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Anomalous WWg vertex in gp collisions
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The potential of a LC1DESY HERAp basedgp collider to probe theWWg vertex is presented through a
discussion of the sensitivity to anomalous couplings andpT distribution of the final quark. The limits obtained
for Dk are comparable to the one which is expected from CERN LHC. The bounds on the anomalous
couplings are also found from a correspondingep collider using the Weizsa¨cker-Williams approximation to
compare with real photons.
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I. INTRODUCTION

Recently there have been intensive studies to test the
viations from the standard model~SM! at present and future
colliders. The investigation of three gauge boson coupli
plays an important role to manifest the non-Abelian gau
symmetry in standard electroweak theory. The precis
measurement of the triple vector boson vertices will be
crucial test of the structure of the SM.

Measurements at the Fermilab Tevatron and CERNe1e2

collider LEP2 provide present collider limits on anomalo
couplings. Recent results from D0 forWWg couplings are
given by 20.25,Dk,0.39 (l50) and 20.18,l,0.19
(Dk50) at 95% C.L., assuming theWWg couplings are
equal to theWWZcouplings@1#. Individual experiments by
the ALEPH, DELPHI, L3, and OPAL Collaborations a
LEP2 give the same order of sensitivity as the Tevatron@2#.
As an example, DELPHI has the 95% C.L. limits of20.46
,Dk,0.84 and20.44,l,0.24. A combination of the
measurements of triple gauge boson couplings from the
LEP2 experiments improves the precision to20.09,Dk
,0.15 (l50) and20.066,l,0.035 (Dk50) where the
WWZ coupling is kept at the SM value for both cases@3#.
Analyses of theWWg vertex has been given by several p
pers for the DESYep collider HERA @4–9#. The CERN
Large Hadron Collider~LHC! is expected to place bette
limits on these couplings ofO(1022) for Dk andO(1023)
for l @10#. Linear electron-positron colliders~LC! will im-
prove further upon the LHC precision by one order of ma
nitude @11#.

After LC is constructedge, gg, linac-ring typeep and
gp modes should be discussed and may work as complem
tary to basic colliders. The Linear Collider design at DES
@11,12# is the only one that can be converted into anep
@13,14# collider.gp collider mode is an additional advantag
of this linac-ring-typeep collider @15,16# where real gamma
beam is obtained by the Compton backscattering of la
photons off linear electron beam. Estimations show that
luminosity forgp collision turns out to be of the same ord
as the one forep collision due to the fact thatsp@sg where
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sp andsg are transverse sizes of proton and photon bunc
at collision point. Since most of the photons are produced
the high-energy region in the Compton backscattering
cross sections are about one order of magnitude larger
parentalep collider for photoproduction processes. Accor
ing to present project at DESY linear electron beam is
signed to provide 300, 500, and 800 GeV energy. In theep
collider mode the linace beam is allowed to collide 920 GeV
protons from the HERA ring@13,14#. Parameters of this
LC1HERAp and itsgp option are shown in Table I@15#.
Therefore such, high-energygp colliders will possibly give
additional information to linac-ring typeep colliders for a
variety of processes@16,17#. In this paper we examine th
potential of future LC1HERAp basedgp collider to probe
anomalousWWg coupling and compare the results wi
those from its basicep collider and other projected futur
colliders.

II. LAGRANGIAN AND CROSS SECTIONS

C and P parity conserving effective Lagrangian for tw
chargedW boson and one photon interaction can be writt
following the papers@18,19#:

iL

gWWg
5g1

g~Wmn
† WmAn2WmnWm

† An!1kWm
† WnAmn

1
l

MW
2

Wrm
† Wn

mAmr, ~1!

where

gWWg5e, g1
g51, Wmn5]mWn2]nWm

and dimensionless parametersk and l are related to the
magnetic dipol and electric quadrupole moments. Fork51

TABLE I. Main parameters of LC1HERAp basedep andgp
colliders.

LC HERAp Asep ~GeV! Asgp
max ~GeV! Lep.Lgp(cm21 s21)

300 920 1050.7 957.2 131031

500 920 1356.5 1235.8 131031

800 920 1715.8 1563.2 131031
©2001 The American Physical Society04-1
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and l50 standard model is restored. In momentum sp
this has the following form with momentaW1(p1),W2(p2)
andA(p3):

Gmnr~p1 ,p2 ,p3!

