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In this paper, we investigate the prospects of measuring the strong and weak dipole moments of the top
quark at the Large Hadron Collider (LHC). Measurements of these couplings provide an excellent
opportunity to probe new physics interactions as they have quite small magnitudes in the standard model.
Our analyses are performed using the production cross sections of #WW and ¢ZZ processes in the same
sign dilepton and four-lepton final states, respectively. The sensitivities to strong and weak top quark dipole
interactions at the 95% confidence level for various integrated luminosity scenarios are derived and
compared with other studies. To estimate the constraints, the main source of backgrounds and a realistic

simulation of the detector response are considered.
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I. INTRODUCTION

The search for new physics beyond the standard model
(SM) is one of the main purposes of the CERN Large
Hadron Collider (LHC). At the LHC, the impacts of beyond
the SM physics could be directly seen, providing that the
characteristic scale would be below the center of mass
energy of the related hard processes. If not, the new physics
effects need to be explored via the accurate measurements
of the couplings of the SM particles. According to the
recent LHC results, all measurements are found to be in
agreement with the SM predictions [1]. This could be a hint
that possible new degrees of freedom are separated in mass
from the SM fields. As a result, the available energy in the
LHC collisions is not enough for direct production of the
heavy degrees of freedom coming from beyond the SM.
Therefore, one could parametrize the effects of all new
physics by a series of SU(3), x SU(2), x U(1), gauge
invariant operators O; constructed out of the SM fields
[2-5]. These operators should be of dimension d > 4 and
typically the leading effects for collider observables show
up at d = 6. Their coefficients are suppressed by inverse
powers of the scale of new physics A:

(6)
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5 (1)

Loy = Lgm + Z A
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where Lgy; denotes the SM Lagrangian and c¢; are the
dimensionless Wilson coefficients. Such a model indepen-
dent parametrization has the possibility to be linked to the
ultraviolet completions and the results could be interpreted
in various beyond the SM theories. The dimension six

operators (’)56) have been listed in Refs. [2—4]. Studies on
the validity of the SM effective field theory (EFT) and the
fact that the EFT validity range could not be obtained
only on the basis of low energy information is available
in Ref. [6].

From the theoretical point of view, the top quark could
provide a unique way into beyond the SM physics, since
the top quark Yukawa coupling is the largest among all
other SM fermions. Particularly, the CP properties of top
quark interactions with the SM fields is one of the
important subjects to study in the top quark sector [7].
Especially, it has been shown that the CP-violating
couplings of the top quark in the framework of a model
with an extended scalar sector can explain the observed
baryon asymmetry of the universe [8]. In the top quark
sector, within a beyond SM theory, CP-violating inter-
actions may also show up through the form of electric,
strong, and weak dipole moments. So far, there have been
many studies of the potential for revealing possible effects
of new physics in the top quark sector at the LHC, Tevatron
and future colliders using the higher-dimensional operators
[9-61].

With the LHC phase II upgrade, in which a large amount
of data is going to be collected and several experimental
efforts are going on to assess and reduce the systematic
uncertainties, rare SM processes will become accessible
[62—64]. In particular, final states containing several heavy
SM degrees of freedom could be observed and new physics
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effects can be studied through them as they have a small
amount of backgrounds. For instance, pp — fVV proc-
esses, where V = Z, W* are of the promising channels
through which new physics beyond the SM can be
investigated. Studying these processes has the advantage
of having naturally high multiplicity final states and
consequently the backgrounds are better under control.
Large thresholds of 2(m, + my) with V.= W, Z for titWW
and ¢7ZZ productions, restricts the phase space and lead to
small production cross sections at the level of few femto-
barns. However, LHC is able to reach the threshold and its
experiments are able to observe these processes as around
78 f1ZZ and 435 ttWW events are expected to be produced
per 30 fb~! of integrated luminosity of data. It is worth
mentioning that so far the ATLAS and CMS experiments
have measured the top pair production cross sections in
association with a single W or Z boson [65,66]. Measuring
the ffWW and ffZZ rates at the LHC is in particular
remarkable in top quark sector as they provide the
possibility to probe the top quark couplings with the SM
heavy gauge bosons and even multigauge boson inter-
actions. This allows direct probes for dynamics of electro-
weak symmetry breaking.

