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Anomalous W boson production at DESY HERA
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We present the results of a complete tree level calculation forW boson production processese2p
→e2m1nmX ande2p→e2m2 n̄ mX introducing anomalousWWg andWWZ couplings. Detailed results for
the distributions of final state particles are obtained. In the region of small momentum transfer we calculate the
contribution of hadronlike photon component in the structure function approach.@S0556-2821~98!05203-5#

PACS number~s!: 12.60.Cn, 13.60.Hb, 13.85.Hd, 13.85.Qk
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I. INTRODUCTION

In recent years the charged and neutral current secto
the Standard Model have been tested with excellent preci
in the experiments at the CERNe1e2 collider ~LEP! and
SLAC linear collider~SLC!. However the gauge boson se
tor still remains practically untouched by direct measu
ments of high accuracy. Deviations of the three and f
gauge boson couplings from the standard model va
would be an obvious signal of some new physics.

At the present time the best limits on anomalous th
vector boson couplings are given by the collider detecto
Fermilab ~CDF! and D0 data~Fermilab Tevatron,As51.8
TeV! @1#. From the measurement ofWg andWWproduction
these collaborations set the limits of order 1 on the dev
tions of (k, l) couplings~see Sec. II A! from the standard
model values. Significant improvement of these limits~one
order of magnitude! will be achieved by the detection ofWW
production at LEP2@2#.

In this paper we consider the possibilities of theep col-
lider DESY HERA ~30 GeV electrons on 820 GeV proton
As5314 GeV! for the measurement of the vector bos
anomalous couplings. The main difference between
study and the previous investigations@3–6# is the exact cal-
culation of the tree level amplitude for a complete set
diagrams with the four particle final state, including no
standardWWg and WWZ vertices. At the present time th
luminosity of HERA~several pb21/year! is too small to pro-
duce a sufficient number ofW bosons. However, after th
luminosity upgrade to 100–200 pb21 the detection of
anomalous signal or setting new limits on the anomal
couplings becomes realistic.

II. THE REACTIONS e2p˜e2µ1nµX, e2µ2n̄µX

It is known from the previous study~in particular we
would like to distinguish the paper@3#! that in the standard
modelW bosons are produced inep scattering mainly in the
channelsep→eWX. The contribution of the channel with
neutrino in the final stateep→neW

2X is 20 times smaller.
The following decay ofW boson to muon and muonic neu
trino produces the four-fermion statee2mnmq, and the cor-
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responding event signature is muon~antimuon! with missing
transverse momentum. The signal ofW boson production in
leptonic channels can be observed easier than in hadronW
decay channels, where large QCD background proce
must be carefully separated from the signal.

Ten Feynman diagrams for the reactione2q1

→e2m1nmq2 are shown in Fig. 1. All diagrams have a
intermediateW and the properties of final state are defin
by W interaction dynamics. In this sense all diagrams are
W1 producing’’ and there are no irreducible backgrou
graphs that could be neglected in order to simplify the p
cedure. If we replace diagram 5 by a similar one where aW2

boson is radiated from the initial electron and changem1nm

to m2 n̄ m , q1,2→ q̄1,2, we obtain a set of ten diagrams fo
the processe2p→e2m2 n̄ mX which is ‘‘W2 producing.’’
Diagrams 4 and 10 in both cases containWWg and WWZ
vertices and in the following we shall use for them nonsta
ard gauge invariant structure.

If we separate subsets of diagrams from the complete
level set in Fig. 1 and then separate Feynman subgraphs
these subsets, we obtain some approximations that were
in the previous calculations ofW production processes. Th
simplest approximation is given by diagrams 2,3,4 wh
t-channel photon ands-channel W are taken on-shel
(g* q1→W* q2, 2→2 subprocess approximation!. If we in-
tegrate then with equivalent photon structure function
incomingg* and consider the decay of on-shellW to mnm ,
a rather satisfactory estimate of total cross section can
obtained. The calculation ing* q1→W* q2 subprocess ap
proximation with anomalous vector boson couplings can
found in @4#. Weak corrections to this result are given b
diagrams 8,9,10~containing subprocessZ* q1→W1q2). In
the case if the accuracy of equivalent photon approxima
is not sufficient, at the next step one could considere2q1
→e2W1q2, i.e. 2→3 process approximation with on-she
vector boson. Complete tree level calculation for the proc
e2q1→e2W1q2 by means of helicity amplitude metho
was performed in@5#. If we take the amplitude withW off-
shell decaying to fermionic pair~for instance, e2q1
→e2m1nmq2 in the 2→4 process approximation!, the sub-
set of diagrams~2,3,4,5,8,9,10! becomes gauge noninvarian
and in order to restore the gauge invariance it is n
2927 © 1998 The American Physical Society
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FIG. 1. Feynman diagrams for the processe2q1→e2m1nmq2 .
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essary to add ladder diagrams 1,6,7. In the papers@3,6# com-
plete tree level calculation was performed for the case of
standard model. We generalize these calculations in the
of complete tree level 2→4 muonic channels with anoma
lous C and P conserving three vector boson couplings, a
compare some of our results with@7# where similar analysis
was done by means ofEPVEC generator@3#.

