM FOR ANOMALOUS COUPLINGS

I ntroducing anomal ous boson interactions, we want
to describe the case where, for the el ectroweak-symme-
try-breaking sector, there is no light Higgs boson and
where the low-energy particle content is essentially the
same as that in the minimal SM, provided that Higgs
bosonistaken to be very heavy. Thismodel can bewrit-
ten as the usual Standard Model, but the scalar sector
must then be replaced by the effective Lagrangian [7]

2
%
PR = —4—tr(D“ZTD“Z).
Here, the matrix % = exp(im - T/v) contains the would-
be Goldstone bosons w; that give the gauge bosonstheir

mass via the Higgs mechanism, the SU(2), x U(1)y
covariant derivative is given by

I s 1
D2 =0,Z+ SOW, T2 —50'By2Ts,

and v = 246 GeV. This case was considered at length in
the literature [7, 8], and we used it previously for pro-
cesses incorporating triple [9] and quartic boson interac-
tions [10]. In this model, anomalous gauge-boson cou-
plings correspond to the contributions from higher dimen-
sion operators that are invariant under the SU(2), x U(1)y
gauge group. The next-to-leading-order (NLO) effective
Lagrangian that arisesin the context of thismode and the
contributions of this Lagrangian to the anomalous cou-
plings were discussed in the literature [ 7, §].

It became common to write the most general C- and
P-invariant VIW*W~ vertex (where V =Z, y) in the form
[11]

. G
Py = —|e-s—a’gf(wﬁvw“—www“*)zv

—ieg (Wi, W —w,,,WH") A” (1)

. G .
—i es—tvv K, WIW, 2" — ek, WiW, A",

where sy, and ¢y are the sine and the cosine of the
Weinberg angle.

At thetreelevel and in the unitary gauge, the anom-
alous terms contribute to the processes under consider-
ation only through the three-gauge-boson vertex WiWV.
Within the effective L agrangian approach and under the
assumption that whatever breaks electroweak symme-
try has at least an approximate custodial symmetry,
there are only three operators in the C- and P-preserv-
ing NLO effective Lagrangian that are relevant to the
gauge sector:

2
P@ = /VTZ{—ngLtr(W“"D“ZDVZT)

2
—ig'Legtr(B*'D,2'D, %) @

+9g'Lytr(ZB*Z'W,)} .
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However, it was shown in [12] that the coupling L,
being proportional to the parameter e; measured at LEP
[, istightly constrained, —1.1 < L,(M,) < 1.5; therefore,
we will not consider the evolution of this coupling.2

For the case of a strongly interacting symmetry-
breaking sector, the approach of the effective
Lagrangian alows one to relate the four couplings in
(2) to thosein (2):

z 62
gr = 1+ CWEQ > Lo t+ —_-LloDAz

—Sw)

Y =1+ ...,

0 =

1 2 2
K, = 1+ H—=— (Lo c — Lorsy) (3)
Z |:bs\2NC\2N 9L ~W 9R

2
2 HAA

+ L
-si) A

2
(Cw

e [|—9|_ + Lo _L DV
s\z,\,D 2 1°DA
In (3), the leading contribution to each anomal ous cou-
pling is presented, while the ellipses stand for contribu-
tions that arise in a higher order of 1/A* or in the 1//A?
order with custodia SU(2)-symmetry breaking. It should
be noted herethat, in contrast to the anomal ous couplings
from [11], we do not have terms that correspond to the
usual couplings A, and A, because, within the mode! dis-
cussed, they only occur in higher ordersin 1/A2.

In this paper, we will consider the processes ep —»
vyX (eWX, VIWX) at the tree level and use the unitary
gauge. In Figs. 1-3, one can see that new physics con-
tributes to these processes via anomalous triple boson
vertices, so that (adopting that L,, is severely con-
strained by LEP | data and that boson—fermion vertices
remain unchanged) we are left with the set of anoma-

lous couplings gf(y) and K, [in terms of (1)], or with
the set of Lo, and Lo, [in terms of (2)].