In this paper, our concentration is especially on studying
the strong and weak electric and magnetic dipole moments
of the top quark through the pp — itWW and pp — (iZZ
processes at the LHC. In the SM framework at tree level,
the magnetic and electric dipole moments are zero and they
could be generated at higher order electroweak corrections
which have small magnitudes [67]. However, sizable
enhancements are predicted in the various extensions of
the SM [32,67]. Therefore, observation of these moments
with deviations from the SM predictions would be indica-
tive of beyond the SM physics. A highly motivated task
would be to investigate how precise these dipole moments
can be measured at the collider experiments.

The plan of this paper is as follows. In Sec. II, the top
quark strong and weak dipole moments are defined in the
context of the SM effective field theory and the relations of
the dipole moments with the dimension-six operators are
given. Section III is dedicated to estimate the sensitivity of
the pp — ttWW and pp — (tZZ processes to the top
quark dipole moments and prospects arising from the
production rates. The conclusions and results are summa-
rized in Sec. IV.

II. TOP QUARK EFFECTIVE COUPLINGS

As we have mentioned in the previous section, within the
SM effective framework, the effects of new physics can be
parametrized by using higher-dimensional operators
involving the SM fields, assuming these operators come
from new degrees of freedom occurring at a large energy
scale A. Considering dimension-six operators and follow-
ing Ref. [3], we present the general expressions for the

gluon-top-antitop (gtf) and Z-top-antitop (Ztf) verti-
ces here.

A. gttf vertex

The most general g¢7 coupling considering dimension-
six operators, including the SM part could be parametrized
as follows [3]:

_Aé _A4ict
L :=—qgt—y"tG% — g,f—
gt Ys 2}, u 9s 2 m,

(dy + idys)iGh,.  (2)

where g, denotes the strong interaction coupling, dy, and d%
are real parameters which are related to the top quark
chromomagnetic and chromoelectric dipole moments,
respectively. Gell-Mann matrices are denoted by A¢ and
Gy, is the strong field strength tensor. At leading-order, in
the SM context, d, and d, are zero. The first term in Eq. (2)
1s the SM interaction, second and third terms which consist
of both ¢ff interaction and four-leg ggff coupling come
from the dimension six operator [3]:

3)

where ¢ = it,¢p* and ¢ is the weak doublet of Higgs boson
field, g, is the quark weak doublet of left-handed quark
and the right-handed top quark field is denoted by tg. The
imaginery (real) part of Ci%}d) is connected to the chromo-

0354~ (413240 1R) PGS,

electric (chromomagnetic) dipole moment d* () through
the following relations [3]:

V2 vm
RCCZ%G(];) A—Zt B

2 vm
5 =— 5df = £Imcfg;(,)A—;, (4)

s s
where v is the vacuum expectation value and is equal to
246 GeV. It is notable that no corrections from dimension-
six operators are received by the y, term in the Eq. (2). In
this study, we consider both chromoelectric and chromo-
magnetic dipole moments.

In the SM context, the one-loop level QCD corrections
can generate dj, through the exchange of gluons in two
different Feynman diagrams. One of the diagrams is the
same as QED case, replacing photon by gluon. Another
diagram consists of an external gluon interacting with the
internal gluons coming from the non-Abelian nature of
QCD. The same as QED case, these diagrams generate non-
zero dY, which is proportional to a,/zx [67]. It is worth
indicating that in addition to QCD corrections, Z and
Higgs bosons exchange also generate df,. Including all
SM contributions at one-loop, the value of df, is equal to
—7 x 1072 and nonzero value for ¢ arises from contribu-
tions from beyond one-loop and is quite small [67,68].

At present, there are both direct and indirect bounds on
the chromomagnetic and chromoelectric dipole moments

of the top quark. The bound could be obtained from the
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inclusive and differential top quark pair cross section
measurements at the LHC and Tevatron. In Ref. [20],
the authors have shown that in particular the presence of top
quark chromoelectric dipole moment increases the gluon-
gluon fusion process contribution in ¢7 production at the
Tevatron and LHC. Bounds are derived on both top quark
chromoelectric and chromomagnetic dipole moments using
the measured ratio o(gg — 7)/o(pp — tf) and 7 mass
spectrum at the Tevatron [20].

The top pair events produced at the large invariant
masses in proton-proton collisions at the center-of-mass
energies of 13, 14, and 100 TeV in the semi-leptonic
channel have been studied to probe the top quark dipole
moments in Ref. [9]. It has been shown that in the boosted
regime the QCD background can be considerably sup-
pressed and stringent bounds are achievable. The CMS
collaboration has derived limits on these dipole moments
from the measured top pair spin correlation at the LHC at
8 TeV [69].