5eFgmnS p12p22
l

MW
2 @~p2•p3!p12~p1•p3!p2# D

r

1gmrS kp32p11
l

MW
2 @~p2•p3!p12~p1•p2!p3# D

n

1gnrS p22kp32
l

MW
2 @~p1•p3!p22~p1•p2!p3# D

m

1
l

MW
2 ~p2mp3np1r2p3mp1np2r!G , ~2!

where p11p21p350. There are three Feynman diagram
for the subprocessgqi→Wqj and only t-channel W ex-
change graph contributesWWg vertex. One should note tha
gp collision isolatesWWg coupling but many processes
e1e2, pp, andep collisions include mixtures ofWWg and
WWZcouplings.

The unpolarized differential cross section for the subp
e

th
c
lc

st
to
ts
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cessgqi→Wqj can be obtained using helicity amplitude
from @7# summing over the helicities

dŝ

d t̂
5

2

ŝ2MW
2

b

64p ŝ
(

lglW

1

2
MlglW

2 , ~3!

where

MlglW
5

e2

A2sinuW

ŝ

ŝ1MW
2
AbAlglW

, b512
MW

2

ŝ
~4!

anduW is the Weinberg angle.
For the signal we are considering a quark jet and on-s

W with leptonic decay mode

gp→W71 jet→ l 1pT
miss1 jet, l 5e,m. ~5!

In this mode charged lepton and the quark jet are in gen
well separated and the signal is in principle free of ba
ground of SM.

The total cross section for the subprocessgqi→Wqj can
be divided into two parts, direct, and resolved-photon p
duction

ŝ5ŝdir1ŝ res. ~6!

The direct part is given as follows
ŝ5
aGFMW

2

A2ŝ
uVqiqj

u2H ~ uequ21!2~122ẑ12ẑ2!logS ŝ2MW
2

L2 D 2F ~122ẑ12ẑ2!22uequ~11k12ẑ2!

1
~12k!2

4ẑ
2

~11k!2

4 G log ẑ1F S 2k1
~12k!2

16 D1

ẑ
1S 1

2
1

3~11uequ2!

2 D ẑ1~11k!uequ2
~12k!2

16
1

uequ2

2 G ~12 ẑ!

2
l2

4ẑ2
~ ẑ222ẑ log ẑ21!1

l

16z
~2k1l22!@~ ẑ21!~ ẑ29!14~ ẑ11!log ẑ#J , ~7!
in
he

ss
ho-
fol-
whereẑ5MW
2 / ŝ andL2 is cut off scale in order to regulariz

û pole of the colinear singularity for massles quarks. In
case of massive quarks there is no need such a kind of
The resolved-photon production cross section can be ca
lated using Breit-Wigner formula forqgqp→W fusion pro-
cess

ŝ~qi q̄j→W!5
pA2

3
GFmW

2 uVi j u2d~xixjsgp2mW
2 !, ~8!

whereVi j is the Cabibbo-Kobayashi-Maskawa~CKM! ma-
trix. For the integrated cross sections we need parton di
bution functions inside the photon and proton. The pho
structure functionf q/g consists of perturbative pointlike par
e
ut.
u-

ri-
n

and hadronlike parts. The pointlike part can be calculated
the leading logarithmic approximation and is given by t
expression

f q/g
LO ~x,Qg

2!5
3aeq

2

2p
@x21~12x!2# log

Qg
2

L2
, ~9!

whereeq is the quark charge. For the integrated total cro
section over the quark distributions inside the proton, p
ton, and the spectrum of backscattered laser photon the
lowing result can be obtained easily:

s res5s0E
mW

2 /s

0.83

dxE
x

0.83 dy

xy
f g/e~y! f qi /pS mW

2

xs
,QpD

3F f qj /gS x

y
,Qg

2D2 f qj /g
LO S x

y
,Qg

2D G ~10!
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with

s05
pA2

3s
GFmW

2 uVi j u2. ~11!

Since the contribution from the pointlike part of the ph
ton structure function was already taken into account in
calculation of the direct part it was subtracted fro
f q/g(x,Qg

2) in the above formula to avoid double counting o
the leading logarithmic level. In a similar way direct part
the integrated cross section can be obtained

sdir5E
tmin

0.83

dtE
t/0.83

1 dx

x
f g/e~t/x! f q/p~x,Q2!ŝ~ts! ~12!

with tmin5(MW1Mq)2/s.
The sum of resolved and direct contribution, in princip

should not depend on value of the parameterL. The effects
of L on the cross sections and contributions of direct a
resolved parts are given in Table II. In Table III integrat
total cross sections times branching ratio ofW→mn and
corresponding number of events are shown for various
ues of k and l. Through the calculations proton structu
functions of Martin, Robert, and Stirling~MRS A! @20# and