Ky=l

3. PROCESSES WITH ANOMALOUS
WWy(Z) COUPLINGS

In this section, wewould like to discuss the possible
manifestations of anomalous WWy(Z) couplings in the
processesep — WYX (eWX, vWX) at the HERA ep col-
lider, where E, = 30 GeV and E,, = 820 GeV, which cor-

responds to /s = 314 GeV. We adopt the integrated

luminosity of 1000 pb~!, which corresponds at least to
five years of machine operation. We use a Monte Carlo

2within the model discussed, the anomalous couplings also affect

the Wfv and Zff vertices through renormalization, but they do
this only through the parameter L, [12], and this contribution is
neglected.
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Fig. 1. Feynman diagrams for the process ep — vyX.
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Fig. 2. Feynman diagrams for the process ep — eWX.
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Fig. 3. Feynman diagrams for the processep — VWX.

generator to simulate signal events and CTEQ4 param-
etrization [13] for the proton structure function. Stan-

dard sets of cutson pi, pY, and p$, aswell as on the
corresponding rapidities, were applied to satisfy the
detector geometry and to reproduce the reconstruction
efficiency. Uncertainties in the photon and jet energy
measurements were taken into account by the Gauss-
ian smearing of the 4-momenta. For our numerical
study, we also use the following input parameter
values:
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My, = 80.43 GeV, M, = 91.187 GeV,

o = 1/128.8;

the values for CKM matrix elements were taken from
the PDG review [14].

3.1. Processep —= vyX

Thefollowing partoni ¢ subprocesses contributeto the
process ep —» WYX

eu — Vyd,

2000
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do/dpy, pb/GeV
100

1072

10

Fig. 4. The ep — vyX cross section as a function of the
photon transverse momentum in the SM case.

eu —= VY,
eu —= Vyb.

For each of the cases, the corresponding Feynman dia-
gramsareshownin Fig. 1. Sincethe signal topology for
this process includes a jet, a photon, and missing
energy, it is necessary to require the jet—photon separa-
tion (for example, by applying the cut on the relative
pseudorapidity of the photon and jet, An, and their rel-
ative azimuthal angle, Ad) and to impose the cut on the
photon transverse momentum to get rid of the collinear
and infrared singularities.

This process was studied in detail in the literature
[1]; however, wewill recall some of itsmain featuresto
motivate our further choice of kinematical cuts that are
aimed at improving the sensitivity of the process to
anomalous couplings. We found that the cuts

py =05 GeV and A/(AN)° + (Ad)*=204  (4)

allow oneto isolate the singularities and to separate the
final photon and the jet. With these cuts, the cross sec-
tions for the relevant subprocess are

O(eu — vyd) = 8.72 pb,
O(eu —» Vys) = 0.44 pb,
o(eu — vyb) = 1.06 x 10~ pb,

which correspondsto the ep — vyX total crosssection
of =9.16 pb. The contribution from the subprocess with
ab quark in thefinal stateis negligible, and wewill not
show it, while presenting differential distributions, but
will keep it performing numerical estimates.

The differential distributions with respect to the
photon transverse momentum, its scattering angle (rel-
ative to the electron-beam direction), and energy are
shownin Figs. 4-6. Inall threefigures, thelowest curve
represents the contribution from the subprocess with an
s quark in the final state, while intermediate and upper
curves represent, respectively, the contribution of the
final d quark and the total contribution (in the cases of
prand E distributions, the last two curves are indistin-
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Fig. 5. Angular dependence of the ep — vyX crosssection
in the SM case.

guishable on thisscale). One can seethat the bulk of the
cross section is collected at low values of the photon
transverse momentum and energy.

It is seen from the diagramsin Fig. 1 that the anom-
alous terms contribute to the process ep — vyX only
through the WWy vertex. This means that, in terms of
(3), the total cross section and the differential distribu-
tions that take into account anomalous interactions are
functions of the combination (Lo, + Lyg) of anomalous
couplings, which parametrize the WWy vertex. From
Fig. 7, where the total cross section is shown as afunc-
tion of (Lo, + Log), One can see that the total cross sec-
tion has the highest sensitivity at negative values of
(Lo, + Log); thisis due to the constructive (destructive)
interference between the anomalous and the Standard
Model contributions at negative (positive) values of
(Lo; + Log). Analyzing the process distributions, we
found that stricter bounds on the anomal ous couplings
can be attained from the dataon p; distributions. There-
fore, it seems interesting to study the behavior of
do/dp for nonvanishing anomalous couplings.