While the results for total rate provided by 2→2 and 2
→3 approximations can be quite satisfactory, it is not p
sible to calculate precisely most of the distributions of e
perimental interest. The accuracy of equivalent photon
proximation becomes rather poor~see Sec. IV! especially at
large transverse momenta, and the narrow-width approxi
tion for the W is usually not good near theW production
threshold. At the same time it is obviously difficult to mak
any conclusions about the origin of new phenomena obs
ing only the deviation of event counting rate from the sta
dard model value. It is important to know what regions
phase space are affected by new interaction dynamics
what is the ratio new signal to background, i.e. to calcul
precisely the distributions of particles in the final state.

The largest contribution to the cross section ofe2q1
→e2m1nmq2 process is given by diagram 3 when phot
and t-channel quark are close to mass shell@8#. In this con-
figuration QCD corrections become large andt-channel in-
termediate quark can appear nonperturbatively as a cons
ent of photon~‘‘resolved photon’’ contribution! when it is
usually described by experimentally measured gamma st
ture function. The process ofW production in this picture is
quark-antiquarkqgqp fusion to W when photon fragments
into quark constituentsqg before interacting with the proton
constituent quarkqp . It was shown in@3,8# that resolved
photon mechanism is not dominant, but nevertheless the
gion of small t requires special consideration and care
separation of ‘‘resolved’’ and ordinary contributions
needed. To be sure that the numbers are not changed si
cantly by the new parametrizations ofg and p structure
e
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functions, we repeat the cross section calculation of the
solved part using the scheme similar to one proposed in@4#.

A. Anomalous three vector boson couplings

A general effective Lagrangian of two charged and o
neutral gauge boson interaction was proposed in@9#. The
restrictions on the Lagrangian imposed by invariance un
discrete symmetries and gauge invariance were considere
@10#. The U~1!-gauge-invariant,C and P-parity-conserving
effective Lagrangian has the form

Le f f5gVS Wmn
1 WmVn2WmnWm

1Vn1k Wm
1WnVmn

1
l

mW
2

Wrm
1 Wm

nVnrD , ~1!

where gg5e and gZ5ecosqW/sinqW, Wmn5]mWn

2]nWm , Vmn5]mVn2]nVm . Spatial structure of the fourth
term in the Lagrangian of dimension six is multiplied b
mW

22 factor, so parametersl andk are dimensionless. In the
momentum space if all momenta are incoming (p11p2
1p350), we have the following expression fo
W1(p1)W2(p2)V(p3) vertex,

Gmnr~p1 ,p2 ,p3!

5gVFgmnS p12p22
l

mW
2 @~p2p3!p12~p1p3!p2# D

r

1gmrS kp32p11
l

mW
2 @~p2p3!p12~p1p2!p3# D

n
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1gnrS p22kp32
l

mW
2 @~p1p3!p22~p1p2!p3# D

m

1
l

mW
2 ~p2mp3np1r2p3mp1np2r!G . ~2!

In the special casel50, k51 this vertex reduces to stan
dard model one.

III. RESOLVED PHOTON CONTRIBUTION

In this section we follow the scheme proposed in@4# for
the calculation of resolved photon contribution~diagram 3,
Fig. 1!, but in our case theW boson is off-shell and conse
quently the scale of the equivalent photon approximation
different. A similar procedure~including the corrections
from ‘‘finite terms’’! was considered in@3#. We separate the
‘‘resolved’’ and ‘‘direct’’ production mechanisms at th
scaleL25(q12qW)2 (q1 and qW are the momenta of the
initial quark and intermediateW, respectively!:

s5s resolved1E2L2dsdir

dt
dt. ~3!

Second term in this formula~‘‘direct’’ ! is calculated numeri-
cally using the exact matrix element for 10 diagrams~see
Fig. 1! with the transferred momentum cutoff att52L2. 1

Resolved photon cross section in the case of monoener
initial gamma on shell is given by the convolution of phot
structure function~measured ingg collisions! and qgqp
→W fusion cross section

s resolved5E dx1dx2f q1 /g~x1 ,Qg
2!

3s~q1 q̄2→W! f q2 /p~x2 ,Qp
2!. ~4!

