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Dipole-induced anomalous top quark couplings at the LHC
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We consider direct bounds on the coefficients of higher-dimensional top quark dipole operators
from their contributions to anomalous top couplings that affect some related processes at the LHC. Several
observables are studied. In particular, we incorporate for the first time in this type of analysis the recently
measured associated 77V production, which is currently the only measured direct observable sensitive to the
dipole operator involving the hypercharge field. We perform a Bayesian analysis to derive the 1(2)c

confidence level intervals on these coefficients.
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I. INTRODUCTION

New physics beyond the Standard Model (BSM) can be
parametrized at energy scales much below the mass of the
first new BSM particles by an effective Lagrangian, which
is given in terms of higher-dimensional operators involving
the known particles and respecting the original symmetries
of the Standard Model (SM) (see, e.g. [1-3]). The complete
list of dimension-six operators containing SM fields con-
sists of 59 independent terms [2]. The coefficients of the
higher-dimensional operators are in principle correlated:
they can be computed from a given UV-complete model at
high energies and can mix under the renormalization group
running towards low energy [4—7]. However, in the absence
of a convincing UV model and given that measurements
are performed at low energies it is legitimate to consider the
coefficients as independent.

One expects that among operators with fermions, the
ones involving the third generation will be more important.
Although there is no general proof of this statement, in
many BSM scenarios the top quark can present sizeable
deviations from its expected couplings. An example is the
scenario with warped extra dimension, where the top quark
is localized towards the so-called infrared (IR) brane; since
the heavy resonances, such as the Kaluza-Klein gluon, are
also IR localized, their couplings are enhanced, generating
large coefficients for the higher-dimensional effective
operators involving top quarks at low energies, when the
heavy resonances are integrated out. The experimental
bounds on the effective higher-dimensional operators are
much stronger for the first and second generations. Hence
it is important to obtain bounds on operators involving
the third generation, the least-tested ones, and new data can
always help in improving them. A more serious consid-
eration comes from the expectations on the size of the top
dipole operator vis-a-vis the rest of the set of dimension-six
operators. This is again an UV question beyond the scope
of this study, which is focused on the effects of the dipole
operators. However, one should mention that there are UV
models with significant dipole moments [8].
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Constraints on anomalous top quark couplings have been
intensively scrutinized from both direct and indirect probes
(see, e.g. [9-15]).

In this paper we assume that the leading contributions
to deviations from the SM are encoded in the so-called top
quark dipole operators and we present constraints on the
coefficients of these operators arising from direct probes at
the LHC. In our study we include the W helicity fractions in
top quark decays, t-channel single top production, top pair
production, associated tW production and, for the first time,
associated 77V production.

In this work we use the available LHC data for the
processes listed above and we employ a Markov chain
Monte Carlo (MCMC) method to perform a Bayesian
analysis in order to extract the posterior probability dis-
tributions for the coefficients of the dipole operators and the
1(2)o C.L. contours.

II. EFFECTIVE DIPOLE OPERATORS

We will consider the following dimension-six dipole
operators which parametrize some of the effects of new
physics in the top quark sector using the notation of [3]:

- 1 C
Lyp =292 g Ho o 1B, + P g 0, HO o 1, W,
miy My
I C;ngsyt qLﬂAHCGMUtRGﬁv +H.c., (1)
14

where ¢,5,Cw,C;c are the dimensionless coefficients
controlling the strength of the interactions, g,¢,g, are
the SU(2), x U(1), x SU(3), coupling constants respec-
tively, y, is the top Yukawa coupling, g” = (¢b) is the top
quark doublet, H¢ is the conjugated Higgs doublet, myy is
the W-boson mass, o; are the Pauli matrices and 14 are
the Gell-Mann matrices. We assume that the Lagrangian is
CP conserving and hence the coefficients are taken to
be real.

This parametrization reflects the enhanced couplings of
the top quark to new physics that can take place in some
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BSM scenarios. These coefficients are easily related to the
ones commonly used in the literature,
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(2)

III. METHODOLOGY AND INPUT DATA

We perform the parameter estimation of our model using
Bayesian inference. In this approach a probability distri-
bution function (pdf) is associated not only with data but
also with the value of the parameters. The fundamental
equation of Bayesian inference is the following, involving
a set of parameters {6}, data D and a model M:

P({0}|D, M) « P(D|{0}, M)P({0}|M),  (3)

where P({0}|M) = z({0}) is the pdf which encodes some
prior information about the parameters {6} of the model M;
P(D|{0},M) = L({6}) is the likelihood function, i.e. the
joint pdf for the data viewed as a function of the parameters
{0}; P({0}|D, M) is the so-called posterior pdf, whose
integral over any given region is related to the degree of
belief for the parameters {6} to take values in that region,
given the data D. A Bayesian posterior probability may be
used to determine regions that will have a given probability
of containing the true value of the parameters.