In Fig. 8, we present3) the relative contributions of
the anomalous terms to the p; distribution for (Lo, +
Log) = 500 and —500% (curves I and 2, respectively).
One can see that, for positive values of the anomalous
couplings, the new-physics contribution is positive and
corresponds to the high-p; region, while, for negative
values, it is distributed more or less uniformly over the
region of moderate p;. In either case, however, the
region of small p; is poorly sensitive to new-physics
effects; i.e., it ismostly dominated by the SM contribu-
tion. This alows one to impose an extra cut on py,
which should suppress the “background” SM contribu-
tion without losses of the effect due to anomalous
terms. The optimal cut on p; can be determined from

)The appearance of sharp peaks in Figs. 8 and 9 is caused by a
shortcoming in the spline algorithm.

“These values of (Lg, + Lgg) Were chosen for demonstration pur-
poses only.
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Fig. 6. Energy dependence of the ep — vyX cross section
inthe SM case.

(daN*V/dpy — doSM/dp /Ao dpr)

2 L
1
1k
ok 2
0 40 80 120
Pr, GeV

Fig. 8. Relative deviation of the p distribution for the pro-
cess ep — vyX at nonvanishing anomal ous couplings.

the so-called “ sensitivity function,” which is defined as

|O_NEW_O_SM|/\/§

where oM and oNEY are the SM cross section and the
cross section with alowance for the anomal ous terms,

respectively. The appearance of apeak in S(p$") corre-
spondsto the optimal cut value. In Fig. 9, the sensitivity

cut

function is plotted against p; for the case of (Lo, +

L) = 500 and —500 (curves I and 2, respectively). It
should be noted that a variation of the couplings will
change the absolute normalization of the curves, but
this will not modify their line shape. One can see that,
for negative coupling values, the sensitivity peaks are at

cut

pr =30 GeV, whilefor positive coupling values, there
isno such pronounced peak behavior. Maximizing both
S functions, one gets an optimal cut value, p,= 30 GeV.
Later, discussing the resulting bounds, we will use just

S= (&)
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Fig. 7. ep — vyX total cross section as a function of
anomalous couplings.
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Fig. 9. Normalized sensitivity as afunction of p?”t .

this cut value. This cut does lead to a higher sensitivity
of the cross section to anomal ous couplings.

InFig. 10, we again present thetotal cross section as
afunction of (Lo, + Log), but for the case where the cut
pr = 30 GeV is used. Of course, this cut reduces the
cross section substantially; however, while, in the no-
cut case (see Fig. 7), the cross section varies from 1 to
—0.5%, for cut used, the cross section varies from 14 to
—4.6% for the same range of (Lo, + Lqog) VAl U€S.

3.2. Process ep — eWX

This process has a smaller cross section in relation
to that for ep — vyX, but it turns out to be very sensi-
tive to the anomalous couplings. The following par-
tonic subprocesses contribute to ep — eWX:

eu — eWd,
eu — eWs,
eu — eWh,
ed — eWu,
ed — eWec.
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Fig. 10. ep — VyX tota cross section as a function of
anomalous couplings for pr =30 GeV.
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Fig. 11. ep — eWX cross section versus the transverse
momentum p7 of W in the SM case.
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Fig. 12. ep — eWX cross section versus the W scattering
anglein the SM case.

The corresponding Feynman diagrams are shown in
Fig. 2. For this process, the signal includes the scattered
lepton, a jet, and final W-decay products. To regulate
the singularities, it is hecessary to impose a cut on the
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electron transverse momentum. This cut also solves, in
part, the problem of the scattered electrons lost in the
beam pipe. However, a cross-check cut on the polar
angle of the scattered electronsis also needed, —0.999 <
cosB, < 0.998, where 0, is the angle of the scattered
electron with respect to the electron-beam direction. It
is also hecessary to require the jet—electron separation,
which could be done, for example, by applying the cut
on therelative pseudorapidity of the electron and the jet
and their azimuthal angle. In this case, we should iden-
tify final W by its decays into /v or jets. The possible
backgrounds to the leptonic W-decay mode are beam-
induced processes, cosmic muons, charged-current
events with a spurious el ectron, and the neutral-current
background. As was shown in [6], these backgrounds
can be reduced by imposing cuts on the position of the
interaction vertex, by means of algorithms based on
calorimeter and tracking information, by requiring an
isolated electromagnetic cluster and a matched track,
and by requiring an isolated missing p;. It was found
[6] that such cuts reduce the signal-to-background ratio
up to 1/7 and lead to an acceptance of about 40-65%
for W — ev(uv, v) events. For the hadronic decay
modes of W, the dominant backgrounds are QCD pro-
cesses from neutral-current DIS and photoproduction.
Jet cuts and algorithms [6] being applied lead to a sig-
nificant reduction of the background and give the sig-
nal-to-background ratio of 1/24.

