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We study the effect of operators generating dipole couplings of the light quarks to electroweak gauge
bosons on several observables at the LHC. We start by demonstrating that the determination of the gauge-
boson self-couplings from electroweak diboson production at LHC is robust under the inclusion of those
quark dipole operators even when let them totally unconstrained in the analysis. Conversely, we determine
the bounds that the diboson data imposes on the light-quark dipole couplings and show that they represent
a significant improvement over the limits arising from Z and W electroweak precision measurements.
We also explore the sensitivity of the Drell-Yan cross section determination at LHC Run 1, and the results
on resonance searches in high invariant-mass lepton pair production at Run 2 to further constrain the

electroweak dipole couplings of the light quarks.
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I. INTRODUCTION

The CERN LHC has provided us with invaluable
information on the Standard Model (SM) such as the
discovery of a Higgs boson [1,2] with properties compat-
ible with the simplest realization of electroweak symmetry
breaking as well as the apparent lack of new states in the
available data. In the absence of additional low-scale
particles, we are compelled to describe possible deviations
from the SM predictions through an effective field theory
[3] containing an ordered series of higher-dimension
operators built of the SM fields. In this context, and within
the present experimental results, one can proceed under the
assumption that the new operators are linearly invariant
under the SM gauge group SU(3) ® SU(2), ® U(1),,
and we write

fn,j

Lep = Lom + Z A4

n>4,j

O, - (1.1)
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The first operators that impact the LHC physics are of
n =6, i.e., dimension 6. The most general dimension-6
operator basis respecting the SM gauge symmetry, as well
as baryon and lepton number conservation, contains 59
independent operators, up to flavor and Hermitian con-
jugation [4,5].

This work aims to study the operators that generate
dipole couplings of the light quarks to electroweak gauge
bosons that belong to the dimension-6 operator basis,
focusing on their effects on several observables at the
LHC. In particular, it has been recently demonstrated that
the electroweak gauge-boson couplings to fermions can
impact the LHC diboson analysis [6—10] used to test the
gauge-boson self-interactions. Here, we extend the analysis
of these events to study their sensitivity to the inclusion of
light-quark electroweak dipole couplings. The aim is
twofold. First, we want to test their possible effect on
the extracted information on the gauge boson self-
couplings. Second, we want to quantify the constraints
that the analysis can impose on the Wilson coefficients
of light-quark dipole operators. Moreover, we also explore
how Drell-Yan (DY) processes can further test these
operators.

The light-quark electroweak dipole operators have been
previously studied using electroweak precision data (EWPD)
[11,12] as well as deep inelastic scattering results from
HERA [12], leading to constraints on their Wilson coef-
ficients of the order of 10 TeV~2. Reference [13] includes
their effect in neutral- and charge-current Drell-Yan
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production, associated production of the Higgs and a
vector boson, and Higgs-boson production via vector-
boson fusion at the LHC and makes an estimate of their
sensitivity to be O(TeV). In the case of top quarks, the
TopFitter Collaboration [14] obtained limits on the
corresponding operator coefficients using mainly Run
1 data, and most recently, the SMFiT Collaboration [15]
has performed a global analysis of the top-quark sector in
terms of dimension-6 operators including both Run 1 and
Run 2 data and obtained bounds, which, in our notation,
reach down to O(3 TeV~2) for the coefficients of the
dipole operators with quarks of the third generation.
Here, we show that the study of the diboson (WTW~,
W=*Z) production at the LHC Run 1 and 2 leads to
constraints on the Wilson coefficients of light-quark
electroweak dipole operators that are an order of magni-
tude better than the ones stemming from the EWPD
analysis. Finally, we compare these bounds with those
originating from their contribution to the Drell-Yan
process.

II. THEORETICAL FRAMEWORK

In this work, we extend the SM, as in Eq. (1.1), by
adding dimension-6 operators that conserve C and P as
well as lepton and baryon numbers. The basis of dimen-
sion-6 operators is not unique due to the freedom associated
to the use of he equations of motion (EOM) [16-19]. Using
that freedom, we choose to work in the basis of Hagiwara,
Ishihara, Szalapski, and Zeppenfeld (HISZ) [20,21] for the
pure bosonic operators.