Qg
2 and Qp

2 are the scales for photon and proton struct
functions, correspondingly. Using the Breit-Wigner formu
in the approximation of infinitely smallW width we get

s~q1 q̄2→W!5
pA2

3
GFmW

2 uV12u2d~x1x2s2mW
2 !, ~5!

whereV12 is the Cabibbo-Kobayashi-Maskawa~CKM! ma-
trix element for charged currentcq1

cq2
; here and in the fol-

lowing we are not indicating the sum over possible qu
species. The experimentally measured photon structure f
tion f q1 /g includes pointlike as well as hadronlike parts.
the leading logarithmic approximation the perturbati
~pointlike! part of photon structure function can be express
as

f q1 /g
LO ~x1 ,Qg

2!5
3aeq

2

2p
@x21~12x!2# log

Qg
2

L2
, ~6!

1The same kinematical cut is named in@3# as the cut near the
u-channel quark pole.
is

tic

e

k
c-

d

whereeq is the quark charge. This part was already tak
into account by our calculation for direct contribution in~3!.
In order to avoid double counting in the contributions fro
gamma structure function and from direct process it is n
essary to subtract the point-like term~6! from f q1 /g(x1 ,Qg

2).
This procedure was illustrated explicitly for the more simp
example of the reactiongq1→Vq2 (V5Z,W) in @4# and it
was shown that in the case ofZ production indeed the LO
counterterm~6! rescales the leading logarithmic structure
the direct part fromL2 to Qg

2 when f q1 /g(x1 ,Qg
2) is taken at

momentum transferQg
2 . Finally the dependence fromL2 is

absent in the sum of resolved and direct contributions. O
case is certainly more complicated but double counting
be avoided at least on the leading logarithmic level.

Introducing the usual equivalent photon approximati
@11# for gamma in the initial state

f q/e~x,Qg
2 ,QWW

2 !5E
x

1 dy

y
f q1 /gS x

y
,Qg

2D f g/e~y,QWW
2 !,

~7!

where

d fg/e~y,QWW
2 !5

a

2pF11~12x!2

xQ2
22me

2 x

Q4GdQ2. ~8!

Qmin
2 5me

2x2/(12x) and Qmax
2 5QWW

2 is defined by some
process scale that will be discussed later. After the subs
tion of ~5! and~7! into ~4! and subtraction of counterterm~6!
we finally get

sresolved5
pA2

3
GFmW

2 uV12u2E
mW

2 /s

1 E
x

1dxdy

xy F f q1 /gS x1

y
,Qg

2D
2 f q1 /g

LO S x1

y
,
Qg

2

L2D G
3 f g/e~y,QWW

2 ! f q2 /pS mW
2

,Qp
2D . ~9!

FIG. 2. Distribution over logarithm of momentum transferre
squaredQ13

2 5t135(pe
in2pe

out)2. Flat part of the distribution corre-
sponds to the behaviords/dt;1/t13.
1
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TABLE I. Resolved photon cross section of the processe2p→e2m1nmX in fb @see formula~9!#. Dif-
ferent sets of photon and proton structure functions were used.

MRS A CTEQ3m
QWW Qg L DG1 LAC2 GRV L0 DG1 LAC2 GRV L0

0.2 mW 0.2 -11.6 -4.1 -7.3 -11.9 -4.2 -7.6
0.2 mW/10 0.2 -7.5 2.0 -3.3 -7.6 2.7 -3.1
1.0 mW 1.0 -5.6 3.3 -0.6 -5.7 4.0 -0.1
1.0 mW/10 1.0 1.7 13.4 6.5 1.7 14.8 7.4
5.0 mW 5.0 4.3 14.7 9.8 4.4 16.3 11.0
5.0 mW/10 5.0 15.7 29.6 21.2 16.0 32.0 23.1
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There are four scalesQWW
2 ,Qg

2 ,L2,Qp
2 to be defined in this

formula. The Weizsacker-Williams scaleQWW
2 can be chosen

equal toL2. It is easy to justify this choice@3# looking at the
distributionds/dlogQq1W

2 ~Fig. 2! calculated exactly for ten

diagrams of 2→4 process in Fig. 1. The flat part of th
distribution corresponds to the cross section beha
ds/dt;1/t ~not 1/t2 as it seems at the first sight, doub
poles are cancelled!, and rapidly decreases starting fromL2.
We always take proton structure function scaleQp

25mW
2 .

The values ofQg
2 ,L2 are arbitrary and the final result for th

sum of resolved and direct contributions~3! should not de-
pend essentially from the choice of these two scales.

In Table I we show the results for resolved photon cro
section ~9! calculated by means of BASES Monte Car
~MC! integrator @12#, using proton structure functions o
Martin, Robert, and Stirling~MRS! @13# and CTEQ@14#,
photon structure functions of Drees and Grassie~DG! @15#,
Abramowitz, Charchula, and Levy, set G~LAC-G! @16#, and
Gluck, Reya, and Vogt~GRV! @17#. The last two versions o
gamma structure function are improved parametrization
the framework of the approach@15#.