To demonstrate the characteristic behavior of the
ep —= eWX process distributions, we use a minimal

set of cuts, p; =2 GeV and the cut on the el ectron-scat-

tering angle discussed above. In this case, the subpro-
Cess Cross sections are

o(eu — eWd) =1.39 x 107! pb,
o(eu —» eWs) =0.738 x 10~ pb,
o(eu — eWb) = 1.694 x 107 pb,
o(ed —= eWu) =0.617 x 107! pb,
o(ed — eWc) =0.32 x 1072 pb,

which corresponds to the total cross section for ep —~
eWX of about 0.21 pb. In Figs. 11-14, we present the
process differential distributions in the transverse
momentum and scattering angle of W and the electron,
respectively. In all thesefigures, the lowest curve repre-
sents the contribution from the d-quark subprocesses,
while the intermediate and upper curves represent the
u-quark and total contributions. Both the W-boson and
electron p;, distributions are strongly peaked at small
pr- While produced W bosons are boosted along the
proton direction, the angular distribution for electrons
is not so sharp and they are scattered preferably along
the electron-beam direction.

Anomalous couplings contribute to the process
ep — eWX through the WWZ and WWy vertices, and
this implies that it is possible in principle to separate
Ly, and Ly, dependences in the observables. The pro-
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Fig. 13. ep — eWX cross section versus the transverse
momentum p of the electron in the SM case.

6(61_7 — eWX), pb
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Fig. 15. ep — eWX total cross section as afunction of the
couplings Ly; and Lgg.

Cess Cross section reveal sa sensitivity to both couplings
[see Fig. 15, which shows the total cross section as a
function of the couplings Lo, (solid curve) and Lo,
(dashed curve)], much higher than that for the ep —
vyX case. We analyzed various observables and found
that the most severe bounds on the anomalous parame-
ters can be aobtained from the differentia distribution
over the electron transverse momentum. In Fig. 16, we
demonstrate the relative deviation of this distribution
for nonvanishing values of the couplings Ly, and Ly,
where curve 1 (2) corresponds to the case of Ly, =
500 (=500), Ly, = O, and curve 3 (4) corresponds to
Lo, =0, Loz =500 (-500). One can seethat, for negative
couplings, the deviation is less than that for the case of
positive couplings, and it is negative for low p3, which
is dueto the destructive interference with SM contribu-
tion. For both cases, the anomal ous-coupling contribu-
tion reaches its maximum in the high p; region. We
used the sengitivity function defined in (5) to determine

the p; cut that makes the process be sensitive to anom-
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Fig. 14. ep — eWX cross section versusthe el ectron-scat-
tering angle in the SM case.
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Fig. 16. Relative deviation of the electron p distribution for
the ep —> eWX process at nonvanishing anomal ous cou-
plings.

alous contributions; however, it turned out that, due to
the small cross section and, as a consequence, low sta-
tistics, such a cut does not lead to noticeable improve-
ment of the resulting bounds.

3.3. Processep — VWX

The last process to be considered is ep — VWX.
The partonic subprocesses contributing to ep —» eWX
areasfollows:

eu — VWe,
eu — VWu,
ed — VWd,
ed — VWs,
ed —= VWb.

The corresponding Feynman diagrams are shown in
Fig. 3. For this process, the signal includes the missing
pr, ajet, and final W-decay products. Thecut p,=5 GeV
on the transverse momentum of the struck quark jet
allows oneto get rid of singularities and to guarantee a
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Fig. 17. ep — VWX total cross section as a function of
anomalous couplings.

high detection efficiency. As in the case of the process
ep — eWX, one has to reconstruct the final W boson
by its leptonic or jet final states. In doing this, al the
methods and cuts necessary to reconstruct the final
state and to suppress the background discussed in the
preceding section are also applicable.