The single top quark production in association with
a W boson (tW-channel) is shown to be also a sensitive
process to the top quark dipole moments [11,19].
Constraints have been obtained using the measured cross
section of tW-channel at the LHC with the center-of-mass
energy of 7 TeV using an integrated luminosity of 4.9 fb~!.

Amongst all searches, the strongest limits on dy, and d
come from low energy probes like the neutron electric
dipole moment (d,,) [70] and the rare decays of B mesons
[67]. The constraint on the top quark chromoelectric
dipole moment from d,, is found to be: || < 0.95 x 1073
at 90% confidence level (CL) [9]. The measured branching
fraction of b — sy leads to the limits of —3.8 x 1073 <
dy, < 1.2x 1073 at the 95% CL [9].

B. Ztt vertex

The effective Zf7 vertex considering the SM contribu-
tions and the ones come from dimension six operators can
be written as [3]:

g -
Lz = _mtyﬂ(XLPL + XgPg — 253,0,)1Z*
g -i0,q" .
- Et ’:;z (dY + id%ys)tZ,, (5)

where m; and Q, are the Z boson mass and the top quark
electric charge, respectively. In the SM at tree level,
X; =1, Xg =0, and d¥ = d5 = 0. The contributions to
these Zft coupling from the dimension six operators are

2

ddf = V2 x Imley Cliy ~ swCipy] %
2
v
8d% = V2 x Re[ey C3y — swCay] = (6)

The contributions of dimension six operators to X; and Xp
are neglected in this analysis [3]. The constraints on d4 and
d% could be translated into limits on the combination of the
effective operators. The couplings d4 and d% are the weak
electric and magnetic dipole moments. The weak electric
dipole moment coupling is a CP violating coupling which
appears at three-loops in the SM and the coupling d%
corresponds to the weak magnetic dipole moment and it is
at the order of 10™* in the SM framework [71-74].

There are studies on d4 and d% at the electron-positron
colliders and at the LHC [27,75] to constrain these
couplings. In Ref. [75], the potential of a future e~e™
collider for examining the electroweak top quark couplings
has been presented. Also, they have used the LEP1 data at
Z-pole and the electroweak precision data to probe the top
quark electroweak couplings.

The top quark weak electric and magnetic dipole
moments have been investigated at the LHC and the
ILC from the /Z production [27]. Both weak dipole
moments are expected to be constrained to +0.15 using
300 fb~! of data and would be improved to +0.08 with
3 ab~! integrated luminosity of the data. Bounds at the
same order can be obtained using the LEP electroweak
precision data. The ILC with 500 fb~! is expected to reach
the limits of £0.08 on the weak electric dipole moment and
[—0.02, 0.04] on the weak magnetic dipole moment [27]. It
has been shown in Ref. [25] that d¥ and d4 can be well
probed by the ratio of the cross section of fZ to tf, because
it allows to reduce several sources of the systematic
uncertainties considerably.

III. LHC CONSTRAINTS FROM #VV

The pp — ttWW and pp — ftZZ processes are inter-
esting to study because of their small production cross
sections in the SM [62] and the significant enhancement
that could show up in their rates in several new physics
scenarios. In this section, we examine the sensitivity of
these processes to the strong and weak top quark electric
and magnetic dipole moments at the 14 TeV LHC.

The SM (tWW and {1ZZ processes produce an interest-
ing set of the final states from which most of them giving
rise to important signatures at the LHC. For ttWW ({1ZZ)
process, depending on the top quarks and W (Z) bosons
decays between zero to four (six) charged lepton(s) might
be produced. Lists of #fWW and ffZZ decay modes, with at
least a charged lepton in the final state, and the related
branching fractions are presented in Table I and Table II,
respectively.