Our main focus is the study of operators containing
electroweak dipole couplings for light quarks, which for
simplicity we refer to as dipole operators in what follows.
More specifically, these operators are

iQ;0" uRJ @,
iQ;o" uRJ D,

(2.1)

iQ;0" U j

= lQl'G!ydR

OMW,IJ Ci), OMB,IJ
, @

W,
OdW,ij W OdB,U

where @ stands for the Higgs doublet and ® = ic,®*. We
defined Bm, =i(g/2)B,, and W,w =i(g/2)0"Wj,, with g
and ¢ being the SU(2), and U(1), gauge couplings,
respectively, and ¢¢ being the Pauli matrices. Q denotes the
quark doublet, f are the SU(2), singlet fermions, and i,
are family indices.

For simplicity, we assume that the Wilson coefficient of
the dipole operators are flavor diagonal and family inde-
pendent; i.e., the dipole interactions are

‘CeDéP - fMB Z OuB ii qu Z OuW ii de Z OMB ii

i=1,2 i=1,2 =12

de ZOuWn + H.c.

i=1.2

(2.2)

The effective interactions in Eq. (2.2) induce dipolelike
couplings to photons, Z’s and W*’s of the form

Fe, _
ﬁ__%[ﬁf"””faf\ + fzfa””faz]

_[F%L, FR
—€U[fa””< j\szP + sz

R)f’GMW:’ + HC:| ,
(2.3)

where P gy is the left- (right-)handed chiral projector and

Fuy:qu_i_fLB FuZ:C_quW_S_quB
A2 A TN N sy A2 e AT
Fop _faw _fap Faz _cwfaw  swfas
A2 AT A A2 sy A2 ey A
A2 Sw A2 ’ A2 SW /\2 ’ '

Here, sy, (cy) is the sine (cosine) of the weak mixing angle.

Consequently, the electroweak dipole operators contrib-
ute to any process at the LHC initiated by the quark
and antiquark components of the colliding protons. In
particular, they take part in electroweak diboson production
pp — W W~ and pp — ZW*. Notwithstanding, there are
further dimension-6 operators that contribute to these
processes like the following additional operators that
change the couplings between gauge bosons and
fermions,

ng,ij = cI)T(iB”cD) (ZiV”Lj),
O = ®HiD", @) (LT L)),
Ol = O (iD,®)(0:ir"Q;).
08}, = B (iD,®)(Dir"T,0)),

O((Dli ij CI)TOD (I))(MR YMMR )

O = ®'(iD, @) (dgr"dg)).

o

De,ij — (I)T(ID (I))(eR yﬂeR )

0L, = & (iD,®)(gydg + Hel),  (2.5)

where the lepton doublet (singlet) is denoted by L (e) and
we defined &' D,®=®'D,®— (D,®) ® and &' D%, b =
®'TD,® — (D,®)'T*® with T* = /2.

In addition to the above fermionic operators, diboson
production also involves triple gauge couplings (TGCs),
which are directly modified by one operator that contains
exclusively gauge bosons,
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as well as three additional dimension-6 operators that
include Higgs and electroweak gauge fields in the HISZ
basis

OW = (Dﬂ(D)TWﬂD(Db(D)’
Op = (D,®)'B*(D,®) and

Opw = ®'B,, W ®. (2.7)

It is interesting to notice that, besides giving a direct
contribution to TGCs, Opy also leads to a finite renorm-
alization of the SM gauge fields, therefore modifying the
electroweak gauge-boson couplings. Furthermore, two
other dimension-6 operators also enter in our studies via
finite renormalization effects, namely,

Oprrr = (Ly*L)(Ly"L) and

Op1 = (D,®) 00" (DHD). (2.8)
In brief, O;;;; gives a finite correction to the Fermi
constant, while Opy, and Og ; lead to a finite correction of
the § and T oblique parameters, respectively.

