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Effect of fermionic operators on the gauge legacy of the LHC Run I
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We revisit the extraction of the triple electroweak gauge boson couplings from the Large Hadron
Collider Run I data on the W*W~ and W*Z productions when the analysis also contains additional
operators that modify the couplings of the gauge bosons to light quarks and the gauge boson self-energies.
We work in the framework of effective Lagrangians where we consider dimension-six operators
and perform a global fit to consistently take into account the bounds on these additional operators
originating from the electroweak precision data. We show that the constraints on the Wilson coefficients
fp/A? and fy,/A? are modified when we include the additional operators while the limits on fyyy /A2

remain unchanged.
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I. INTRODUCTION

The CERN Large Hadron Collider (LHC) has already
accumulated an impressive amount of data that allow for
precise tests of the Standard Model (SM), as well as, a
plethora of searches for physics beyond the standard model.
Moreover, the discovery of a new state [1,2], probably the
Higgs boson predicted by the SM, was the first step towards
the direct exploration of the electroweak symmetry break-
ing sector.

Within the framework of the SM, the trilinear and quartic
vector-boson couplings are completely determined by the
SU(2), ® U(1), gauge symmetry. Therefore, the scrutiny
of these interactions can either lead to an additional con-
firmation of the SM or give some hint of the existence of new
phenomena at a higher scale. The triple gauge couplings
(TGC) were for the first time directly probed at LEP2 [3]. At
the LHC the largest available center-of-mass energy allows
for further tests of TGC. In fact, the ATLAS and CMS
collaborations’ studies of the WW~ [4,5] and W*Z [6,7]
productions were already used to constrain the TGC.
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The combined analysis of the LHC Run I production of
electroweak gauge boson pairs performed in Ref. [8] showed
that the TGC measurement is already dominated by the LHC
data with better precision than the previous results from
LEP2 [3]. Furthermore, the analyses of the Higgs boson
properties in the framework of dimension-six effective
operators can indirectly shed light on TGC [9,10] by
improving the accuracy of the TGC determination [11-16].

Recently, the authors of Refs. [17,18] discussed that
changes in the couplings of gauge bosons to fermions, even
within the constraints of electroweak precision data
(EWPD), could lead to modifications of the kinematical
distributions in gauge boson pair production of comparable
size to the ones stemming from the purely anomalous TGC.
This motivates us to revisit the analyses of the LHC Run I
data on the leptonic WTW~ and W*Z productions to
quantify the impact of anomalous couplings of gauge
bosons to fermion pairs on the TGC bounds when con-
sistently including in the statistical analysis the EWPD that
comprise Z peak observables [19], W observables [20] and
the Higgs mass [21].

We work in the framework of effective Lagrangians
parametrizing the departures from the SM by dimension-six
operators. Altogether, as described in Sec. II, the combined
analysis of Run I and EWPD data comprises a total of 11
operators of which a subset of nine enter the gauge boson
pair production at the LHC via modifications of the TGC,
of the gauge boson couplings to fermions, as well as,
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contributions to the oblique parameters. Section III con-
tains the details of our analyses while our results are
presented in Sec. IV. They show that the largest impact on
the LHC Run I constraints on TGC is on the operator Op
for which its 95% C.L. allowed range shifts and it also
becomes ~30% wider. The impact on Oy is somewhat
smaller while the constraints on Oy are not affected by
the inclusion of the additional operators. We summarize
and discuss our results in Sec. V.

II. DIMENSION-SIX OPERATORS

In this work we are interested in deviations from
the Standard Model relevant to gauge boson pair produc-
tion at the LHC. We parametrize those in terms of higher-
dimension operators as

Lep = Lom + Z

n>4 ]

fn]

7 Onjs (2.1)

where the O, ; operators are linearly invariant under the SM
gauge group SU(3), ® SU(2), ® U(1)y. Here we assume
C and P conservation. The first operators that impact the
LHC physics are of n = 6, i.e., dimension six. The most
general dimension-six operator basis respecting the SM
gauge symmetry, as well as baryon and lepton number
conservation, contains 59 independent operators, up to flavor
and Hermitian conjugation [22,23]. Since the S-matrix
elements are unchanged by the use of the equations of
motion (EOM), there is a freedom in the choice of basis [24—
27]. Here we work in that of Hagiwara, Ishihara, Szalapski,
and Zeppenfeld [28,29] for the pure bosonic operators.