One can see that if proton structure function is measu
with rather good accuracy and two parametrizations we
using give similar results~consistent within the one standa
deviation error of our MC integration!, photon structure
function is still poorly known. LAC-G parametrization give
the cross section regularly smaller than the values obta
with the help of DG and GRV parametrizations. We check
that our point obtained with the help of LAC2 and Harrima
Martin, Roberts, and Stirling, set B~HMRS-B! structure
functions at Qg

25mW
2 /10, L55 GeV and equal to

s resolved522 fb, is close to the value 24 fb given in@3# at the
same parameter values. So the possible correction to ou
sult ~9! from the so-called ‘‘finite terms’’ is around 8%
which is much less than the difference of results obtained
using different photon structure functions. Negative cro
section in Table I means that at a given scale ofL strong
double counting regime of direct and resolved contributio
takes place. In other words, most part of the resolved c
section is already taken into account by the calculation
direct term in~3!.

IV. COMPLETE TREE LEVEL CALCULATION AND
ANOMALOUS SIGNAL OF W IN THE DISTRIBUTIONS

A. General framework

Complete tree level calculation of 10 diagrams in Fig
with anomalous three vector boson couplings~direct process!
r
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d
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y
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s
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r

and the following generation of particle distributions we
done by means of CompHEP package@18,19#.2 The ampli-
tude corresponding to 55 squared diagrams and interfere
between diagrams was calculated symbolically. In order
avoid t-channel poles, masses of electron and quarks w
kept nonzero.3 Equivalent photon approximation was n
used. After that symbolic expressions are automatically c
verted toFORTRAN codes and linked to a special program f
seven dimensional Monte-Carlo integration over four p
ticle phase space, and adaptive integration packageVEGAS

@21#. In the process of four particle phase space genera
we introduce so-called kinematical regularization of t
peaks @22# inherent to the amplitude under consideratio
Especially these aret-channel gamma peaks in theeeg ver-
tices of diagrams 1–4~Fig. 1!, mmg vertex of diagram 1 and
W-resonance peak in the diagrams withs-channelW-boson.

CompHEP package is a software product in the fram
work of one of a few general approaches@18,20# developed
in recent time for the analysis of multiparticle exclusiv
states at new colliders, when hundreds of Feynman diagr
contribute to the amplitude and should be exactly calcula
More details can be found in@19#.

In our calculations we used the Breit-Wigner propaga
with constant width for theW boson. Generally speaking,
we have some complete tree level set of diagrams, strai
forward replacement of lowest order vector boson propag
by the propagator with finite width violates gauge invarian
of the amplitude and can break gauge cancellations betw
diagrams, leading to numerically unstable false results.
this reason we used the well-known ‘‘overall’’ form o
propagator replacement@3# where the entire amplitude i
multiplied by a factor

pW
2 2mW

2

pW
2 2mW

2 1 imWGW

. ~10!

Generally speaking in other cases this prescription could
fect strongly nonresonant terms in the amplitude@23# ~in the
region of phase space wherep2;mW

2 ), but the case unde
consideration is free from this difficulty.

2CompHEP codes are available at http://theory.npi.msu.su
3For this reason we needL cut only for matching of direct and

resolved parts of cross section. For instance, ifmu55 MeV, md510
MeV, ms50.2 GeV, andmc51.3 GeV and there are no kinematic
cuts, sdir(ep→em1nmX)5102.5~5! fb in the standard case with
MRS A structure functions.
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TABLE II. Total cross sections~fb! of the main partonicW1 producing processes~see 10 diagrams in
Fig. 1! in the reactione2p→e2m1nmX for the various sets ofk, l. Invariant kinematical cutL2

5(pq2pW)2. Proton structure function MRS A. One standard deviation error of Monte Carlo integratio
the last digit is indicated in brackets.

L50.2 GeV

l k eu→em1nmd e d̄→em1nm ū eu→em1nms e s̄→em1nm c̄ s tot

0 1 68.2~4! 15.2~1! 3.5~0! 5.2~0! 92.1~5!

1 1 72.6~5! 15.6~1! 3.7~0! 5.3~0! 97.2~6!

0 0 52.6~5! 13.6~1! 2.7~0! 4.6~0! 73.5~6!

0 2 99.6~6! 17.2~2! 5.1~0! 6.3~0! 128.2~8!

L5 1.0 GeV

0 1 61.2~4! 12.4~2! 3.1~0! 5.2~0! 81.9~6!

1 1 66.0~4! 12.6~1! 3.4~0! 5.3~0! 87.3~5!

0 0 45.3~3! 10.8~1! 2.3~0! 4.6~0! 63.0~4!

0 2 92.7~6! 14.9~1! 4.8~0! 6.3~0! 118.7~7!

