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The prospects of probing anomalous Zvvy and ZZ+ couplings by means
of the subprocess v¢ — Zb(b) in vp collisions have been analyzed. The
limits on the form factors hZ, h] and h7,h] are obtained for three energy
options of the yp collisions. It is shown that the sensitivity can be reached
O(107%) if b-tagging is used.

PACS numbers: 12.60.-, 12.60.Cn

1. Introduction

In the Standard Model (SM) of electroweak and strong interactions,
the gauge-bosons interact not only with the matter particles but also with
each other. The triple gauge-boson couplings are fundamental prediction of
the SM, resulting from the non-Abelian nature of the theory. Experimen-
tal high energy physicists have searched for signals of possible deviations of
these couplings from the SM structure, either in their form or strength [1].
The precision measurement of the vector boson vertices is crucial and it can
reveal the new physics beyond the SM.

Anomalous vertices are an important ingredient in some extended mod-
els that allow for composite vector bosons or gauge vector bosons strongly
interacting with each other. These interactions manifest themselves as cou-
plings between three (or more) gauge bosons, such as ZZ~v, Zyy, WW~
couplings, referred as triple gauge-couplings (TGC). A considerable effort
can be made to increase statistics and improve the sensitivity of the observ-
able to the anomalous couplings at the energies of the proposed high energy
colliders. An essential step in this direction can be provided by future yp
collisions.

Anomalous neutral triple gauge couplings (NTGC), which are not present
at tree level in the SM, may induce CP-violating effects in some processes
ve — Ze |2], etem — vZ [3], ete” — ZZ [4] and pp — Zv [|5]. Ex-
perimental limits on these couplings have been provided by the Tevatron
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experiments [6] |hf| < 0.36, |h¥| < 0.05, |n]| < 0.37, |nZ| < 0.05, and
by Large Electron—Positron (LEP) experiments [7] —0.20 < |hf| < 0.07,
—0.05 < |hf] < 0.12, —0.049 < |h3] < 0.008, —0.002 < |hJ| < 0.034. In
addition, there are some predictions of triple-gauge boson couplings at the
Large Hadron Collider [LHC] [8]. The neutral triple gauge-boson couplings
can be measured very accurately at LHC at the level of 1074-107".

In this work, the CP-conserving structure of the ZZ~ and Zv~ vertex
is examined through the differential cross-section for the subprocess yq¢ —
Zb(b) (Fig. 1) at a future ep based yp collider (see Ref. [9] and references
therein) for three energy options V/Sep = 2.65 TeV, 3.74 TeV and 6.48 TeV
with an integrated luminosity L, = 100 pb~!. The relevant NTGC vertices
are implemented into the program CalcHEP [10]. The total cross-section
and angular distribution are obtained for different anomalous couplings. It
is shown that the sensitivity to anomalous couplings can be improved if the
b-tagging techniques is used for the final state jet.
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Fig. 1. Feynman diagrams for the ZVV vertices, where V =, Z and ¢ = b or b.

2. ZV'V vertices

The most general Lorentz and gauge invariant, CP-conserving Z(p1)~v(p2)
Z(p3) vertex in momentum space is given by [11]

2 2 Z
. . P3— P Z h
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mz mz
where my is the Z-boson mass, and g, is the electromagnetic coupling. The
Z~~ vertex function can be obtained as:
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where the factor p3 in the Zvv vertex function comes from the gauge in-

variance, and it vanishes identically if both photons are on shell (Yang’s
theorem) due to Bose statistics. These anomalous ZZ~ and Z~~ couplings
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must obey Lorentz and gauge invariance. There are eight anomalous cou-

pling parameters h?, h](i =1,...4) which are all zero in the SM. CP-even

(2
couplings which are proportional to hY, h}( (V = Z,~) are relevant to this
study. Due to the partial wave unitarity constraints at the high energies,

an energy dependent from factors can be written in the form:

hY
Viay 20 .
hi (s)_(1+§//12)37 2_1737 (3)
Ry (3) = Mo i=2,4 (4)
N (I Yy R ot

The exact form of the form factors depends on the underlying dynamics that
generate them and determine the scale A. Here A is some large energy scale
which defines new physics beyond the SM. Usually limits on the parameters
are put assuming some large energy scale (commonly infinity). Since the
anomalous contribution to the cross-section increase with the center of mass
energy, the scale A is taken to be the maximal available center of mass energy
of the vp collisions in order to protect the unitarity at high energies.