At this point, we still have redundant operators in our
basis. To eliminate two blind directions [22,23] that appear
in the EWPD analysis, we use the freedom associated to the
use of EOM to remove the operator combinations [24]

zogz.ii and ZOESZ,,-,-

from our operator basis. As we assume no family mixing
and the Wilson coefficients to be generation independent,
the dimension-6 contributions to the electroweak diboson
data (EWDBD) depend upon 16 Wilson coefficients,
namely,

(2.9)

fCDQ f<1>Q
ﬁff\P/DBD Z O<I>Q ii t-—2 Z O'J)Q il

i=123 =123
f f
Cf’u ZO(DM ii CDd Z Od)d i
i=1,2 i=12,3
fCD@ Z O(De ii OW + fB OB
i=123
+fv;/\ngOWWW+fBWOBW+f¢IO(D1
f fo
+ LALZLL Orerr + q)ud Zod)udn + L -

i=1,2

(2.10)

In the limit of vanishing light-quark masses, the dipole
operators contribute to different diboson helicity amplitudes
than the SM or any of the other operators in Eq. (2.10) (more
below) due to their tensor structure. Therefore, there is no
interference between the contributions coming from the
dipole operators and the SM and other dimension-6 oper-
ators in Eq. (2.10). Consequently, the dipole operators only
contribute to these observables at the quadratic level. For the

same reason, (’)gz 4» which modifies the couplings of W’s to
right-handed quark pairs, does not interfere with the SM
contributions nor with the other fermionic operators.

Since the light-quark dipole operators modify the Z and
W= couplings, they can be constrained by the EWPD
observables [11], which altogether receive corrections from
a subset of 13 operators,

fq) fou
’CeEf\fVPD Q Z O®Q11+ Q Z OlI)Qu
i=123 i=123
f f
‘I)M Zodmu (Dd Z O(Ddll
i=12 i=123
fd)e Zoq)g,l+fBWOBW+f®10d>l
i=123

f f
+ == LLLL Orper + d)ud ZOCDud i T LA

=12
(2.11)

where, due to the arguments above, the eight operators in
the first two lines contribute linearly to the EWPD
observables, see Ref. [25], while the five in the last line
enter only at quadratic order. Indeed, the contributions of
the dipole operators to the decay widths of the weak gauge
bosons are

AFff 1

Fjgf :gzz f2 8A4| AR

ATV e2p*

F—V[Zd 4A4 (|FudW| + |FudW )’ (212)
U

where g = T} — Q;s}, and g = —Q;s}, are the usual SM
couplings.

III. EFFECTS IN ELECTROWEAK
DIBOSON PRODUCTION

Deviations of TGC and gauge-boson interactions with
quarks from the SM ones modify the high-energy behavior
of the scattering of quark pairs into two electroweak gauge
bosons since such anomalous interactions can spoil the
cancellations built in the SM. For the W*W~ and W*Z
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channels, the leading scattering amplitudes in the helicity
basis receive contributions from 12 of the 16 operators in
Eq. (2.10) [25,26],

Ald_d, - WiWy)

2
.S g
= lpsm‘g{—%c%v Bewfw = swfs)

1
3 op=asse) | o)
- g4
A(d_d+ d WIW;:) = —lﬁslne fwww, (32)
Ad,d_ — WiW;5) = —lpsing{l Iz +f$)1}
(3.3)
Alu_in, - WiWy)
s g 2 2
= zﬁsmﬁ e, (e fw + swfs)
- U+ sk (3.4
Aluyii_ > WiW5) = /f sm9{ Wop— fq,u} (3.5)

4
N
Ald i, - Z, . WI)=i— Sln9— , 3.6

1
A(d_it, - W5Zy) = s1n9{ v Zﬁfg)Q},
(3.7)
Ald 7 — W5Zy) = —i%sin oV2rl) . (3.8)

Ald_d_ - WiW3) = -A(d,d, - WIWy)
s .
= —psln ggde

s .
= —Psln Qe(sWde + Cdez)),

(3.9)
Alu_a_ - WiW3) = -A(u i, > WEWy)
s .
= —psmﬁgfuw
s .
= —7zsin Oe(swF,, + cwFuz)),
(3.10)