In our case the model M is the Standard Model extended
with the higher-dimensional operators in Eq. (1), the
parameters {0} are the coefficient of those operators
(¢, Csw» Ci) and the data D are given by the measure-
ments of LHC observables {O}. A list of the LHC
observables considered in the analysis with their exper-
imental and theoretical uncertainties is shown in Table I,
together with the different coefficients of the dipole
operators that contribute to each observable. It is interesting
to notice that the coefficient of the hypercharge dipole
operator ¢,z only contributes to 77V process.

TABLE L
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The likelihood function is taken to be

o (Of(e) = 0"
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where 60;"” and §O!" are the experimental and theoretical
uncertainties associated to O;” and O¥'(¢,). We consider
uncorrelated uncertainties and add them in quadrature.

In order to study the effects of new physics operators
on the LHC observables, we have used the FeynRules [27]
implementation of these effective operators provided
by [28]. FeynRules generates the so-called universal
FeynRules output with the Feynman rules of the model,
which were used in MadGraph 5 [29] (MGS5) to compute
the cross sections and W helicity fractions as a function of
the coefficients ¢;. In order to obtain an analytical expres-
sion for the observables in terms of the coefficients we
performed a fit to a second-order polynomial in the
parameters for each observable. These fits are used to
compute the likelihood function.

In the case in which the considered observable is a cross
section we cannot directly use the result obtained with
MGS5 because next-to-leading-order (NLO) effects are not
taken into account. Therefore we compute o(¢;) by
adding to the best SM next-to-leading-order theoretical
calculation available, o§5°, a leading-order deviation
AcM%(¢;) computed by MGS5,

o'(e;) = o§yi” + AcMA(c), (5)

where Ac%(¢;) = M9 (¢;) — 6M%(0). This approxima-
tion is valid as long as the interference terms between NLO
SM diagrams and new physics contributions are negligible.
In this case the theoretical uncertainty 6o that enters in
the likelihood is taken entirely from the SM NLO order
computations assuming no uncertainty in AcM%(¢;). The
values of these uncertainties for the considered cross
section are reported in the second column of Table I.

In the case in which the considered observable is the W
helicity fraction in top quark decay, we compute it by
taking the ratio between the polarized decay width

List of the LHC observables considered in this analysis together with their theoretical and experimental values and the

coefficients of the dipole operators that contribute to a given process.

LHC observables Experimental value

Theoretical SM value Couplings

0.431017 pb [16]
67.2 £ 6.1 pb [19]
23.44£5.4 pb [21]

ttV production
Single top t-channel
tW production

tt production

237.7 £+ 1.7(statistical) + 7.4(systematic) + 7.4

0.306°0033 pb [17,18] Cis Cows Cig

64.6721413 pb [20] Cow
222+ 1.5 pb [22] Ews Crc
251.68 704 (scale) 83 (pdf) pb [24] ¢iG

(luminosity) & 4.0(energy) pb [23]

W helicity fractions

Fr =0.015+£0.034 [25]

Fy = 0.626 £ 0.034(statistical) £ 0.048(systematic)
F; = 0.359 4 0.021 (statistical) = 0.028(systematic)

Fy = 0.687 £ 0.005
F, =0311£0.05 Cow
Fr = 0.0017 & 0.0001 [26]
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'MG5(¢,) and the total width TM%3(&;) computed at leading
order with MGS,

FMGS(Z")
Fi(e) = Sios = 6
(@) T (2 ) (6)

where a =0, L. We do not consider the case & = R because
it is not an independent observable, since »_,F, =1 by
definition. Polarization fractions are almost insensitive
to NLO contributions because those mostly factorize and
cancel out in the ratio that defines these observables, and
therefore using the leading-order result obtained with MG5
is a good approximation. Also in this case the theoretical
uncertainty SF” that enters in the likelihood is taken from
the SM NLO order computations.