A. Bosonic operators

There are nine C- and P-conserving dimension-six
operators in our basis involving only bosons that take part
at tree level in two-to-two scattering of gauge and Higgs
bosons after we employ the EOM to eliminate redundant
operators [30]. Of those, five contribute to electroweak
|

Oy = O (iD,®) (Liy"L)).

Og)g.ij = ‘DT(lBy‘I’)(QJ’ Q,)

Og;,zj = ‘I)T(lBuq))(”R J’””R )s

O‘(DIL)td.ij =& (lB @) (itg,y*dg, +H.c.),

where we defined ® =iz, ®*, &' D, & =d"D,d— (D,®) d
and ®'D,® = O TD,® — (D,®) T4® with T¢ = 54/2.
We have also used the notation of L for the lepton doublet, Q
for the quark doublet and f for the SU(2), singlet
fermions, where 7, j are family indices.

In order to avoid the existence of blind directions [31,32]
in the analyses of the EWPD we use the freedom associated

gauge boson pair production at LHC after finite renorm-
alization effects are accounted for. In particular there is just
one operator that contains exclusively gauge bosons
In addition there are four dimension-six operators that
include Higgs and electroweak gauge fields

OW = (DMQ)>TW””(DDQ))’ OB = (D q))TBlw(qu))a

)z
Opy =B, W, Op1 = (D,®) ®DT(DFD).

(2.3)

Here @ stands for the Higgs doublet and ¢“ are the
Pauli matrices. We have also adopted the notation
Bw =i(g/2)B,, and W;w =i(g/2)c"Wj,, with g and ¢
being the SU(2), and U(1), gauge couplings respectively.

The first three operators in Egs. (2.2) and (2.3) directly
modify the TGC, thus, affecting the ff — V'V scattering,
where V stands for the electroweak gauge bosons. On the
other hand, the operator Ogy, (Og 1) is associated with the
S (T) oblique parameter and is constrained by the EWPD.
However, these operators also modify the TGC once the
Lagrangian is canonically normalized.

B. Operators with fermions

Our operator basis contains 40 independent fermionic
operators, barring flavor indices, that conserve C, P and
baryon number and that do not involve gluon fields. Of
these operators there are 28 of them that do not take part in
our analyses since they either modify Higgs couplings to
fermions or are contact interactions. Moreover, we also do
not consider six that give rise to dipole interactions for the
gauge bosons. Therefore, the operators that contribute to
the processes analyzed here are

Of) = ot (iD,®)(0

@Q.ij

Ta Q/),

ng,ij = (I)-i-(iDﬂq))([‘l}/ T,L; )
(Oi
ng)i,ij = CDTUD;KD)( R; VMdR )s

ng,ij = q)T(iqu))(e_R,-yﬂeRj), (2.4)

with the use of EOM to remove from our basis the
following combination of operators [30]:

Zng’”’ and ZOgZ.w

Furthermore, to prevent the generation of too large flavor
violation, in what follows we assume no generation mixing

(2.5)

013006-2



EFFECT OF FERMIONIC OPERATORS ON THE GAUGE ...