Ad-i = W5Z,) = 2550 0—2—{shfun + hefuw}
V2ey

s
A s1n9\/_{26WFudW uZ}’
(3.11)
Ald_i_ - W3Zy) = ~ 2 sm9ffuw
s .
_PSmH%Fde, (312)
_ a s
Aldya, - WyZ_) = Pst\f W{Swde ciyfaw}
—PSingﬁ{ZCWFﬁdW_FdZ}’
(3.13)
Ald i, —» W3Z)) = ~ 2 sm@\/—fdw
s .
= —PSIHQEF{;dW, (314)

where s stands for the center-of-mass energy and € is
the polar angle in the center-of-mass frame. In Egs. (3.9)—
(3.14), we give the contribution from the dipole operators to
the helicity amplitudes at high energy and explicitly show
that they contribute to helicity configurations different from
that of any other operator as mentioned in the previous
section. Also, for convenience, in the last equality of those
equations, we give the expression in terms of the effective
couplings in Eq. (2.3).

Diboson production has been used by the LHC collab-
orations to directly scrutinize the structure of the electro-
weak triple gauge-boson coupling well beyond the
sensitivity reached at LEP2 [27]. In particular, both
ATLAS and CMS collaborations have used their full data
samples from Run 1 of LHC on W W~ [28,29] and W*Z
[30,31] productions to constrain the possible deviations of
TGCs from the SM structure. For Run 2, the number of
experimental studies aiming at deriving the corresponding
limits is still rather sparse [32]. However, as described
in Ref. [9], one can use the published ATLAS results on
W*Z [33] and W*W~ [34] productions with 36.1 fb~! to
study TGCs.

Altogether, we perform an analysis aimed at constraining
the Wilson coefficients in the effective Lagrangian in
Eq. (2.10) using the data on W+ W~ and W*Z productions
in the leptonic channel. In particular, we include the
available kinematic distributions most sensitive for TGC
analysis, which are as follows:
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Channel (a) Distribution No. of bins Dataset Int Lum

WW = £+¢'~ + JEr(0)) picading.lepton 3 ATLAS 8 TeV, 20.3 fb=! [28]
WW — £7£9 + /E;(0)) Mg 0 8 CMS 8 TeV, 19.4 fb! [29]
WZ — ¢ ¢+ my? 6 ATLAS 8 TeV, 20.3 b~ [30]
WZ — ¢t¢-¢0* + JE; Z candidate p%’ 10 CMS 8 TeV, 19.6 fb~! [31]
WW — euT + /E+(0)) my 17 ATLAS 13 TeV, 36.1 fb=! [34]
WZ = ¢te-¢0* my? 6 ATLAS 13 TeV, 36.1 fb=! [33]

For details of the analysis of the EWDBD from Run 1
and Run 2, we refer the reader to Refs. [8,9], which contain
our procedure, as well as its validation against the TGC
results from the experimental collaborations. In brief, the
procedure to obtain the prediction of the relevant kinemati-
cal distributions in the presence of the dimension-6
operators is as follows. We simulate W*W~ and W*Z
events within the experimental fiducial regions by applying
the same cuts and isolation criteria adopted by the corre-
sponding experimental analysis. This is carried out by
using MADGRAPHS [35] with the UFO files for our effective
Lagrangian generated with FEYNRULES [36,37]. We
employ PYTHIA64 [38] to perform the parton shower,
while the fast detector simulation is done with DELPHES

3 1 1 1 1 1
Zewonn (f5 L Fwwws Fow Fo Folgr Folg Lo Fos Foonar Fon Freirs Fuss fuws Fas Faw )

[39]. To account for higher-order corrections and additional
detector effects, we simulate the corresponding SM W+ W=
and W*Z events and normalize our results bin by bin to the
SM predictions provided by the experimental collabora-
tions. Then, we apply these correction factors to our
simulated WV distributions in the presence of the anoma-
lous couplings.

The statistical confrontation of these predictions with the
LHC data is made by means of a binned log-likelihood
function based on the contents of the different bins in the
kinematical distribution of each channel. Besides the
statistical errors, we incorporate the systematic and theo-
retical uncertainties, including also their corresponding
correlations. With this, we build yZwpgp»

(3.15)

To this, we want to add the information from EWPD, in particular from Z and W pole measurements. We do so by

constructing a y* function,

)(%WPD (fBva(D,l’fgﬁ)Q’ fEI:.)Q’fEI)l,vag,)d’ f$,>14d’ ft(;,)waLLL’fqu qu3dea de)?