For the ffWW process, the main decay channel is the
monoleptonic decay mode which has a branching fraction
of 40%, followed by the dilepton, opposite-sign and same-
sign (OS + SS) mode with branching fraction of 29.6%.
The branching fractions of trilepton and four-lepton decay
modes are 9.6% and 1.2%, respectively. Among all the

075023-3



ETESAMI, KHATIBI, and MOHAMMADI NAJAFABADI

PHYS. REV. D 97, 075023 (2018)

TABLE 1. ffWW decay modes where at least a charged lepton
in the final state is present.

ww Branching
tt decays decays Channel fraction%
(lvb)(qq'b)  (44')(qq')  mono-lepton 20
(lvb)(qq'b) (lv)(qq’)  dilepton (OS+SS) 20
(lvb)(qq'b) (lv)(lv)  trilepton 4.8
(lvb)(Ivb) (47')(q3)  dilepton(OS) 48
(lwb)(lvb) (lv)(qq')  trilepton 4.8
(lwb)(lvb) (w)(lv)  four-lepton 1.2
(qq'b)(qq'b) (lv)(lv)  dilepton(OS) 4.8
(qq'b)(qq'b) (lv)(¢q’)  mono-lepton 20

TABLEIL. 1ZZ decay modes where at least a charged lepton in
the final state is present.

tt decays ZZ decays Channel Branching fraction
(b)(aa'b)  (42)(qq) mono-lepton 21
(lvb)(qq'b) (vp)(vp)  mono-lepton 1.76
(lvb)(qq'b) (I'I7)(qgq) trilepton 6
(lwb)(qg'b)  (ITI7)(I*17) five-lepton 0.43
(lvb)(qq'b) (I'I")(wp)  trilepton 1.75
(lvb)(qq'b) (9q)(vv)  mono-lepton 12.2
(ivb)(Ivb) (43)(qg)  dilepton(OS) 5.18
(lwb)(Ivb) (wo)(vp)  dilepton(OS) 0.43
(Ilvb)(lvb) (I'I")(qq) four-lepton 1.48
(lwb)(lvb) (ITI7)(ITI7)  six-lepton 0.1
(lwb)(Ivb) (qq)(vp)  dilepton 3
(lwb)(Ivb) (I'I7)(vp)  four-lepton 0.43
(42'b)(qq'b) (I717)(qq') dilepton(OS) 6.1
(qg’'b)(qg'b) (I"I")(vp) dilepton(OS) 1.7
(¢qg’'b)(qg'b) (I"I7)(IT17) four-lepton 0.44

above decay modes the monoleptonic suffers from large
background contributions. The channels in particular con-
taining at least a pair of SS charged leptons seem to be the
promising search channels for the {#WW process. For the
1tZZ process, in addition to monolepton, dilepton, trilep-
ton, and four-lepton channels five and six lepton multi-
plicities are among the possible decay channels. Although
the topologies with high lepton multiplicities have small
branching fractions, the contributing backgrounds for such
cases are quite negligible.

In order to study the sensitivity of the #WW and {f{ZZ
processes to the top quark strong and weak dipole
moments, we employ MADGRAPH5_AMC@NLO package
[76] which automatically generates the necessary code for
computing the cross section and other observables for the
related process. The results are computed using the
NNPDF3 PDF sets [77]. The top quark mass is set to
172.5 GeV and the mass of W boson is taken as 80.37 GeV.
The calculations are performed at the LHC with the center-
of-mass energy of 14 TeV.

To perform the calculations of the cross sections in
the presence of the top quark strong and weak dipole
moments, the effective Lagrangians are implemented into
FEYNRULES program [78]. Then the effective model is
exported into a UFO module [79] which is connected to
MADGRAPH5_AMC@NLO. MADSPIN is used for decaying
top quarks, W and Z bosons. PYTHIA 8 [80] is used for
parton showering and hadronization. Jets are reconstructed
using the anti-k, algorithm with a radius size of 0.4 [81].
DELPHES 3.3.2 [82] is utilized to simulate the response of a
CMS-like detector [83] which includes the magnetic field,
the calorimeters and all subdetector effects.

A. Top pair production in association with
two charged gauge bosons W*WF

In the SM, the production of top quark pair associated
with WEWT comes from either gluon-gluon fusion or
quark-anti-quark annihilation. The main contributions are
of order O(a?a?) and a partonic center-of-mass energy of at
least 2m, + 2my, is necessary which causes a small
production cross section at the LHC. Gluon and quark
initiated representative Feynman diagrams at leading order
contributing to ffWW production in the SM are depicted in
Fig. 1. In our study the production of fWW is calculated in
four flavor scheme (4FS) as in the 5FS case there exists
intermediate top quark resonances that must be subtracted
[62,84]. It is to avoid of unnecessary complication in
calculation of the production rate.