3. Differential cross-section

In general, the differential cross-section for yq — Zq subprocess is given

by

0.83 1
do dz o, d6
dcosl / dr / ?fy/e(T/x)fq/p(:EaQ )dCOSH ) (5)
Tmin 7/083

where 6 is the angle between incoming photon and outgoing Z boson in the
center of mass frame. Here Tiin = (mz+mg)?/s, 7 = §/s, and s is the square
of the center of mass energy of ep system. The upper limit of the integral (5)
comes from the fact that the energy of converted photons, E, = yFE,, is
restricted by the Compton backscattering condition ¢max = 0.83. The cross-
section can be calculated by integrating over high energy photon spectrum
and the quark distribution in the proton. Here, the parton distribution
function (pdf) CTEQ6M [12] with the factorization scale Q% = m?% is used.
The high energy photon spectrum is given by [13]

B L B 1 B 4y 4y2
Fre) = 5755 [1 ey e T ) R
where
g(g):(1—%—%>1n(g+1)+%+§—2“7il)2, (7)
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with ¢ = 4.82. The total cross-section for the process yp — Zb(b)X as
a function of initial electron beam is shown in Fig. 2. The LHC proton
beam energy is taken E, = 7000 GeV. From this figure it is clear that
the cross-section gets a large enhancement due to the anomalous couplings
h? ,h3 and hf ,h]. Especially, e~ beam energies larger than 100 GeV this
enhancement becomes more visible. The cross-section is more sensitive to
the anomalous couplings h) and h%. Here the scale A is chosen to be the
highest centre of mass energy available in ~yp collisions in the considered
energy range.

hy,=0.08
32=Y.

2 h3y=0.05::::
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Fig.2. The total cross-section depending on the energy of the electron beam, for
various anomalous couplings. Here proton beam energy is £, = 7000 GeV.

In the Table I, IT and III, the total cross-section for yp — Zb(b)X is
calculated at different electron beam energies F. = 250 GeV, E. = 500 GeV
and F, = 1500 GeV. These electron beam energies are planned to be made
available at the future linear colliders [14]. From these tables it is clear that
the total cross-section is more enhanced at larger anomalous couplings and
larger center of mass energies.

TABLE I

The total cross-section values for different couplings
at E. =250 GeV and E, = 7000 GeV.

o (pb) hy hi

0.01 | 0.001 | 0.0001 | 0.01 | 0.001 | 0.0001
01 | 363 1.19 | 111 | 1051 | 1.27 | L1t
h | 0.01 | 282 | 097 | 095 | 956 | 1.03 | 0.95
01 | 439 | 181 | 1.70 | 1359 | 2.12 | 1.73
hZ | 0.01 | 2.84 | 098 | 095 | 9.82 | 1.07 | 0.96
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TABLE II

The total cross-section values for different couplings
at . = 500 GeV and E, = 7000 GeV.

a(pb) hi hi

0.01 | 0.001 | 0.0001 | 0.01 | 0.001 | 0.0001
0.1 | 1991 | 1.81 1.36 | 77.22 | 2.45 1.37
h3 1 0.01 | 16.48 | 1.11 0.93 | 73.01 | 1.68 0.94
0.1 | 22.18 | 3.37 2.84 | 90.43 | 5.09 2.97
hZ | 0.01 | 16.6 | 1.14 0.95 | 74.27 | 1.82 0.96

TABLE III

The total cross-section values for different couplings
at E. = 1500 GeV and E, = 7000 GeV.

o(pb) hy hy

0.01 ] 0.001 | 0.0001 | 0.01 | 0.001 | 0.0001
01 | 154.43 | 4.02 | 142 | 67688 | 9.48 | 1.51
hy | 0.01 | 141.73 | 213 | 0.63 | 660.46 | 7.33 | 0.68
0.1 | 160.09 | 6.87 | 3.97 | 725.14 | 16.69 | 4.49
hZ | 0.01 | 141.86 | 2.19 | 0.65 | 665.26 | 7.82 | 0.75

It is also important to investigate the angular distribution of the b-jet in
the final state. The behaviour of the differential cross-section is different for
the couplings hg, h} and hf, h]. In Fig. 3, Fig. 4 and Fig. 5, the angular dis-
tributions of b-jet at different center of mass energies are presented. The 6 is
the angle between the incoming and outgoing particles in the center of mass
frame. Here, the sensitivity to the couplings k) and hf is more pronounced
over the background for large center of mass energies.
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Fig.3. The differential cross-section depending on cosf at E. = 250 GeV and
E, = 7000 GeV.
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Fig. 4. The diferential cross-section depending on cos #, where 6 is the angle between
incoming and outgoing quarks at E. = 500 GeV and E, = 7000 GeV.
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Fig.5. The differential cross-section depending on cosf at E. = 1500 GeV and
E, = 17000 GeV.