L5 5.0 GeV

0 1 52.5~3! 8.9~0! 2.7~0! 4.5~0! 68.6~3!

1 1 57.4~4! 9.0~0! 2.9~0! 4.6~0! 73.9~4!

0 0 36.4~3! 7.4~0! 1.9~0! 3.9~0! 49.6~3!

0 2 83.8~5! 11.1~0! 4.3~0! 5.6~0! 104.8~5!
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The accuracy of our Monte Carlo calculation ofsdir is
usually 0.6–0.8 %~see Table II!. This choice is related to the
precision of proton structure function parametrization. W
checked that if we replace the proton structure set MRS
@13# that we are using by the set CTEQ3m@14#, the relative
difference of results obtained with these two sets does
exceed 1%.

Four partonic processes from 12 possible give the m
contribution toW boson production. We present the resu
of total cross section calculation for the main subprocesse
the W1 production channele2p→e2m1nmX in Table II.
Main contribution comes from the subproce
e2u→e2m1nmd. The remaining 8 partonic reactions ha
very small individual total cross sections and the sum of th
contributions is of order 1f b. The cross section ofW2 pro-
duction channele2p→e2m2 n̄ mX is compared with the cas
of W1 production in Table III. In the case ofW2 production
the main partonic subprocess ise2d→e2m1nmu and the
total rate is slightly smaller because there are lessd-quarks
in the proton thanu-quarks. Resolved photon contributio
from Table I is also indicated. One can see that indeed ra
weak dependence ofsdir1s res from the cutoff L takes
place in so far as the decrease of direct part with the gro
of L is compensated by the increase of resolved part.

We already mentioned in Sec. III thatQp
25mW

2 was al-
ways taken as the momentum transferred scale in the pr
structure functions. It is important to find out how th
changes ofQp

2 affect the total cross section value and co
pare the possible deviation of total rate caused by the cha
of hadronic scale with the deviation of total rate comi
from anomalous three vector boson couplings. The un
tainties coming from the value ofQp

2 should be less than th
effect of anomalous couplings to make the phenomenol
cal restrictions based on the value of total rate more me
ingful. We show the numbers for total cross section of
mainW1 producing partonic processeu→emnmd calculated
e
A

ot
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-
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e

for proton structure function scalesmW
2 /2 and 2mW

2 in Table
IV. These values are taken as illustrative ones because in
partonic processes the contributions from so small or la
values ofQp

2 are negligible. We can see that the total cro
section deviation from the standard choice of hadronic sc
Qp

25mW
2 is around 2.5–3 %, while the effects of anomalo

W couplings are much larger. For instance, the effect com
from anomalousk-term in 20–30 % and the effect of anom
lous l term is 6–8 %~Table II!.

TABLE III. Total cross sections ~fb! of the reactions

e2p→e2m1nmX (W1 production! and e2p→e2m2 n̄ mX (W2

production! in the case of standard~SM! and anomalous three vec
tor boson interaction at different values ofL cutoff parameter. Pro-
ton structure function MRS A. In the calculation of resolved phot
contribution g structure function LAC-G2 was taken at the sca
mW .

L

l k 0.2 1.0 5.0

0 1 92.1 81.9 68.6
sdir(W

1) 1 1 97.2 87.3 73.9
0 0 73.5 63.0 49.6
0 2 128.2 118.7 104.8

s res(W
1) -4.1 3.3 14.7

sdir1s res , W1, SM 88.0 85.2 83.3

0 1 80.3 68.6 52.4
sdir(W

2) 1 1 82.7 70.6 53.9
0 0 69.5 57.6 41.4
0 2 97.6 86.0 69.5

s res(W
2) -11.0 -3.8 7.9

sdir1s res , W2, SM 69.3 64.8 60.3
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B. The reactionse2p˜e2e1neX, e2p˜e2e2n̄eX
and the comparison with EPVEC generator

The total number of diagrams in the channe
e2p→e2e1neX ande2p→e2e2 n̄ eX is 20 ~ten additional
diagrams to Fig. 1 witht-channelW-boson exchanges ap
pear!. However at HERA energy the correction coming fro
these additional diagrams is very small because they do
containt-channel photon poles. Usually this weak contrib
tion is neglected. Such approximation was used in the re
simulation for HERA@7# ~by means ofEPVECgenerator@3#!,
where event topology and realistic kinematical cuts w
considered in more details.