(3.16)

including 15 observables, 12 of which are Z observables [40],

Iy, Ay (e), RY, A,(SLD),

0
[

0./
AFB ’

0 0 0,c 0,b
R, RY, A, A, Ak, and AY,

and three are W observables: My, [41], 'y [42], and Br(W — £v) [41]. We compare those with the corresponding
predictions including the effect of all operators in Eq. (2.11). In building y2ypp, We incorporate the correlations among the
above observables from Ref. [40] and the SM predictions and their uncertainties from Ref. [43].

To single out the possible effect of the dipole operators in the EWDBD analysis, we make a combined analysis in which
we include their effect in EWPBD but not in the EWPD observables. This is, we make a fit to EWDBD + EWPD in terms of

16 operator coefficients using

)(lziWDBD-FEWPD (fB’ fW’ fWWW? fBW’ f‘b,l’fg,)Q’fEI)l,)Q’ fg,)u’ fg,)d’ fgpl,)ud’ fgbl,)e’ fLLLL’fuB’ quv deude)

:XIZEWDBD (vafwvaWW’ fBW’ f<1>,1’fg,>Q7f£I;)Q7fg?u?fg,)dvfﬁpl,)udvfEI)l,)waLLL’fuB’quvdevde>

+ Ziwen (Fows So1 Lo £ Fons Fovs P Fos Frines fus = 0. fuw = 0. fas = 0. faw = 0).

(3.17)

We then compare the allowed parameter ranges for the coefficients with those obtained from the a combined analysis in
which the dipole operators are set to zero in the analysis of EWDBD as well.
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EWDBD R1+2(W DIP,16 OP) + EWPD(W/0 DIP, 9 OP)
------ EWDBD R142(W/0 DIP,16 OP) + EWPD(W/O DIP, 9 OP)
N, 10 LI 1 T T -] -] T T T T T JT T -
X gb || ENE N N E
65
4 3 F 3 F E E
2F 4 F 4 F - -3
Ok\ 1 \I 1 1 I’ 1 1 1 1 1 I: 1 1 1 III: 1 I:
0 50 —20 0 20-5 0 0 2
fo/ N (TeV)™? fo/ N (TeV)™? o/ N2 (TeV)2 fou/ N (TeV)?
~, 10 - - T T 1T T ] T T T 1 T =
I gp | 4 E 4 F 4 F 3
6F 1F 1F 1F E
4c 3 F 3 F 4 F E
2F 4 F 4 F 4 F =
okl 1 1 I: 1 1 1 1 I: 1 1 1 IIII: 1 1 1 1 III:
0 0.2-0.2 0 0.21 0 +0.5 0.05 0.6
fo/N (TeV)™ O o/ N (TeV)™? @ o/ N (TeV)* /N (Tev)™?
N, 10 LI L L= - N T T T 7T 1T 7T ]
3 st EQ: VR E E
3
4t 3 F 3 F E E
2F 4 F 4 F - -3
O 1 1 1 IIII: 1 1 I 1 I: AN IIII: 1 I:
-1.5 -0.25 +0.1 0 -0.5 0.05 0:80.1 0
0,0/ N (TeV)™ O, /N (Tev)™ /N (TeV)? O /N (TeV)™
N, 10 T 1T T T T L= LI L T 1T L= T L T L L= LI L T T U L=
I sb 4 E 4 E 4 F 3
6F 1F 1F 1F E
4E 3 F 3 F 4 F E
2F 4 F 4 F 4 F =
O 11 1 1 l 1 1 1 \: IIIIIIIII: 1 1 1 1 IIII: IIIIIIIII:

5 0 5-1

fia/ N (TeV)™?

0 1
fu/N (TeV)™?

FIG. 1.

-5 5-1

0 0
fu/N (TeV)?

fou/ N (TeV)™?

—_

Ay? dependence on the Wilson coefficients of 16 operators (after marginalization in each panel over the undisplayed ones)

entering the analysis of EWDBD from LHC Run 1 and 2 in combination with the EWPD. The red line includes the effect of light-quark
dipole operators in diboson production but does not include them in the EWPD y? [see Eq. (3.17)]. The blue dashed lines are the results
of the corresponding analysis without including the light-quark dipole operators (see the text for details).