For the cut on the jet transverse momentum, p; =
5 GeV, the partia cross sections the various partonic
subprocesses are

o(eu —= VWu) =2.11 x 102 pb,
O(ed —= VWd) = 0.41 x 102 pb,

and the subprocesses with as, ¢, or b quark in the final
state have cross sections that are negligibly small. The
total cross sectionisabout 2.5 x 102 pb, which ismuch
smaller than that for the processes ep —= vyX or
ep — eWX. For an integrated luminosity of 1000 pb™
and a redlistic reconstruction efficiency, one could
expect to have only isolated signal events, at max.
However, this reaction is highly sensitive to an anoma-
lous contribution.

In Fig. 17, which shows the total cross section as a
function of anomalous couplings, one can see that the
process cross section is highly sensitive to positive val-
ues of anomalous couplings. In Figs. 18 and 19, we
present the distributions of the cross section with
respect to the transverse momentum and W scattering
angle. One can see that the bulk of the cross section is
collected from the small p; region and that final W
bosons are strongly boosted along the proton-beam
direction. Though both distributions are equally sensi-
tive to an anomalous contribution, the fact that the pro-
cess cross section is extremely small makes it reason-
able to analyze the total cross section only, since the
low statistics will hardly allow observation of the real
distributions for this process.

LIKHODED, ONISHCHENKO
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Fig. 18. ep — VWX cross section versusthe W transverse
momentum.

4. BOUNDS ON ANOMALOUS COUPLINGS

In this section, we will discuss the bounds on the
anomal ous couplings that can be attained from the data
on the processes ep — VyX (eWX, VIVX). First of al,
it isnecessary to determine the efficiencies of the final-
state reconstruction for each of the processes.

For the reaction ep — vyX, which has afinal-state
topology of ajet and a photon plus missing energy, it
should be noted that existing calorimeters allow one to
detect energetic photons with the efficiency of about
60%. However, about 30% of all photons convert to
electron—positron pairs on the detector material before
entering the calorimeter. The reconstruction efficiency
of such pairs is about 90%. Thus, the expected recon-
struction efficiency for the photon is about 70%. Put-
ting bounds on the anomal ous couplings from this pro-
cess, we use the cut set of (4), but with p; = 30 GeV, as
follows from the sensitivity-function analysis.

Studying the process ep — eWX, we adopt the
algorithms and cuts used in [6], thus having the follow-
ing acceptances for each of W-decay modes: 65% for
W — ev(uv), 40% for W — tv, and 20% for W —~

jets. In addition, we check the cuts p; = 5 GeV and
—0.999 < cosB, < 0.998 to be satisfied, which ensures
the scattered-electron detection.

For the processep —= VWX, werequire p; = 5 GeV
for the struck quark and adopt the corresponding algo-
rithms for reconstructing final W decay as discussed
above.

For an integrated luminosity of 1000 pb~!, we
assume the uncertainty in the luminosity to be 2% and
the systematics to be 1% for each of the acceptances.

Discussing the sensitivity of the processes to anom-
alous couplings, we will analyze the differential cross
sectionsinthecaseof ep —= vyX andep — eWX and
the total cross sectionin the case of ep —» VWX (here,
under the assumption of the Gaussian nature of the sys-
tematics, one can relate the deviations of o, to the cor-
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responding confidence level). We adopt the following
philosophy to confine anomalous contributions. one
uses the SM predictions as “experimental” data and
considers possible effects due to new physics as small
deviations. One then requires agreement between the
predictions including new physics and the “ experimen-
tal” values within expected experimental errors. Thus,
the parameters representing new physics are bound by
requiring that their effect on the observables not exceed
the expected experimental errors.

Using differential cross sections (p, or angular dis-
tributions), we apply the simplest x> criterion defined
as

X2 — Z@(i_Yig’ (6)

U AL,

where, for example, for the case of the p, distribution,

i+1
Pr

_ dg™ _ J
X = '[ dede: Yi = I

Pr plr

i+1d0NEW
dpr

dp;.