The electron channelse2e1neX ande2e2 n̄ eX are more
difficult for experimental study than the muon chann
e2m1nmX ande2m2 n̄ mX. First, large background from th
neutral current deep inelastic scattering~DIS! process
ep→eX appears in the case when the final jet energy is
completely registered in the hadronic calorimeter and for
reason some missingpT is observed. Second, large bac
ground from the charged current DIS processep→nX ap-
pears in the case when ap0 from the final jet is misidentified
ase2(e1) giving again the final state withe2(e1), jet and
missing pT . In order to suppress these misidentificati
backgrounds the following kinematical cuts were used in@7#:
~1! isolated electron with the energyEe.10 GeV~2! missing
transverse momentumpT.20 GeV are required. The re
quirement of isolated electromagnetic cluster is removed
the case of muonic channels, and 10 GeV energy cut se
too strong for the final muon, since good reconstruction
several GeV muons is available in ZEUS and H1 detect
Missing transverse momentum cut also seems not neces
for the muon channels~scattered lepton is different fromW
decay lepton!.

We checked by direct calculation that in the absence
missing pT cut, muon energy cut at 2–3 GeV practical

TABLE IV. Total cross section~fb! of the mainW1 producing
partonic processeu→emnmd calculated using threeQ2 scales in
the parametrizations of proton structure function MRS A.

mW
2 /2 mW

2 2mW
2

l k

0 1 70.6~5! 68.2~4! 66.3~6!

1 1 75.5~5! 72.6~5! 71.1~4!

0 0 54.1~4! 52.6~5! 51.2~4!

0 2 102.3~6! 99.6~6! 96.2~6!
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does not affect the numbers for total cross sections show
Table II and Table III. The combination of muon energy c
at 10 GeV and missingpT cut at 20 GeV reduce the cros
sections by 30-35%~see Table V!. Following @7# we shall
consider electron channels in the approximation of 10 d
grams subset~Fig. 1! with the kinematical cutsEe.10 GeV
and missingpT.20 GeV.

In Fig. 3 we show the distributions of energy, angle w
the beam, and transverse momentum for electron, muon,
final quark in the muonic channele2m1nmX, obtained by
means of CompHEP~standard model case!. The same distri-
butions for electron channel, obtained with the help ofEPVEC

generator, can be found in@7#. @We are using in~3! L50.2
GeV, while the distributions in@7# are calculated usingL55
GeV.# Although the normalization is not indicated in@7#, one
can observe that the agreement of the shapes is satisfac
Soft muons in the distributionsds/dEm andds/dpTm come
from the ladder diagrams 1,6,7 in Fig. 1. Jets at the an
180° with the proton beam appear from diagram 3, Fig.
when the quasireal photon produces a quark-antiquark
collinear to the initial electron. Soft muons and backwa
jets are absent in@7#, because besides theEe and missingpT
cuts mentioned above, theEPVECgenerator contains build-in
cuts @24# separating some region of phase space near thW
pole.

C. Sensitivity to anomalous couplings

Let us return to our calculation with anomalous intera
tion of vector bosons. We can estimate approximately
possibilities of HERA in the detection of anomalous co
plings using a simple criteria~see, for instance,@25#! for the
number of eventsN that is necessary to observeDs devia-
tion from the total cross section values:

Ds

s
;

1

AN
. ~11!

It follows from Tables II and III that at the integrated lum
nosity of HERA L5200 pb21 in the channels ofW1 and
W2 production e2m1nmq and e2m2 n̄ mq we shall have
about 35 events/year. Deviation ofl in the vertex~1! from
the zero standard valueDl51 gives us 5% deviation in the
total W production rate and we need about 400 events
observe it. However the deviationDk51 (Dk5k21)
changes the total cross section by 20–40 % and less tha
events will be needed for some experimental evidence.W1

andW2 production in the channelse2e1neq ande2e2 n̄ eq
TABLE V. The same as in Table II with the kinematical cuts imposedEm.10 GeV, missingpT.20
GeV. These cuts are used to exclude the misidentification backgrounds in the electron channel~see Sec.
IV B !.

L50.2 GeV,Em.10 GeV, missingpT.20 GeV
l k eu→em1nmd e d̄→em1nm ū eu→em1nms e s̄→em1nm c̄ s tot

0 1 49.2~4! 11.1~1! 2.5~0! 3.6~0! 66.4~5!

1 1 54.7~5! 11.4~1! 2.8~0! 3.7~0! 72.6~6!

0 0 36.6~4! 9.8~1! 1.8~0! 3.0~0! 51.2~5!

0 2 75.9~5! 12.8~2! 3.9~0! 4.5~0! 97.1~7!
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FIG. 3. First row of plots—distributions of the electron energy, scattering angle and transverse momentum in the
e2p→e2m1nmX. Second row of plots—distributions of the muon energy, muon scattering angle and transverse momentum. Third
plots—distributions of the quark energy, angle and transverse momentum for the same process. No kinematical cuts, all calcula
done by means of CompHEP@18# ~L50.2 GeV! to be compared with the same distributions obtained by means ofEPVECgenerator~L55.0
GeV!, see@7#.
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l
5%
will give slightly less reliably reconstructed events than
muonic channels~kinematical cuts must be introduced
tune off the misidentification backgrounds!, so in total
around 60W bosons/year decaying to electrons and mu
could be observed. It follows that it will be difficult to im
prove CDF and D0 limits onl @1#, but some improvement o
Dk restriction could be possible.