We assume flat priors for the parameters, with uniform
probability densities in the range ¢,z € [-0.8,0.8], ¢,y €
[-0.2,0.2] and ¢,; € [-0.01,0.01]. The intervals for ¢
and ¢, have been chosen by considering the 95% C.L.
regions we obtain by switching on only one effective
operator at a time. The interval for ¢, is chosen using as a
prior information the result of [30] where the bounds on
the coefficient of the chromomagnetic dipole operator are
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obtained by considering its effect on 77 production cross
section and spin polarization asymmetries.

We use the Markov chain Monte Carlo code MULTINEST
[31] to find the three-dimensional posterior probability
distribution function for the coefficients using the like-
lihood function given in Eq. (4).

IV. RESULTS

The main result of this work is presented in Fig. 1. The
figure shows the two-dimensional 1(2)c confidence level
contours for the three possible combination of the param-
eters, as well as the marginalized plot of the posterior
probability for each parameter. We did not find large
correlations among the coefficients. This can be explained
by the fact that for each coefficient there is a single different
observable that drives its determination.

As expected, the bounds on the coefficients ¢,y and ¢,
are rather sharp, with well-defined peaks in the correspond-
ing marginalized pdfs. On the other hand, the parameter
¢, has a very broad pdf because it contributes only to 7V
process which is currently a poorly measured observable
with relatively high uncertainty O(40%). It is possible to
notice the appearance of two approximately symmetric
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FIG. 1.
probability distribution for each parameter is also shown.

Two-dimensional contour plots for the 1o (dashed line) and 2¢ (solid line) confidence levels. The marginalized posterior
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peaks due to the fact that the ¢;; contribution dominates
over the linear one. Measurement of other observables at
the LHC sensitive to this coupling would help to break the
degeneracy between the two allowed regions.

We can summarize the 26 C.L. bounds for each of the
three parameters obtained from the marginalized posterior
probability as follows:

—04<e5504  —0.002 < ey S0.024
—0.007 < &, < 0.002. (7)

The MCMC code also computes the maximum likelihood
parameters, which are reported below for completeness:
|cis| = 0.21

Ty =0010 &, =—-0.001. (8)

V. COMPARISON WITH INDIRECT BOUNDS

Dipole operators can also contribute indirectly through
loop diagrams to electroweak observables that can be
measured to a good degree of precision. Indirect bounds
obtained from electroweak precision measurements are
in general quite strong. A detailed analysis was recently
presented in [11] where the electroweak dipoles are studied
together with other dimension-six effective operators.
Considering only one nonzero coefficient at a time they
find at 20 C.L.
—0.028 < ¢, < 0.020 —0.106 ¢, 50.280. (9)
A stronger indirect bound on ¢,y was obtained from
By, — B, mixing (also at 20) [32],

—0.016 < ¢, < 0.015. (10)

In reporting the above bounds we translated the 1o results
quoted in the respective references into 2¢ C.L. intervals
assuming Gaussianity.

In addition, the top quark chromomagnetic dipole
operator can affect the process b — sy through its con-
tribution to the matching condition of the Wilson coef-
ficient of the corresponding operator involving » and s
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quarks. However, the estimated bounds discussed in the
literature are either too weak [33] or present large uncer-
tainties [34] and thus we do not consider them in this
comparison.

VI. CONCLUSIONS

We have performed a combined analysis of direct bounds
on dimension-six dipole operators, that could arise from
new physics beyond the SM, using recent LHC measure-
ments. We have used a Bayesian inference method to find
the marginalized pdfs for the effective operator coefficients
as well as the 1(2)o confidence level contours. We find
that our estimates, which are more conservative than ones
obtained in previous studies where one parameter is
considered at a time, are comparable to the indirect bounds
in the case of the W dipole operator but not competitive in
the case of the hypercharge dipole operator. In our analysis,
the hypercharge dipole operator enters only in associated
1tV production. This process was used here for the first time
to put direct bounds on this operator. However, current
LHC data has large experimental uncertainties and there-
fore does not allow to probe the ¢, coupling with enough
sensitivity. A better measurement of associated 7V pro-
duction would result in more pronounced peaks for the
corresponding pdf in Fig. 1 but one needs other observables
to break the degeneracy that we found. Finally, our analysis
shows a bound on ¢,; which is comparable to previous
bounds obtained in the literature. Our results show the
power of the Bayesian inference in combining different
observables to constrain a set of parameters.
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