In the above expressions, o = 0™ represents the exper-
imental data, oNEW are the new-model predictions, and

Ae, are the appropriate experimental errors in bins
including statistical and systematic errors. For binning,
we subdivide the chosen kinematical range into equal
bins. Here,

Ai—zxp = xi/\/6§tat + 6;9-

In Fig. 20, we present the resulting allowed regions (for
a95% C.L. and A = 2 TeV) for the parameters L,, and
Lo that can be attained from the data on the process
ep — WX (the area bounded by long-dashed lines),
ep — eWX (the domain bounded by the solid con-
tour), and ep — VWX (the area bounded by the short-
dashed contour). One can seethat, in the case of ep —
vyX, the resulting bounds on Ly, and Lo, have the form
of a straight band oriented along the line Ly, = —Lgg.
Thisisdueto the fact that these couplings contribute to
the process ep — vyX only through the parameter K,
of the anomalous WWYy vertex, and K, is proportional to
the combination (Lo, + Loz) [See (3)]. However, due to
the different sensitivity of the datato the regions of neg-
ative and positive coupling values, thisband is not sym-
metric with respect the line Ly, = —Lg. In two other
processes anomalous parameters contribute through
both the WWy and the WWZ vertices; thus, the resulting
bounds are less trivial.
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Fig. 19. ep — VWX cross section versus the cosine of the
W scattering angle.

Log
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Fig. 20. Allowed region (at a 95% C.L.) for the couplings
Ly, and Loy from the dataon ep — vyX (the areabetween

long-dashed lines), ep — eWX (domain within the solid
contour), and ep — VWX (domain within the short-
dashed contour).

Thus, for £ =1000pb™*, A=2TeV,anda95%C.L.,
one gets the following two-parameter bounds from the
individual processes:

Process Bounds

ep —= WX -390 < Lo; + Lop <600
ep —> eWX -340< Loy <280
-330 < Lgp £320
ep —= VWX —280 < Loy <260
—530 < Lgp 260

One can see that, with the two-parameter fit, the
bounds coming from the last two processes are nar-
rower than those from ep — vyX. It isimportant that
the bounds resulting from the ep — VWX data, in spite
of the small cross section for the process, are quite
stringent and turn out to be complementary to those
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Fig. 21. Allowed regions (at a 95% C.L.) for couplings Lo,
and Lgp from LEP | (shaded domain) [12], LEP Il (domain
within the dotted contour) [15], and HERA processes (the
notation for curvesisidentical to that in Fig. 20).

from the process ep —= eWX. In the case of a one-
parameter fit, i.e., when only one coupling is varied at
a time, the individual bounds from the last two pro-
cesses become narrower:

Process Bounds
ep — eWX —75<Lg; <55
—80<Lgr <60

ep — VWX -250 < Ly; <100

—290 < Lgp <120

Of course, it isinteresting to compare these bounds
with those coming from the processes at LEP | and
LEPII. It was shown [12] that accurate measurements
of Z partial widthsimply

28 <Ly £27,
—100 < Lgg < 190.
The expected bounds [15] from LEP Il coming from

data on the process e*e- —> W*W- at /s = 190 GeV
and an integrated luminosity of 500 pb~! are

41 <Ly, <26,
~100 < Log < 330.

In Fig. 21, we present the 95% C.L. bounds on the cou-
plings Ly, and Ly that follow from the analysis of Z par-
tial widths (shaded domain), data on the process
ete” — W*W-a LEP Il (dotted contour), and data on
HERA processes (the notation for bounding contoursis
identical to that in Fig. 20).

One can see that the bounds from ep — vyX are
more flexible than LEP | or LEP Il results. However,
both the process ep — eWX and the process ep —
vWX provide bounds that can be considered as comple-
mentary tothe LEP | and LEP |1 results. It turnsout that

LIKHODED, ONISHCHENKO

the data on the HERA processes are unable to improve
the bounds on the coupling Lo, , but they reduce signif-
icantly the allowed region for Lgz. A combined analysis
of the data from LEP |, LEP Il, and HERA could
exclude a large portion of the allowed domain for the
couplingsin the region of large positive Ly, values and
dlightly improve the LEP | + LEP |1 bounds for nega-
tive Ly, values.

5. CONCLUSION

We have presented a comparative analysis of the
ep — WYX (eWX, vIWX) process sensitivity to anoma-
lous couplings that parametrize the WWy(Z) vertices.
For anomal ous couplings, we used the approach of the
effective Lagrangian and considered the model where
the electroweak-symmetry sector is strongly coupled
and thereis no light Higgs particles. We found that the
processes ep — WYX (eWX, VIVX) reveal ahigh sensi-
tivity to anomalous contributions. In spite of the small
Cross section, the processes ep — eWX (VWX) pro-
vide the most severe bounds on the anomal ous param-
eters.