PHYS. REV. D 98, 013006 (2018)

in the above operators. For the same reason we will
work under the assumption that the coefficient of the
potential source of additional ﬂavor violation, Oq,u dij 18
suppressed and can be neglected Also for simplicity
we consider the operators to be generation independent.
In this case the operators (’)gz and (’)gz are removed by
the use of the EOM. Therefore, in our basis, only the
operator O(I)e ;; modifies the Z coupling to leptons, while
there are additional contributions to the Z—quark pair
vertices originating from Od)u ij (’)g‘)i‘ij, Og)Q’ij, and
O,DQ’Z-]-. Moreover, the W coupling to fermions receives

extra contributions from Og)Q,ij and ng dij-

The operators Ogy, Og 1, Og)Q, OS)Q, (’)g)Q, (’)El,l,i,

Og}i, and (’)gg can be bounded by the EWPD, in
particular from Z-pole and W-pole observables [33].
In this work we focus on fermionic operators most
relevant for gauge boson pair production at the LHC
which are those leading to modifications of the quark
couplings to gauge bosons and we will not consider

Ogg in our TGC analysis but it is kept in the EWPD
studies. Furthermore, for completeness, we also include
the effect of the dimension-six four-fermion operator
contributing with a finite renormalization to the Fermi
constant

Orrir = (I:V”L)(I:}’”L)- (2.6)

Altogether the effective Lagrangian considered in this
work reads

Lesr = Lsm +fWWW Owww +fw Oy +fB Op

fBW
A2

fCDu

OBW+fq>1O¢1+fq>QO®Q+f¢QO¢Q

f(De Oge) +fLLLL

I
+ Od)u + o O<I>d+ A2 A2 Orrie-

(2.7)

C. Lorentz- and U(1),,,

After accounting for finite renormalization effects,
the part of the Lagrangian (2.7) relevant for our
analyses can be cast in a Lorentz- and U(1),,,-invariant
form as

-invariant parametrization

"This operator contributes only to the right-handed coupling of
the W, and therefore it does not interfere with the SM amplitudes
and, at linear order, is not constrained by the EWPD.

iel

ALsy = —ieAx,WiW pyH — y WJr Wy K

iecwAi ) .
- 2;;2 2y Wz, — zecWAKZw;wy 7

- ieCWAg1 (Wi WHZY —

z Zl//f A

W, Zn, W)

PL + AQQPR]II/f

SWCW
(W, (v Agid, Pry*
f Sw
+ 'y Mgy Prwe) + Heel, (2.8)
where P p are the chirality projectors. The TGC
effective couplings are
e?v?
Ak, = 852, 32 A2 (fw+fB=2fw)
ezvz 2s% 1
A 7W 9
g = 8L A A <fw+C29WfBW> 402 2fd>1
<2
Aky = Agf — X Ax,.
ciy
3e*M3,
Ay =4z = 252 A2 fWWW, (2.9)

where ¢y (sy) stands for the cosine (sine) of the weak
mixing angle and ¢y, is the cosine of twice this angle.
Notice that there are only three independent TGC due to
the linear realization of the SU(2), ® U(1), symmetry
in the dimension-six operators. The effective couplings
of the fermions can be written as

Ag) x = g} xAgi + O/ Agy + AG] g,

Agll, = Mgy + Agl,. (2.10)
gl _ L2 nf f_ _2nf

where g£ =T5 —syQ and gy = —sy O/ are the SM

couplings. The first contributions to these anomalous

couplings originate from finite renormalizations due to
OBW and O(D,l

A 1( T) A w2 (2, (aT) S)
=—(aTl), =— ——al),

g1 3 92 Cany, w dsy

A W oo (2.11)
gw = a as, .
W 2C2‘9W 4C29W

with the oblique parameters given by

2 1 02
aS:—ez%fBW, ol = —=~

2pf¢’l' (2.12)

The fermionic dimension-six operators in Eq. (2.7) give
rise to additional contributions
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,1)2 2

~u 3
Agr = _W(“f@)g —fﬁpé%

AF! =—

- v
Aggr= —Wqu

2
- v 1
8A2 <4f<I)Q +f<I)Q) Ag%:_mffba)l’
2

U =e v 1
Agv&lemfcbgv AgR:_WfEDe)' (2.13)