The fWW production cross section at the center-
of-mass energy of 14 TeV 1is calculated using
MADGRAPH5_AMC®@NLO package. The next-to-leading
order cross section is found to be 14.5fb+3%
(PDF)'33% (scales). The NLO QCD effects are on the
order of 10%. Complete details of the QCD NLO calcu-
lations can be found in Refs. [84]. We note that at the
14 TeV LHC, around 54% of the total cross section comes
from the gluon-gluon fusion which goes higher at the larger
center-of-mass energies because of growing the gluon PDF.

o
t
g 7
] w
—
g t
W
W+
g 7

FIG. 1. Lowers-order representative Feynman diagrams for
ttWW production at the LHC. The vertices which receive
contribution from O, » operator are shown with red filled circles.
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The LO contributions of the top quark chromoelectric
(df‘) and chromomagnetic (d?,) dipole moments, arising
from O}F,, operator, to the #WW rate is calculated with
MADGRAPH5_AMC@NLO. The relative corrections from
d’ and dj, to the total cross section of ¢(pp — titWW) has
the following form:

Ac(pp — tIWW)

Osm

= a;d] + pi(d])*, i=v.A (7)

where og) is the SM cross section and ¢; is the interference
term which its contribution is of the order of A=2. The f;
terms correspond to the pure O3, ,» contributions which has

the power of A~*. Without taking into account the
dimension eight operators, such terms could be dropped
because dimension eight operators generate contributions
at similar order. However, we keep A™* term as it is the first
appearing term in the cross section for ¢ and it is relevant
to have it when obtaining constraints on d,. Of course, it is
expected that the cross section has a symmetric shape
around d =0 as it is a CP even observable leading to
a, = 0. To extract the coefficients a; and f; in Eq. (7), the
calculations with d% and df are performed assuming
different values: 0.0, £01, 0.2, £0.3 and fit the obtained
cross sections to Eq. (7). The coefficients «; and f; are
presented in Table III.

To derive a quantitative estimate of the constraints that
could be optimistically reached under various integrated
luminosity scenarios, we concentrate on the exactly two
same sign charged lepton (e, u) topology. To select the
same sign dilepton events, we require to have exactly two
SS leptons with transverse momentum greater than 25 GeV
and || <2.5. The angular separation of the leptons,
AR(I, 1) = \/(An)* + (A¢)?, is requested to larger than
0.4. The event is required to contain at least four jets from
which at least two have to be b-tagged jets. The jets are
required to have transverse momentum greater than 25 GeV
within the pseudorapidity range of |p| <2.5. A cut of
40 GeV is applied on the missing transverse energy.

We continue to set an upper limit on the fWW
production cross section in the presence of strong chromo-
electric or chromomagnetic dipole moments. To derive
constraints on dj, and d9, a counting experiment technique
is employed. The method is to begin with a Poisson
distribution describing the probability for measuring N
events:

7)(1\'7|£7thW X € X »C, B) = e_(o'r?WWXSX£+B)

(a,;Werxﬁ—FB
x N ’

)N

(8)

where o7yw, £, € and B are the signal cross section in
the presence of dy, and d%, the integrated luminosity, the
efficiency of signal after the selection criteria, and the
expected background events corresponding to the assumed
integrated luminosity. At 95% confidence level (CL), the
upper limit on the signal cross section can be calculated
with integration over the posterior probability according to
the following:

8 P(Nlogww x € x L. B)
J P(Nlogww x ex L,B)

0.95 (9)

In this exploratory study, the number of background events
is obtained as B = (o5, + o0 ) X L where o5y, and
oM are the SM production rate for /FIWW and 1IW
processes after the selection cuts described above. To be
more realistic, the SM production cross section of these
backgrounds are scaled to their NLO value. The efficiency
€ after the selection is found to be 22.6% where a realistic
experimental simulation which considers detector response
is considered.

We obtain the expected upper limit at the 95% CL on the
signal cross section and compare it with the theoretical
signal cross section to find the upper limits on 47, and d%.
The resulting limits are calculated for three scenarios of
integrated luminosities of 30, 300, 3000 fb~! and presented
in Table IV. For example, with an integrated luminosity of
30 fb~! the upper limits of —0.036 < d, < 0.037 and |d%] <
0.035 are derived. If we assume 10% uncertainty on the
signal efficiency and 100% uncertainty on the number of
background events, the bounds on @}, and ¢ at 30 fb~! are
loosen to —0.043 < df, < 0.044 and |d%| < 0.042.