At the HERA callider with an integrated luminosity
of 1000 pb~!, one can confine the anomal ous couplings
with a95% C.L. at the level of

oA _f A f
-390 D < Ly, + Ly 60020

from the data on the process ep — WX

0 A o el AL
PpTevn <t =P5Teyn:

gL A f.
805 Tevn <

fromthe ep — eWX data; and

0 A f
< —
Lor = 05Ty

g A oy Cqeo A Cf
2055 TevO ~ Lor < 1005 TevO’

oA F oy ool A
205 7eyn < b= 12057ay0

from the ep — VWX data. The bounds from the last
two processes turn out to be complementary.

We conclude that, from the data on HERA pro-
cesses, one is unable to improve the bounds on the cou-
pling L,; coming from LEP | and LEP I1, but these data
could result in significantly narrowing the allowed
region for Lgy.

ACKNOWLEDGMENTS

The authors would like to express their gratitude to
Prof. A. Wagner and members of the DESY Theory
Group for kind hospitality during the visit to DESY,

PHYSICS OF ATOMIC NUCLEI  Vol. 63 No.5 2000



CAN HERA DATA IMPROVE THE LEP CONSTRAINTS 869

where a part of thiswork was done. The authors would
like to thank Prof. F. Schrempp for reading this manu-
script and making valuable remarks and Dr. L. Gladilin
for useful discussions on the data analysis.

This work was supported in part by the Russian
Foundation for Basic Research (project nos. 99-02-
16558 and 96215-96575) and INTAS-RFBR (grant no.
9511300).

REFERENCES

. T. Hilbig and H.Spiesberger, in Proceedings 1991 Work-
shop on Physics at HERA, Ed. by W. Buchmuller and
G. Ingelman (DESY, Hamburg, 1992), Vol. 2, p. 973,
Nucl. Phys. B 373, 73 (1992); U. Baur and M. A. Don-
cheski, Phys. Rev. D 46, 1959 (1992).

2. U. Baur and D. Zeppenfeld, Nucl. Phys. B 325, 253
(1989).

3. U.Baur, J. A. M. Vermaseren, and D. Zeppenfeld, Nucl.
Phys. B 375, 3 (1992).

4. M. Bohm and A. Rosado, Z. Phys. C 42, 479 (1989).

5. C. S.Kim, J. Leg, and H. S. Song, Z. Phys. C 63, 673
(1994).

=

PHYSICS OF ATOMIC NUCLEI  Vol. 63 No.5 2000

6.

10.

11
12.

13.

14.
15.

V. A. Noyes, in Proceedings of 1995/1996 Workshop on
Future Physics at HERA, Ed. by G. Ingelman et al.
(DESY, Hamburg 1996), Val. 1, p. 190.

T. Appelquist and C. Bernard, Phys. Rev. D 22, 200
(1980); A. Lunghitano, Nucl. Phys. B 188, 118 (1981).
B. Holdom, Phys. Lett. B 258, 156 (1991); A. Falk,
M. Luke, and E. Simmons, Nucl. Phys. B 365, 523
(1991); J. Bagger, S. Dawson, and G. Valencia, Nucl.
Phys. B 399, 364 (1993); T. Appelquist and G.-H. Wu,
Phys. Rev. D 48, 3235 (1993).

A. A. Likhoded, T. Han, and G. Vaencia, Phys. Rev. D
53, 4811 (1996).

S. Dawson, A. A. Likhoded, and G. Vaencia, in Proceed-
ings of 1996 DPF/DPB Summer Sudy on New Direc-
tions for High-Energy Physics (Showmass 96); hep-
ph/9610299.

K. Hagiwaraet al., Nucl. Phys. B 282, 253 (1987).

S. Dawson and G. Valencia, Nucl. Phys. B 439, 3 (1995);
Phys. Lett. B 333, 207 (1994).

CTEQ Collab. (H. L. Lai et al.), Phys. Rev. D 55, 1280
(1997).

Particle Data Group, Eur. Phys. J. C 3, 1 (1998).

F. Boudjema, in Proceedings of Workshop on Physics
and Experiments with Linear €"e Colliders, Ed. by
F.A. Harris et al. (World Sci., Singapore, 1993), p. 713
and references therein.