More precisely, systematic errors on the detector acc
tanceA and the uncertainty in the luminosity measuremenL
should be taken into account. The former are estimated
the level of 2%~1%! for the integrated luminosity of orde
102 pb21(103 pb21) and the latter is taken to be 2%. Th
uncertainty of the total cross section measurement has
form @7#
s

p-

n

he

Ds

s
5F 1

N
1S DL

L D 2

1S DA

A D 2G
1
2
. ~12!

The acceptances in both electron and muon channels
taken to be 65%. From Eq.~12! we derive the following
limits for Dk andl, giving the observable deviation of tota
cross section from the standard model value at 68% and 9
confidence level:

21.70,l,1.70, 21.05,Dk,0.48, 68% C.L.

22.24,l,2.24, Dk,0.89, 95% C.L.
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FIG. 4. Distribution of jet transverse momentum in the reactione2p→e2m1nmX. Upper plot: no kinematical cuts, solid lines—standa
case, dash lines—anomalous three vector boson couplings case,l51, k51 Lower plot: the same distributions after kinematical cutsEm>10
GeV, missingpT>20 GeV.
e

s
ar
ith

m
k-

jets
e
ent

lity

nt

ou-
n

ions

as
at the integrated luminosity 200 pb21, and

21.03,l,1.03, 20.31,Dk,0.27, 68% C.L.

21.75,l,1.75, 20.58,Dk,0.46, 95% C.L.

at the integrated luminosity 1000 pb21. Here only one cou-
pling from the pair (l, k) is assumed to be different from th
SM value. We do not indicate the negative 95% C.L.Dk
limit at the integrated luminosity 200 pb21 because the cros
section deviation from the SM value stops to increase st
ing from Dk;21.5 and the effect cannot be observed w
small statistics. However, positiveDk limit at the same lu-
minosity is competitive with the early expectations fro
LEP2 @2#. These limits could be of course improved by ta
t-

ing into account the channelsW→ jets with final electron
and three jets in the final state. Low acceptance in the
channel ~;20%, @7#! and complicated situation with th
separation of QCD backgrounds requires an independ
careful study, and we are not considering this possibi
here.

Of course the calculation of total rate is very importa
and the ratios tot(W)/s tot(Z) that was considered in@4#
could be the clear indicator to anomalous gauge boson c
pling. However the only way to see definitely if the deviatio
of the ratio is really due to anomalousWWg interaction but
not caused by some other reason, is to inspect what reg
of phase space are affected by anomalousW interaction dy-
namics and how they are affected. It is natural to use,
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FIG. 5. Distribution of jet transverse momentum in the reactione2p→e2m1nmX. Upper plot: no kinematical cuts, solid lines—standa
case, dash lines—anomalous three vector boson couplings case,l50, k50, thin solid lines—l50, k52. Lower plot: the same distribu
tions after kinematical cutsEm>10 GeV, missingpT>20 GeV.
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proposed in@5#, the distributions of final quark and muo
transverse momenta.

We show the distributions of final quark jet transver
momentum in Figs. 4 and 5. It follows from symbolic calc
lation in 2→2 approximation that the cross section depen
from l quadratically@4#. We checked at complete tree lev
2→4 that this is true fors tot at about 1% accuracy and n
difference at positive and negative values ofl is observed in
the distributions. The deviation ofk is clearly seen~Fig. 5!,
ds/dpT becomes harder whenk is less than standard valu
k51.

The distributions of final muon transverse momentum
shown in Figs. 6 and 7. Similar to the previous case of jetpT
distribution, the effect coming froml is very small and the
s

e

dependence of distribution fromk is rather strong. The for-
ward and backward slopes of theW jacobian peak can be
slightly shifted if we take into accountW production by the
resolved photon~see the details in@3#!, but this shift is the
same for standard and nonstandard cases.

The distributions of final muon rapidity for the standa
and anomalous cases are shown in Fig. 8. The directio
proton beam was chosen as the direction of positive rapi
axis.

An important point concerning thepT distributions of the
quark and muon for the direct process is their sensitivity
higher order QCD corrections, which could be large. As
was stated in@4,5#, the integration close tot-channel pole in
the diagram 3, Fig. 1 involves the momenta of the ord
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FIG. 6. Distribution of muon transverse momentum in the reactione2p→e2m1nmX. Upper plot: no kinematical cuts, solid lines—
standard case, dash lines—anomalous three vector boson couplings case,l51, k51. Lower plot: the same distributions after kinematic
cutsEm>10 GeV, missingpT>20 GeV.
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TABLE VI. Comparison of exact calculation~fb! for the process

e2u→e2m1nmd with equivalent photon approximation for th
processgu→m1nmd calculated at the scaleQWW ~8! equal tomW

and 20 GeV,L51.0 GeV.

l k Exact result QWWA5mW QWWA520 GeV

0 1 61.2~4! 66.6~8! 61.1~5!