We note that including the other signatures of (fWW
process such as trilepton and four lepton would increase
the sensitivity of this channel to the strong electric and
magnetic dipole moments of the top quark. In the end
of this section, it should be indicated that in addition
to gtt effective couplings, ffWW process is sensitive to the
anomalous Wrb and Z17 vertices. The effective Lagrangian
up to dimension six operators explaining the anomalous
Wtb coupling as follows [3]:

TABLE IV. Limits on df and d* at 95% CL corresponding to
30, 300, and 3000 fb~! integrated luminosities obtained from

TABLE III.  Values of a; and f; for the 14 TeV LHC. 1tWW process.

; a; B Coupling 30 fb~! 300 fb~! 3000 fb~!

14 -12 1783.5 ay, [-0.036, 0.037] [-0.020, 0.021] [-0.011, 0.012]
A 0.0 1950.8 d [-0.035, 0.035] [-0.019, 0.019] [-0.011, 0.011]
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g —
Ly = _\/_Eb(yﬂU/LPL + VrPg)
i6,,9"
nI; 1 (9LPL + gRPR)> tW, +Hec., (10
W

+

where V| r and g, y are dimensionless couplings. At tree
level within the SM, V; =V, and Vi =g, = gr = 0.
From the rare B-meson decay, the constraints on these
couplings are found to be [85]:

—0.0007 < Vi < 0.0025,
—0.15 < g < 0.57.

—0.0013 < g, < 0.0004,
(11)

The 95% CL bounds derived from W boson polarization
and measured cross section of the single top t-channel at the
LHC are [86]: —0.13 < V; < 0.18, —0.09 < g; < 0.06,
and —0.15 < gg < 0.01. The total cross section of tWW
process does not show considerable sensitivity to g; and
gg- By setting gz = 0.1 and g; = 0.1, the relative change of
tWW rate is 4% and 0.24%, respectively. This means that
no strong limits on g; and gp are expected to be obtained
from fWW channel.'

We also note that in ##WW production, there are
diagrams containing Zff vertex resulting to the fact that
the weak dipole moments d% and d4 contribute to TWW
cross section. We do not consider this in our analysis as the
modification to 6(pp — #WW) due to df , is found to be
at the level of less than 10% when these couplings vary up
to the value of £+0.05.

B. Top pair production in association with
two neutral heavy gauge bosons ZZ

In this section, we study the sensitivity of the t1ZZ
production to the top quark dipole moments. The represen-
tative Feynman diagrams at leading order of this process are
depicted in Fig. 2. The next-to-leading-order cross section of
1tZZ process is calculated using MADGRAPH5_AMC@NLO
is found to be: 2.6 b & 1.82% (PDF) g3 (scales), where
the first uncertainty gives the contribution from the depend-
ence on the choice of parton distribution functions and the
second part is the factorization and renormalization scale
uncertainties [62,84]. The input parameters for the cross
section calculation has been taken similar to the previous
section. The NLO corrections to the t7ZZZ production is quite
small resulting to a k-factor close to one [84]. The leading
order cross section is proportional to O(a?a?) and a partonic
center-of-mass energy of at least 2m, + 2m is necessary for
such a final state at the LHC. The presence of a® and four

"The correct prediction for examining the sensitivity of the
tWW process to the anomalous Wb should be performed by
including the top quark decays since two additional Wtb vertices
appear.

|

FIG. 2. Representative Feynman diagrams for 7ZZ production
at leading-order.

heavy particles in the final state, which causes to reduce the
phase space, lead to such a small rate for this process.

The 1ZZ channel allows us to probe both the strong
(dy ,) and weak (df ,) top quark dipole moments. The
contributions of the strong and weak dipole moments to the
11ZZ productions cross section is calculated using
MADGRAPH5_AMC@NLO package. The relative modifi-
cations from operators O;/,, Os3y and O;}, to the total

cross section of 6(pp — 11ZZ) in terms of dy, , and d% ,
can be written as:

Ac(pp—1iZ7)

Z ]l Z Z ’ Z 2 . ‘r 4
/ ‘lg lg ]lg ( ? ) ’ ! L
SM

(12)

where p?’z term is the interference term of the SM with new

physics which is of the order of A~2. The y‘?‘z term 1is
corresponding to the pure 0,7, O,y and O}, contribu-
tions appearing with the power of A™*. To obtain the
coefficients p?’z and y'l[-”z in Eq. (12), the cross sections are
calculated in the presence of these coefficients taking
various values: 0.0, £01, £0.2, £+0.3, then the results
are fitted to Eq. (12). The coefficients p?* and y?* are given
in Table V. We see the interference term coefficient (for
i = V) is small and the pure new physics coefficients are
almost close to each other. As expected due to the presence
of g, factor in the effective Lagrangian, the coefficients y%’,‘i
are very large.