The results of these analyses are shown in Fig. 1, in
which we display one-dimensional projections of the Ay?
for both analyses. In each panel, y? has been marginalized
over all 15 (or 11) other coefficients. This figure clearly
illustrates that the constraints on the 12 coefficients fz, f,

Swwws faws fo.1s fg.)Q’ f$,>Q’ fg.)w fg,)d’ f£1>1,)ud’ fEDI.)e’ and
[, from the combined analysis of EWDBD at LHC and
EWPD are robust independently of the inclusion of the
dipole operators in the analysis.

A. Comparison with EWPD bounds

Figure 1 also illustrates the power of the high-energy
LHC data in diboson gauge production to impose severe
constraints on the electroweak dipole couplings of the
light quarks. We quantify how much these bounds

improve over the ones from EWPD in Fig. 2, in which
where we show in the red line the constraints from the
above analysis together with those obtained from Z- and
W-pole EWPD exclusively (black lines). To estimate the
dependence of the EWPD bounds on the presence of other
operators contributing to those observables, we show also
the results when the coefficients of all nondipole operators
are set to zero (the black dashed line in Fig. 2). As
expected, the bounds are only a bit stronger [about a factor
O(30%)] when no other contribution is included. As
mentioned above, dipole operators enter quadratically in
EWDP observables, so their contribution cannot cancel
against that of any other dimension-6 operator. The
bounds derived, however, assume that there will be no
cancellation against possible effects of dimension-8
operators.
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—— EWDBD R1+2(W DIP,16 OP) + EWPD(W,/0 DIP, 9 OP)

—— EWPD(W DIP, 13 OP) ---- EWPD(DIP ONLY, 4 OP)

10: EILRRALL D ILLLAL LN R I “‘””'l i

"¢ 6F i
?0_1 uu1l LJLLLL%JO'l AT i uumi Ll :lulo =

ol /A2 (TeV)2 Il /A2 (TeV)™

10 gy AR B B B
8- .
4E T
0 — wl vl A ool el 0 3
10 1 10 1 10

If ol /A2 (TeV)™? If ol /A2 (TeV)™2
FIG. 2. Ay?* dependence on the four fermionic Wilson coef-
ficients of the dipole operators from the combined analysis of
diboson data and EWPD after marginalizing over the 15 undis-
played coefficients (full red lines), EWPD after marginalizing
over the 12 undisplayed parameters (full black lines) and EWPD
with only the four-quark dipole operator after marginalizing over
the three undisplayed coefficients (black dashed line).

As seen in Fig. 2, the bounds from EWPD are weaker
than those from LHC EWDBD by more than an order of
magnitude. The reason for this is twofold. First, the EWPD

7.4(] 7.2[) (.) 2.0 4.()
fup/ A} (TeV™2)

R — 0 50
F,, /A2 (TeV™2)

constraints are mainly driven by the Z hadronic observ-
ables, which bound the combinations F,;/ A? in Eq. (2.3),
which means that there is a large degeneracy between
the constraints on f,/A? and tan® Oy, f .5/ A*. The degen-
eracy is broken only by the data on the W width, which
is much less precisely known. Second, the contributions
from dipole operators to EWDBD grow as s, as seen in
Egs. (3.9)—(3.14) and hence the power of the high-energy
LHC data to constrain them.

These behaviors are explicitly displayed in Fig. 3, in
which we show the strong correlations in the 95% allowed
region from the EWPD analysis in the plane f,y / A% vs
fqB /A?. We also present in this figure the corresponding
allowed region on the plane F,;/A*vsF,,/A* from which
we can see that the EWPD bounds on the electric
dipole coupling F,,/ A? are visibly weaker. On the other
hand, as seen in Egs. (3.9)—(3.14), the production of
pairs of electroweak gauge bosons receives independent
contributions from different combinations of the effective
light-quark dipole couplings to Z, W, and y. Therefore,
the inclusion of the EWDBD in the analysis helps
constraining both the Z and y dipole couplings with
similar precision. This is explicitly shown in Fig. 4, in
which we plot the 95% allowed region from the EWDBD
analysis in both planes f,w/A* vs f,p/A* and F,;/A?
vs Fy/A%

IV. EFFECTS IN DRELL-YAN PRODUCTION

One of the cleanest processes at LHC is the Drell-Yan
production of pairs of high invariant-mass electrons and
muons. Light-quark dipole operators contribute to this
process in the production vertex of the intermediate Z
and y and hence can be constrained by these precise
LHC results. Furthermore, the dipole operators also lead

0 0 0 20 40
fap/ N (TeV™?)