TABLE II. Integrated total cross section times branching rat
s(gp→W j)3B(W1→mn) in pb to indicate direct and resolve
photon contribution depending on invariant kinematical cutL in
GeV. DG and MRS A were used for photon and proton struct
functions.As51715.8 GeV.

sdir3B(W1→mn)
k, l L50.2 L51 L55

1,0 15.79 14.88 13.98
1,1 39.57 38.66 37.75
1,2 110.89 109.98 109.07
0,0 10.48 9.57 8.66
2,0 29.03 28.12 27.21

s res3B(W1→mn)

20.62 1.62 3.85

TABLE III. Integrated total cross section times branching ra
s(gp→W j)3B(W1→mn) in pb and corresponding number o
events ~in parentheses! without cutoff for massive quarks.As
51715.8 GeV and integrated luminosityL int5200 pb21 have been
used.

Back scattered laser WWA k l

17.7~2297! 2.2~288! 1 0
41.4~5388! 3.9~504! 1 1
112.8~14660! 8.9~1151! 1 2
12.4~1606! 1.6~206! 0 0
30.9~4018! 3.7~477! 2 0
03300
e

,

d

l-

photon structure functions of Drees and Grassie~DG! @21#
have been used withQ25MW

2 . Here number of events ha
been calculated using

N5s~gp→W1 jet!B~W→mn!ALint , ~13!

where we take the acceptance in the muon channel A
integrated luminosityL int as 65% and 200 pb21. To give an
idea about the comparison with correspondingepcollider the
cross sections obtained using Weizsa¨cker-Williams approxi-
mation are also shown on the same table. As the cross
tion s(gp→W1 jet) we have considered the sum ofs(gu

→W1d), s(gd̄→W1ū), s(g s̄→W1c̄), s(gu→W1s),
s(g s̄→W1ū), ands(gd̄→W1c̄). As shown from Table III
the cross sections using backscattered laser photons are
siderably larger than the case of correspondingep collision.
We assume that the form factor structure ofk21 andl do
not depend on the momentum transfers at the energy re
considered. Then anomalous terms containingk grow with
Aŝ/MW and terms withl rise with ŝ/MW

2 . Deviation Dk
5k2151 from SM value changes the total cross sectio
30–70 % whereas theDl5l51 gives 80% changes. There
fore high energy will improve the sensitivity to anomalo
couplings. For comparison with HERA energyAs5314 GeV
the similar results would be 20–40 % forDk51 and 5% for
Dl51.

It is important to see how the anomalous couplin
change the shape of the transverse momentum distribut
of the final quark jet. For this reason we use the followi
formula:

ds

dpT
52pTE

y2

y1

dyE
xa

min

0.83

dxaf g/e~xa! f q/p~xb ,Q2!

3S xaxbs

xas22mTEpeyDdŝ

d t̂
, ~14!

where

y75 logF0.83s1mq
22MW

2

4mTEp

7H S 0.83s1mq
22MW

2

4mTEp
D 2

2
0.83Ee

Ep
J 1/2G , ~15!

xa
(1)5

2mTEpey2mq
21MW

2

s22mTEee
2y , xa

(2)5
~MW1mq!2

s
,

xa
min5max~xa

(1) ,xa
(2)!, xb5

2mTEexae2y2mq
21MW

2

xas22mTEpey

~16!

with

ŝ5xaxb , t̂5mq
222EexamTe2y, û5mq

21MW
2 2 ŝ2 t̂

mT
25mq

21pT
2 . ~17!

e

4-3



r
a-
s

ap

a

b

m
an

l
t 10

ove

del
tic
m

d
of
als

ar
f
ty

ne
as
ith

is

pl

the

8
9
3
4
7
8

4
5
5
6
0
0
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The pT spectrumB(W→mn)3ds/dpT of the quark jet is
shown in Fig. 1 for variousk andl values at LC1HERAp
basedgp collider. Similar distribution is given in Fig. 2 fo
the Weizsa¨cker-Williams approximation that covers the m
jor contribution fromep collision. It is clear that the cros
section at largepT is quite sensitive to anomalousWWg
couplings. Asl increases the cross section grows more r
idly when compared withk dependence at highpT region
pT.100 GeV. The cross sections with real gamma beam
one order of magnitude larger than the case ofWWA. Com-
parison between two figures also shows that the curves
come more separable asŝ gets large.