The anomalous TGC and gauge boson interactions with
quarks modify the high-energy behavior of the scattering of
quark pairs into two electroweak gauge bosons since the
anomalous interactions can spoil the cancellations built into
the SM. For the W*W~ and W*Z channels the leading

scattering amplitudes in the helicity basis are

A(d_d,.—W{Wy)

2
—zismé{ g

1 @3
sind{ =L 3kt )+ U= 4140) |
w

(2.14)

4

s
zpsme Swww,

A 51n0{92 WfB—l—fq)d}
(2.16)

A(d_d, — Wiw3) = (2.15)

A(d d_—WiW5)=

Alu_ii, > WiWy)

7
—i%sin9{24 2 (Bcwfw+swfs) __(fq>Q +4f<1>Q)}

A(u+ﬁ_—>W6rW5)1%sm9{ Wofp— fgg,}, (2.18)

Alu_ii, >WIWI)=A(d_ i, > Z.W7)

4

—stme Fwwws (2.19)
A(d_er — WaZO) SIH9{4\/_ 2\/—fq)Q}
(2.20)

where s stands for the center-of-mass energy and 6 is the
polar angle in the center-of-mass frame.

We notice that the leptonic operator O does not
contribute to the gauge boson production amplitudes at
the LHC. It only contributes to the decay rate of the Z boson
in the ZW channels and in the narrow-width approximation
its effect is subdominant. We will not consider it in the TGC
analysis but it is kept in the EWPD analysis.

III. ANALYSIS FRAMEWORK

In order to constrain the parameters in the effective
Lagrangian in Eq. (2.7) we study the W*W~ and W*Z
productions in the leptonic channel since these are the
measurements with the highest sensitivity for charged triple
gauge boson vertices. In doing so we consider the same
kinematic distributions employed by the experiments for
their anomalous gauge boson coupling analyses which
allows us to validate our results against the bounds obtained
by the experiments in each of the final states. More
specifically, the channels that we analyze and their kin-

(2.17) ematical distributions are
|
Channel (a) Distribution # bins (N,) Data set GOgig Opek Ciunc
WW — ¢t~ + Fr(0)) pl;adi“g-lep“’“ 3 ATLAS 8 TeV, 20.3 fb~! [4] 0.049 0.02 0.08-0.14
WW = 560~ + Er(0f)  Mpp0 CMS 8 TeV, 194 fb~' [5]  0.069  0.02  0.01-0.08
WZ — ¢te-¢0)=+ m?’z 6 ATLAS 8 TeV, 20.3 fb~! [6] 0.1 0.02 0.12-0.18
WZ — ¢t¢=¢0* + fr Z candidate p%’ 10 CMS 8 TeV, 19.6 tb~! [7] 0.15 0.02 0.15-0.25

For each experiment and channel, we extract from the
experimental publications the observed event rates in each
bin, N, as well as the background expectations N¢, ., and
the SM WHW~ (W*Z) predictions, N,

The procedure to obtain the relevant kinematical dis-
tributions predicted by Eq. (2.7) is as follows. First we
simulate the W*™W~ and W*Z productions using
MADGRAPH5 [34] with the UFO files for our effective
Lagrangian generated with FEYNRULEs [35,36]. We

employ PyTHIA64 [37] to perform the parton shower,
while the fast detector simulation is carried out with
DELPHES [38]. In order to account for higher-order cor-
rections and additional detector effects we simulate SM
W*+W~ and W*Z productions in the fiducial region
requiring the same cuts and isolation criteria adopted by
the corresponding ATLAS and CMS studies, and normalize
our results bin by bin to the experimental collaboration
predictions for the kinematical distributions under consid-
eration. Then we apply these correction factors to our
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FIG. 1. Allowed regions in the planes f5/A?> ® fyww/A? (left

panel) and f5/A% ® fy/A?* (right panel) at 1o, 95%, 99%, and
30 C.L. The black line stands for the border of the 95% C.L.
allowed region obtained by ATLAS [4].