50 0 50
Fy, JAX(TeV™2)

FIG. 3. 95% allowed region from the EWPD analysis in planes f,w/A? vs f,p/A* and F,;/A* vs F y/A*.
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FIG. 4. 95% allowed regions from the combined EWDBD analysis (red lines) and the combined DY data analysis (black lines) in the

planes fqW/A2 Vs qu/A2 and FqZ/A2 Vs qu//\z.

to a mild energy growth in the corresponding helicity
amplitudes gg — £~ ¢+, which at high energy behave as

Alg g, —» ¢2¢7)
=A(q_q- - ¢=¢7)

) F 1 1 F
- ing|——2 —— 452 ) 2]
v ()

(4.1)

Ag+qy — £361) = Alg-g- — ¢321)

2 F F
=l ssing |~ W IIZ) - (49)
\/Z A CwA

where 6 is the center-of-mass polar scattering angle.

Both ATLAS and CMS have published in
Refs. [44,45], respectively, the final results of the Run
1 Drell-Yan measurements in the form of differential
Drell-Yan cross section as a function of the invariant
mass of the lepton pair after correction for detector effects
and also giving a very detailed account of the systematic
and theoretical uncertainties after the unfolding of detec-
tor effects. These data allow us a very straightforward
comparison with the invariant-mass differential cross
section predictions including the effect of the dipole
couplings.

As for Run 2, CMS has also presented the correspond-
ing differential cross section results but only for a small
integrated luminosity [46]. However, both collaborations
performed a search for high-mass phenomena in dilepton
final states using larger Run 2 samples [47,48]. These
data can also be analyzed to study the effect of dipole
operators. In this case, we follow a procedure similar to
that sketched in Sec. III for the analysis of EWDBD. We

simulate the eTe™ and y"u~ invariant-mass differential
distributions within the cuts of the experimental searches
using the packages MADGRAPHS [35], PYTHIA6.4 [38] and
DELPHES [39]. The SM predictions from this procedure
are then normalized bin by bin to the predictions provided
by the experimental collaborations, and the obtained
correction factors are subsequently applied to the pre-
dicted distributions in the presence of the dipole operators.

In summary, we include the data samples in our Drell-
Yan analysis,’

Integrated Number of
Luminosity (fb™!) Mgy data points
ATLAS 36 tb~! 250-6000 GeV 6+6
13 TeV [47]
CMS 36 fb~! 200-3000 GeV 6+6
13 TeV [48]
ATLAS 20.3 fb~! 200-1500 GeV 8
8 TeV [44]
CMS 19.7 fb~! 200-2000 GeV 11
8 TeV [45]

and with those and the information provided by the
experiments on the systematic and theoretical uncertainties
and correlations, we build a binned log-likelihood function,

XzDY(fququ’de’de)’ (43)

where for simplicity we have set to zero the coefficients of
all other operators contributing to the process.

'We only consider in the analysis the bins with invariant mass
above approximately 200 GeV where the dipole operator con-
tribution is potentially more relevant. Also, for better statistical
significance, we have combined in one bin the data for the last
three invariant-mass bins in Ref. [47].
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As discussed in the previous section, the amplitudes
generated by dipole operators do not interfere with the SM
ones nor with those generated by the other dimension-6
operators in Eq. (2.11), and therefore no cancellation of
their effects is possible. So, as it was the case in the analysis
of EWDBD and of EWPD, the constraints from DY on the
Wilson coefficients of dipole operators can only be margin-
ally affected by the inclusion of other operators in the
analysis.