III. SENSITIVITY TO ANOMALOUS COUPLINGS

We can estimate sensitivity of LC1HERAp basedgp
collider to anomalous couplings by assuming the 0.05 co
bined systematic error in the luminosity measurement
detector acceptance for the integrated luminosity values
200 and 500 pb21. We use the simplex2 criterion to obtain
sensitivity:

x25 (
i 5bins

S Xi2Yi

D i
exp D 2

, ~18!

FIG. 1. k and l dependence of the transverse momentum d
tribution of the quark jet at LC1HERAp basedgp collider ~Comp-
ton back scattered photon!. The unit of the vertical axis is pb/GeV
and the numbers in the parentheses stand for anomalous cou
parameters (k,l).

FIG. 2. The same as the Fig. 1 but for the Weizsa¨cker-Williams
approximation.
03300
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Xi5E
Vi

Vi 11 dsSM

dV
dV, Yi5E

Vi

Vi 11 dsnew

dV
dV, ~19!

D i
exp5XiAdstat

2 1dsys
2 , V5pT . ~20!

We have dividedpT region of the final quark into equa
pieces for binning procedure and have considered at leas
events in each bin. For sensitivity, the number ofW1 and
W2 events given with their branching ratios in themn and
en channels has been taken into account. Using the ab
formula the limits on theDk andl are given in Table IV for
the deviation of the cross section from the standard mo
value at 95% confidence level with and without systema
error. On the ground of comparison we give the limits fro
ep collider in Table V using the Weizsa¨cker-Williams ap-
proximation.

From these tables we see thatgp mode of LC1HERAp
probesDk and l with better sensitivity than Tevatron an
individual LEP2 experiments. Combination of the results
the four LEP2 experiments produces sensitivity interv
~difference between the upper and lower limits! O(1021) for
Dk and l ~see introduction! while LC1HERAp gives the
same intervals asO(1022) andO(1021), respectively. In the
case of sensitivity toDk, gp collider is comparable to LHC
which can probeWWg andWWZcouplings separately with
Wg andWZproduction. It is anticipated that the future line
e1e2 colliders can reach the sensitivity o
O(1023) –O(1024) depending on the energy and luminosi
with mixed couplings ofWWg andWWZvertices for unpo-
larized beams. The highly polarizable beams at LC allow o
to discriminate couplings at the same order of sensitivity
above@22# that have correlated effects on observables w

-

ing

TABLE IV. Sensitivity of LC1HERAp basedgp collider to
anomalous couplings at 95% C.L. for real photons. Only one of
couplings is assumed to deviate from the SM at a time.

Asep(GeV) *Ldt(pb21) d sys Dk l

1715.8 500 0 -0.019, 0.019 -0.048, 0.04
1715.8 500 0.05 -0.040, 0.038 -0.049, 0.04
1356.5 500 0 -0.022, 0.021 -0.053, 0.05
1356.5 500 0.05 -0.042, 0.040 -0.054, 0.05
1356.5 200 0 -0.034, 0.033 -0.067, 0.06
1356.5 200 0.05 -0.050, 0.048 -0.068, 0.06

TABLE V. Sensitivity of LC1HERAp collider to anomalous
couplings at 95% C.L. forWWA.

Asep(GeV) *Ldt(pb21) d sys Dk l

1715.8 500 0 -0.064, 0.061 -0.124, 0.12
1715.8 500 0.05 -0.079, 0.075 -0.125, 0.12
1356.5 500 0 -0.078, 0.074 -0.175, 0.17
1356.5 500 0.05 -0.090, 0.085 -0.176, 0.17
1356.5 200 0 -0.121, 0.116 -0.250, 0.25
1356.5 200 0.05 -0.135, 0.122 -0.250, 0.25
4-4
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unpolarized beams. With presently expected luminosi
LC1HERAp seems not to be able to attain LC precision.
ge andgg collisions @23# with laser backscattering at bas
linear colliders one can probe theWWg couplings with
O(1022) precision which are the same order of magnitude
in thegp collision. Reduction in luminosity is expected in I
ge and gg collisions when compared to basice1e2 colli-
sion due to scattering of laser photons. However, almost
same luminosity can be obtained ingp collision as the basic
ep collision because of the larger transverse size of the p
ton beam~see the introduction!. As thege andgg colliders,
d

ic
R

he

03300
s

s

e

o-

the gp collider has the advantage of probingWWg cou-
plings independently ofWWZeffects. After further improve-
ment of luminosity, linac-ring-typegp collider possibly will
give complementary information to LHC and LC.
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