simulated WV distributions in the presence of the anoma-
lous couplings. This procedure yields our predicted number
of signal events in each bin i for the “a” channel, N} 3"

The statistical confrontation of these predictions with the
LHC Run I data is made by means of a binned log-
likelihood function based on the contents of the different
bins in the relevant kinematical distribution of each
channel. Depending on the number of data events in the
bin we use a Poissonian or a Gaussian probability dis-
tribution for its statistical error. In constructing the log-
likelihood function we simulate the effect of the systematic
and theoretical uncertainties by introducing two sets of
pulls: two that globally affect the predictions of the event
rates in all bins in fully correlated form (which parametrize,
among others, the luminosity uncertainty, and theoretical
errors on the total cross section for the process and its
backgrounds), and Nj independent pulls, one per bin, to
account for the bin-uncorrelated errors arising from the
theoretical errors affecting the distributions, experimental
energy resolutions and, in general, any energy and/or
momentum dependence of the uncertainties. With this,
the number of predicted events in bin i for channel a is
N? = [(1 +§g1g)(1 +§ﬁunc)NZ;[ilgsys + (1 +§gck)N?,bck]' The
errors of these pulls are introduced as Gaussian bias in
the log-likelihood functions and are extracted from the
information given by the experiments. For completeness
they are reported in the table above.

In order to validate our simulation we obtain first the
95% C.L. allowed regions for the TGC for each channel
and experiment under the same assumptions the collabo-
ration used. For example, we present in Fig. 1 our two-
dimensional allowed regions using the ATLAS W+W~ data
and assuming that the only nonvanishing Wilson coeffi-
cients are fwww, fw and fp, with two of them different
from zero at a time, as in the ATLAS analysis. As seen in
the figure, our results for the 95% C.L. allowed region (blue
region) agree well with the one obtained by ATLAS, whose
border is represented by the black curve.

When including the effect of the additional operators we
must also account for their contribution to the EWPD. Our
construction of the y* function for the EWPD follows the
analysis in Ref. [33] to which we refer the reader for details.
In brief in our EWPD analysis we fit 15 observables of
which 12 are Z observables [19]:

Tz, oh Ale). Ry, As(SLD),
A, RY,RY, A, A, A%, and
A% (SLD/LEP-),

complemented by three W observables

My, I'y and Br(W — Av)

that are, respectively, its average mass taken from Ref. [39],
its width from LEP2/Tevatron [20], and the leptonic W
branching ratio for which the average in Ref. [39] is
considered. The correlations among these inputs were
presented in Ref. [19] and we take them into consideration
in the analyses. The SM predictions and their uncertainties
due to variations of the SM parameters were extracted
from Ref. [40].

Altogether we construct a combined y* function

1
XI%HC—RI-&-EWPD E)(I%HC—RI(vafB’ fWWW’fBW9f<I>,l»f,(/,,)Qv
3 1 1
Foo- Lyt 1)
| 3 1
+)(%WPD(fBW,f<I>,17f((ﬁ,)Q7f,(,5,)Q,f((b,i,,

f((]sl,f;[?f((/)l,)e’fLLLL)’ (31)
from which we derive the allowed ranges for each coef-
ficient or pair of coefficients after marginalization over all
the others.

Finally, for comparison, we also consider the constraints
from the LEP2 global analysis of TGC [3]. In order to do so
we follow the procedure in Ref. [8] and construct a
simplified Gaussian y? ., using the central values, ¢ and
the correlation matrix for the couplings Agl, Ak, and 4 and
their correlation coefficients from the final combined LEP2
analysis in Ref. [3] (reproduced in Table I for complete-
ness) which was performed in terms of these effective TGC

TABLE 1. Aglz, Ak, and 4 central values, standard deviations
and correlation coefficients from LEP2 [3].