4. Limits on the anomalous couplings

In this section, the sensitivity to anomalous couplings is discussed, and
the bounds on the h} and hY are obtained. The limits at 90% confidence
level (C.L.) performing a x? test for different energy values are calculated.
In the calculations a preselection on the angular variable 6, as | cos 6| < 0.95
has been used to regularize the cross-section at small angle. The x? function
contains both the final b-jet and light-jet mis-tagging contributions. Here,
b-jet tagging efficiency is taken as 60%, with the rejection factors 10 for ¢(c)
and 100 for light jets. The x? function is given by
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- TéM ~ TiMaa i
2 +
X =) : ; (8)
i AO-ZSM
where O'éM is the cross-section for the SM background in the i-th bin. It in-

cludes both b-jet and light-jet contributions with the corresponding efficiency
factors. Aoy, is the estimated error on the background cross-section. It is

given by Aosy = osny /0% + 025 With dsgar. = 1/v/Nsm and dgys. = 0.05.
The number of the events for the corresponding background is calculated as
Ngm = 0 X € X Lipt, where Ly is the integrated luminosity per year and e
is the overall efficiency factor.

In Table IV, we obtain a sensitivity to anomalous couplings hg =
5.63 x 1073, h] =9.19 x 1072 and h7 = 4.12 x 1075 and h] = 6.38 x 10~
at /s = 6.48 TeV and Liy = 100fb~!. In Table IV, the results are given for
only b-jet in the final state, if we make an analysis taking into account the
mis-tagging of light jets as the b-jets, then the results will slightly changes as
in Table V. Here the reachable bounds on the couplings hg = 6.41 x 1073,
h] = 10.1 x 1072 and hZ = 4.47 x 1075 and h] = 7.00 x 1075. The con-
tribution of the yp — Zb(b)X process to background cross-section is 0.94
(0.92) [0.59] pb at /s = 2.65 (3.74) [6.48] TeV and one another contribution
from yp — Zc(¢) X process is 5.19 (4.88) [3.05] pb at /s = 2.65 (3.74) [6.48]
TeV, respectively. Furthermore, yp — ZjX (where j is a light jet including
u,d, s quarks and their anti-quarks), contribution 15.38 (13.01) [7.57| pb at
Vs = 2.65 (3.74)[6.48]. The search limits on anomalous couplings bene-
fit from the b-tagging. Contributions from the all jets slightly changes the
bounds achievable at yp collisions.

TABLE IV

Sensitivity of the yp collider to Zvvy and ZZ~ couplings at 90% C.L, at /s = 2.65,
3.74, 6.48 TeV and Lin, = 100 fb~'. Only one of the couplings is asummed to
deviate from the SM at a time. The values corresponds to the calculation for b-jet
in the final state.

GO | W m W mn
2.65 1.56 x 1072 | 2.57x 1072 | 443 x 10~% | 8.88 x 10~*
3.74 9.08x 1072 | 1.50 x 1072 | 1.44 x 10~* | 2.25 x 10~*
6.48 563x 1073 [ 9.19x 1072 | 4.12x 107° | 6.38 x 10~°
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TABLE V

Sensitivity of the p collisions to Zyvy and ZZ~ couplings at 90% C.L., for /s = 2.65,

3.74, 6.48 TeV and Li,, = 100 fb '

Only one of the couplings is asummed to

deviate from the SM at a time there, the signal and background are calculated
taking into account contributions from tagged b-jet and mis-tagged light jets.

) | W m I m
2.65 457%x 1072 | 257 %1072 | 440 x 1074 | 7.01 x 10~*
3.74 9.66x 1073 | 1.51 x 1072 | 1.45 x 1074 | 2.25 x 10~*
6.48 6.41 x 1073 | 10.1 x 1073 | 4.47 x 10~° | 7.00 x 10~°

5. Conclusions

The precision measurement of the vector boson couplings is very impor-
tant for the future experiments, and it can point the new physics beyond
the SM. The neutral triple gauge couplings can be tested at different lepton
and hadron colliders. As a complementary environment, ~yp collisions can
give valuable physics contributions to the same searches. This work shows
that higher center of mass energy will be useful for investigation of anoma-
lous gauge couplings provided these are not too small to be probed in the
foreseen yp colliders.
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