The results for the DY analysis are depicted in Fig. 5, in
which we display one-dimensional projections of the Ay3.
as a function of the Wilson coefficient of each dipole
operator after marginalizing over the other three. We show
the results using each of the data samples separately and the
combination. As seen in the figure, the constraints imposed
with the analysis of the ATLAS 8 Run 1 DY results are
substantially stronger than those obtained from the analysis
of the corresponding CMS Run 1 data.

We trace this difference to the fact that the ATLAS
results are slightly lower than the SM predictions in all bins
included in the analysis (see Table 12 in Ref. [49]), which
results in bounds that are about two times stronger than the
expected sensitivity from data centered in the SM pre-
dictions. On the contrary, CMS finds a mild excess of
events with respect to the SM predictions for invariant

—— DY ATLAS Run1
-==-=- DY ATLAS Run2 —— DY Combined Run 142
—— DYCMS Runt
---- DYCMS Run2
1 O T T TTTTT ‘ I LI \g \g
N BE = =
g
43 1 1
0 E E 3
107" 1 10" 1
If,l /A (TeV) ™2 If ol /A2 (TeV)™
1 O \E T T TTTT ‘ L] T \E
;
8 3 ; E
;
~ 6 =
x E
< 4 é
O = 1 11 Ig
10 1 107! 1
Il /A (TeV)? Il /A2 (TeV)2
FIG. 5. Ay? dependence on the four fermionic Wilson coef-

ficients of the dipole operators for the analysis of DY data (see the
text for details).

masses between 200 and 500 GeV where the data are most
precise (see Fig. 3 in Ref. [45]). This weakens their
constraints by about 20%. The analysis of the Run 2 data
yields bounds very much within the expected sensitivity
from measurements compatible with the SM.

Comparing the results in Fig. 5 with those from EWDBD
analysis in Fig. 1, we find that the combined analysis
of the Drell-Yan data can yield slightly stronger (weaker)
bounds on the coefficients of the quark dipole operators
O, (O,w). However, as seen in Fig. 4, DY results totally
resolve the light-quark dipole couplings to Z and y and,
consequently, yield stronger constraints over those
projections.

V. DISCUSSION

In this work, we have studied the power of the high-
energy LHC data to reveal the effects associated to
electroweak dipole couplings of the light quarks. We have
focused on two types of processes: pair production of
electroweak gauge bosons and Drell-Yan lepton pair
production. Because of their different tensor structure,
the amplitudes induced by these couplings do not interfere
with the SM ones nor with those generated by the other
dimension-6 operators that modify the gauge-boson cou-
plings to fermions and TGCs. Consequently, we find that
the constraints derived on all the Wilson coefficients of
those nondipole operators entering the tests of the electro-
weak gauge-boson sector are robust under the inclusion of
the light-quark dipole operators.

Dipole couplings of the light quarks to the weak gauge
bosons have been explored in the past using the precise data
of the on-shell Z and W couplings to fermions. Our results
show that analyses of LHC data improve over those by
more than 1 order of magnitude. This is explicitly quanti-
fied in Table I, in which we contrast the resulting
constraints from the analysis of the data on EWDBD
and DY at LHC with those from the pole measurements.
The improvements in the constraints are due to the growth

TABLE 1. Comparison of the 95% upper bounds for the Wilson
coefficients of the light-quark dipole operators for the different
analysis performed in this work.

95% C.L. |f]/A? (TeV~2)

EWPD EWDBD + EWPD DY
fus 41 1.9 0.78
Fuw 10 0.29 0.53
fas 38 1.9 0.96
Faw 10 0.36 0.60
F,, 51 1.8 0.78
F.z 7.0 1.3 1.2

Fg, 48 1.8 0.91
F,y 5.8 1.4 1.4
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of the dipole contribution with energy, as well as the similar
sensitivity of the LHC data to the dipole couplings to Z and
y s. Consequently, as seen in this table, the LHC bounds on
the combinations entering the dipole couplings to the Z and
the photon are comparable.

It is important to stress that the constraints derived with
LHC data are obtained in the asymptotic free regime for the
light quarks. So, in this respect, the information provided
by LHC complements the more model-dependent limits
on the dipole couplings of the light quarks, which can be
derived from measurements of the anomalous magnetic
moments of hadrons [50].
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