LEP
68% C.L. Correlations

Agl 0.05170:931 1.00 0.23 -0.30

Ak, —0.06710 %) 0.23 1.00 -0.27

A —0.067- 0050 -0.30 0.27 1.00
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FIG. 2. Allowed 95% C.L. regions in the planes fy /A% ® f5/A? (top row), f5/A> ® fi/A? (middle row) and fyww/A?> ®
fw/NA? (lower row) for the different channels as labeled in the figure. In the left panels only fyww, fw and fj are considered nonzero in
the fit, while the right panels display the result from the 11-parameter fit. In each case we marginalize over the undisplayed nonzero

variables.

coefficients under the relations implied by the dimension-
six effective operator formalism for TGC. We notice,
however, that in extracting those bounds on the effective
TGC couplings, the LEP collaborations did not include the
effect of fermion operators. For that reason the combination
of those LEP2 bounds with our LHC Run I data and EWPD
is only shown for the purpose of illustration.

IV. BOUNDS ON TRIPLE GAUGE BOSON
INTERACTIONS

We start by showing the results of our analysis in terms of
the allowed ranges for the Wilson coefficients of the three
“canonical” TGC operators, fyww /A2, fw/A> and fgz/A>.
We depict first in Fig. 2 the 95% C.L. (two d.o.f.) allowed
regions in the planes fgz/A>® fw/A% fwww/A* ®
fp/A?* and fyww/A* @ fy/A? for the WW~ and W*Z
channels and for ATLAS and CMS, as well as the combi-
nation of these results. In order to assess the impact of
additional operators in the TGC extraction at the LHC we
first perform the “standard” analysis by fitting just these
three coefficients, and setting the coefficients of all other
operators to zero. The corresponding allowed regions are

shown in the left panels after marginalizing over the third
coefficient which is not displayed. Conversely the results of
the global analysis of the LHC Run I data together with
EWPD performed in terms of 11 nonzero Wilson coeffi-
cients [see Eq. (2.7)] are shown in the right panels. These
regions are obtained after marginalization over the 9 undis-
played coefficients.

One salient feature of Fig. 2 is that the W*Z bounds on
the Wilson coefficient f5/A? are much looser than the ones
on fy /A% and fyww/A>, as expected, because Oy does
not contribute to the leading term of the growth of the
scattering amplitudes; see Egs. (2.14)—(2.20).

For better comparison of the results obtained with and
without including the additional operators we overlay in
Fig. 3 the 1o and 95% C.L. allowed regions obtained
combining all channels and experiments for the two
scenarios. As we can see from this figure the addition of
more parameters leads to the expansion of the allowed
regions, as expected. Moreover, the region of fz/A?
suffers the largest shift towards positive values of this
parameter while there is a small shift in the fy,/A?
direction and there is no appreciable displacement along
the fwww/A2 axis.

013006-6



EFFECT OF FERMIONIC OPERATORS ON THE GAUGE ...

PHYS. REV. D 98, 013006 (2018)

50:““ T T T ETTTTT T T TS
40F =l
30

=N
oo
Frrrrr

|
-
(=]
T

fo/ N (TeV)™2
|

|
[
o
T
|
T
|

]
»
o

T

1

T

1

A I I 1 S TP TP I I
S g —4% -2 0 2 4
/N (TeV)2

Full regions LHC~RI (9 OP) + EWPD

- | Void regions LHC-RI (3 OP)

el
5 10
fu/N (TeV)™?

FIG. 3. 1o and 95% C.L. allowed regions in the planes
indicated on the axes. Here we consider the W W~ and W*Z
productions and the EWPD in the analyses. The data set and
parameters used are as indicated in the figure.

The corresponding dependence of the Ay? for the two
analyses with each of the three coefficients is given in Fig. 4
and from those we read the 95% C.L. one-dimensional
allowed ranges for each coefficient given in Table II. As
seen above, the Ay? distribution for fz/A> (fy/A?)
broadens and shifts to positive (negative) values when
we compare the results considering only the LHC Run I
data and three canonical parameters (solid black line) with
the one containing additional operators also constrained by
the EWPD (solid blue line). Quantitatively the effect is
slightly larger for fz/A? whose allowed range widens by
about 30% versus 20% for fy,/A>.