As mentioned before, there are several signatures for
1177 that all contain at least two b-jets which come from the
weak top quark decay. Among all signatures, we take the
four-lepton (lepton = e, p) final state which is a clean
signature. Requiring four leptons and two b-tagged jets in

TABLE V. Values of p‘;"z

and y?” for the 14 TeV LHC.

i pi v Pt i
v ~6.0 21272 0.1 27.5
A 0.0 2092.4 0.0 27.8
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TABLE VI. Limits on d%” and d§” at 95% CL corresponding
to 30, 300, and 3000 fb~! integrated luminosities obtained from
1tZZ process.

Coupling 30 fb! 300 fb~! 3000 fb~!
&, [-0.036, 0.039] [~0.019, 0.022] [—0.010, 0.012]
& [-0.037, 0.037] [~0.020, 0.020] [—0.011, 0.011]
& [-0.32,033]  [-0.18,0.17]  [—0.10, 0.09]
d4 [-0.32,021]  [-0.18,0.18]  [—0.10, 0.10]

the final state should be enough to increase the signal-to-
background ratio significantly. To select the signal events,
we require to have exactly four leptons with py > 25 GeV
and || < 2.5. The missing transverse energy has to be
larger than 40 GeV and each event is requested to contain at
least two b-tagged jets. The jets are required to have p; >
25 GeV and || < 2.5. To have well isolated objects in the
final state, it is required AR(I;,1;) > 0.4, AR(j;. j;) > 0.4,
and AR(l;, j;) > 0.4.

We follow the same method as described in the previous
section to set upper limit on the signal cross section then the
upper limit is translated into the limits on the top quark
dipole moments. The SM fZZ and f7Z are taken as the
main backgrounds and the number of background events is
obtained through B = (6%, + o>3) x L where 65, and
UIS;I\Z/[ are the SM rates after the selection cuts described
above. After the described selection, the efficiency € is
obtained to be equal to 19.4%. The bounds on df, , and d%, ,
are shown in Table VI for 30, 300 and 3000 fb~! integrated
luminosity of data.

Assuming a 10% overall uncertainty on the efficiency of
signal and 100% uncertainty on the number of background
events make limits looser. Using 30 fb~! integrated lumi-
nosity of data, the bounds on 4y, and d* become —0.043 <
dy, <0.045 and |d%| < 0.044.

One can derive a lower limit on the new physics character-
istic scale using the Eq. (4) and taking the Wilson coefficient
Ci%,p to be at most equal to 4z. Using for instance the

Combination of TWW&ITZZ
1177,3ab™
(AWW,3ab™
—%—— FCC-hh

Inclusive&high m LHC
[

LHCS8+TeVatron

——=— Rare B decays

R T E U SR B
-0.01 0 0.01 0.02

vV

obtained upper limit on @}, at 3000 fb~!, a lower bound of
A ~9 TeV is deduced. Of course, choosing lower value of
Cy%, leads to looser limit on A.

C. Comparison of the results with other studies

In this section, we compare the sensitivity of the
expected constraints from the #FWW (same-sign leptons)
analysis and f7ZZ (four-lepton) analysis with some other
studies. The results of this study with two scenarios of
integrated luminosities 300 and 3000 fb~! are compared
with others in Fig. 3. The most stringent direct bounds
from the FCC-hh, where protons are collided with
/s =100 TeV, are based on the integrated luminosity
of 10 ab~! [9] and are derived from the events with central
jets (Jn| < 2) and transverse momentum larger than 1 TeV
reconstructed using an anti-k; [81] algorithm with a radius
size of 0.2. The FCC-hh limits are obtained in an optimal
invariant mass region of the top quark pair mass of
mg > 10 TeV.

The indirect limits on d}, are based on rare B meson decay
[67] which has been found to be —0.0038 < d?, < 0.0012.1In
particular, the upper limit is the most stringent one which is
even stronger than the expected bound from FCC-hh. The
combination of the measured top quark pair cross section at
the LHCS8 and Tevatronlead to —0.012 < d?, <0.023[9]and
the expected limit derived from the f7 spectrum and the
inclusive cross section at the LHC14 based on 100 fb~! is
—0.0086 < d?, < 0.012 [9]. The limits from our analyses are
comparable to these limits and could be even improved if the
other signatures presented in Table I and Table II are taken
into account.