1 1 66.0~4! 70.9~6! 64.5~5!

0 0 45.3~3! 49.4~5! 46.5~4!

0 2 92.7~6! 96.7~9! 88.1~8!
LQCD in the smallpT region, when the QCD corrections ca
be expected to be significant. Total cross section in the
sence oft-channel orpT cuts contains some degree of unce
tainty. It was mentioned in@5# that in connection with nor-
malization uncertainty of the cross section the events w
the jet escapes detection and only the lepton with missingpT

is observed could provide an important test on the norm
ization of W production rate.

Finally we would like to discuss the question of equiv
lent photon approximation@11# accuracy in our case. In
Table VI we compare exact result for the partonic subproc
eu→em1nmd and the equivalent gamma approximation c
culation for the processgu→m1nmd. In the latter case ini-
tial photon momentum is distributed according to~8! where
we used two different choices ofQWW. One can see that th
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FIG. 7. Distribution of muon transverse momentum in the reactione2p→e2m1nmX. Upper plot: no kinematical cuts, solid lines—
standard case, dash lines—anomalous three vector boson couplings case,l50, k50, thin solid lines—l50, k52. Lower plot: the same
distributions after kinematical cutsEm>10 GeV, missingpT>20 GeV.
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‘‘natural’’ choice QWW5mW overestimates the cross sectio
by 8% @let us remind~see Table III! that the effect ofDl51
is 5%#. It is possible of course to adjustQWW which is not
strictly fixed at any value, but defined by some typical p
cess dependent momentum transferred scale, and get a
ment of exact and WW cross sections for the standard c
l50, k51; it turns out that the corresponding value
QWW520 GeV. However, after fixing of this value in th
anomalous casel50, k52 again we observe 5% deviation
Equivalent approximations become too rough if a prec
separation of the signal is needed.

V. CONCLUSION

We presented the results of complete tree level calcula
for theW boson production processes at the energy of HE
-
ree-
se

e

n
A

collider, introducing anomalous C and P conserving th
vector boson couplings~1!. The mainW1 andW2 produc-
tion channels e2p→e2l 1n lX and e2p→e2l 2 n̄ lX ( l
5e, m) were considered. Following the earlier publicatio
@3,4# we separated the phase space at some scale of mo
tum transferred from the constituent quark toW boson in
order to take into account the resolved photon contribution
the total rate. Resolved photon part was calculated in
structure function approach, using new parametrizations
photon and proton distribution functions. Perturbative~di-
rect! part of the cross section was considered by mean
CompHEP package@18,19#, when the tree level 2→4 am-
plitude, corresponding to ten diagrams for each ofW1 and
W2 production processes, is calculated exactly without a
approximations. Some uncertainty in the normalization



ash
s—

2938 57M. N. DUBININ AND H. S. SONG
FIG. 8. Distribution of muon rapidity in the reactione2p→e2m1nmX. Upper plot: no kinematical cuts, solid lines—standard case, d
lines—anomalous three vector boson couplings case,l51, k51. Lower plot: no kinematical cuts, solid lines—standard case, dash line
anomalous three vector boson couplings case,l50, k50, thin solid lines—l50, k52.
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total cross section exists for the reason of possibly la
QCD corrections in the phase space region near thet-channel
quark pole. In the muonic channels under consideration
total cross section is equal approximately to 150–160
giving about 35 events/year at the integrated luminosity 2
pb21. Kinematical cuts are necessary in the electron ch
nels for separation of misidentification backgrounds, and
number of identifiable events fromW→ene is slightly
smaller.

We show explicitly which regions of phase space are
fected by anomalous three-vector-boson dynamics. In
ticular it follows from our analysis that even at the integrat
luminosity 1000 pb21 it will be extremely difficult to sepa-
e

e
,
0
n-
e

f-
r-

rate anomalousl term effect in~1! whenDl is less than 1.5
~as already restricted by Tevatron data!, but rather easy to
observe anomalousk term effect, whenDk is of order 0.4-
0.8, which is strongly competitive with LEP2 possibilities
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Rosado,ibid. 39, 275 ~1988!.
@7# V. Noyes, in Proceedings of the Workshop on Future Phys

at HERA 1995/96, edited by G. Ingelman, A. De Roeck, a
R. Klanner, p. 190, see also http://www.desy.de/~heraws96/
proceedings/

@8# M. Drees, Mod. Phys. Lett. A2, 573 ~1987!; J. Blümlein and
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