For the dz case, the indirect limits have been extracted
from the upper limit on the neutron electric dipole moment.
This indirect low energy limit which is [d@%| < 0.00095 [70]
is the strongest one. Again, among the direct limits, the one
obtained from FCC-hh is the most stringent limit:
|d| < 0.0026. The combination of the measured 77 cross
section at the LHC8 and Tevatron implies || < 0.087 [9]

Combination of TWW & (177 —p—

1177,3ab™ —
(AWW,3ab™ —.—
4 FCC-hh

Inclusive&high-m  LHC
— i

LHC8+TeVatron

x10 —s— Neutron EDM
IS RS S S S BN S SR SRS B S S SR |
-0.1 -0.05 0 0.05 0.1
d

FIG. 3. The limits at 95% CL on dY, (right panel) and on & (left panel) from ZWW (same-sign leptons) and 7ZZ (four-lepton) with
300 and 3000 fb~! are shown. The indirect limits on df; (neutron electric dipole moment) and on df, (rare B meson decays) are presented
as well as the limits from the combination of #7 cross section at the LHCS8 and Tevatron. Also, the limits which could be derived from tail

of 7 mass spectrum at the FCC-hh and LHC are shown.
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while the ones from f7 spectrum and the inclusive cross
section at LHC14 with 100 fb~! are |d%| < 0.019 [9].

The combination of fWW and #fZZ channels provides
the limits of —0.007 < d, < 0.008 and |d%| < 0.007 with
an integrated luminosity of 3 ab~!. The limits from fWW
(same-sign leptons), t7ZZ (four-lepton) and their combi-
nation are comparable to the limits from other studies and
in some cases would be even better. The bounds obtained
from this analysis could be improved by including the other
signatures and taking into account the higher order QCD
corrections in the signal channels. It should be indicated
that while the indirect limits from the rare B decays and the
neutron electric dipole moment are stronger but they are
complementing each other.

Now, we turn to the weak dipole moments d?, and d4.
The expected constraints from an electron-positron collider
at /s =500 GeV with an integrated luminosity of
500 fb!, are |d%4] <0.08 and —0.02 < d% < 0.04 [27].
These limits are derived by exploiting the total cross
section of the top quark pair production. The limits from
the LHC top pair production at the center-of-mass energy of
14 TeV with an integrated luminosity of 3 ab™" are |d ,| <
0.08 [27]. They are obtained from the py ; distribution in
11Z production. The expected limits from the present study
as shown in Table VI are comparable with the ones from
ILC and LHC in ¢Z channel. At the end, it should be
mentioned that our bounds are purely based on statistical
sensitivity calculations and no experimental effects, which
would weaken them, are taken into account. However, the
combination of different decay channels for each process
and considering QCD higher order corrections would lead
to have larger statistics and significant improvements.

IV. SUMMARY AND CONCLUSIONS

Rare SM processes involving multitop-quark and multi-
gauge-boson final states at the LHC provide an exciting

opportunity to search for new physics effects. To assess
those effects, searches could be performed using the
effective field theory approach which could affect both
the total cross sections and the differential distributions.
Particularly, the impacts would be expected to be signifi-
cantly visible in processes containing heavy particles in
their final states. In this paper, for the first time, we stud
the strong and weak electric (dZ’Z) and magnetic (dy”)
dipole moments of the top quark through the ##WW and
1127 channels at the LHC14. As the SM values for d?,’z and
d%” are very small, in case of facing a situation with @5,
large enough, fWW and 17ZZ channels provide promising
ways to observe the corresponding excess over the expect-
ation of the SM.

Based on the top quarks, W bosons and Z bosons decays,
various signatures are available from which we have
concentrated on the much cleaner same-sign dilepton
and four-lepton topologies for tWW and {tZZ channels,
respectively. Therefore, we assume the signals considered
here are adequately distinguishable from the SM back-
grounds and a comprehensive study with including the
backgrounds and detector effects are left for a future work.
We find constraints of —0.1 < d¢ < 0.09, |d4| < 0.1 for the
weak dipole moments and —0.007 < d, < 0.008, |d%| <
0.007 for the strong dipole moments using 3 ab™! of the
integrated luminosity of data. The results are comparable
with the prospective ones reachable from 7 and f7Z at the
LHC. However, there are rooms for significant improve-
ments of the bounds which could be achieved by including
different topologies and by taking into account the higher
order QCD corrections to signal processes.
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