TABLEIL. 95% C.L. allowed ranges for the Wilson coefficients
of the dimension-six operators that contribute to the studied
processes in gauge boson pair production at the LHC. The ranges
for each parameter are obtained after marginalization of the
coefficients of all other operators contributing to each analysis. In
particular the results given in the third and forth columns are
obtained after marginalization over ffﬁll, and f;;;; as well.

95% allowed range (TeV~2)

LHC RI LHC RI
Coupling (3 OP) EWPD (90P) + EWPD
fu (=3.9.3.9) (=5.6.4.0)
I (~15,20) (~11,37)
Faww (=2.4,2.5) . (=2.4,2.6)
Fom L (~0.32,1.7) (~0.33,1.7)
for . (=0.040,0.15)  (~0.044,0.15)
0 . (~0.083,0.10)  (~=0.044,0.12)
78 S (~0.60,0.12) (~0.52,0.18)
£ . (~0.25,0.37) (~0.19,0.42)
fgz)l e (-1.2,-0.13) (—0.73,0.023)

The effect of each of the six additional operators on the
extracted range of the three ‘“canonical” TGC operator
coefficients is illustrated in Fig. 5 where we depict the two-
dimensional correlations between the three TGC coeffi-
cients and the additional ones. In each panel of this figure
we exhibit the 16 and 95% C.L. level (two d.o.f.) allowed
regions after marginalizing over the remaining parameters.
As we can see, fz/A” has a significant correlation only

with fgl)t /A? and to a lesser extent is (anti)correlated with
fg)Q J\? (ng /A? and fg)i/Az). This is expected as these
are the operator coefficients contributing the growth of the

scattering amplitudes into longitudinally polarized gauge
bosons [Egs. (2.14)—(2.20)]. In particular the correlation

with fgb)t//\2 can be understood from the scattering

—__LHC—RI(30P) __ LHC—RI (9 OP) + EWPD __.. LHC—RI (9 OP) + EWPD + LEP2
9 TT "\ T T
e 6 — _|
I [ | ]
3 — _|
O k\ 11111 '\, L1l \7 1 |
-10 0 10

fo/ N (TeV)™?

fo/ A2 (TeV)™

fowe/ N2 (TEV)2

FIG. 4. Ay? dependence on the fy /A (left panel), fz/A* (central panel) and fy /A% (right panel) parameters after the
marginalization over the remaining fit parameters. The solid black line stands for the standard TGC analysis, while the solid blue
line represents the nine-parameter fit to the LHC Run I data and the EWPD. The dashed blue line differs from the solid ones just by the
addition of LEP2 data on TGC.
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FIG. 5.
the EWPD in the analyses.

amplitude in Eq. (2.18). Similarly fy,/A? shows a stronger
anticorrelation only with f g,ﬁ /A? and to a smaller degree is
correlated with f4,,/A% and fi)/A>. Finally from the third

column of this figure we can see that f /A% shows no
correlation with the additional parameters as expected
since Oywy contributes by itself to the energy growth of
the scattering amplitudes for transversely polarized gauge
bosons.

The impact of the LHC diboson production data on the
determination of the parameters directly constrained by the
EWPD is illustrated in Fig. 6 which depicts the Ay?
distribution as a function of these parameters where the
magenta (blue) line stands for the result obtained using the
EWPD (and the LHC Run I diboson production data).

The top left and middle panels of this figure show that the
addition of the LHC data does not alter the constraints on the

1o and 95% C.L. allowed regions in the planes indicated on the axes. Here we consider the W™ W~ and W*Z productions and

frw/A? and fg;/A* parameters. This is easy to understand
since these parameters do not modify the high-energy
behavior of gg — VV amplitudes; see Egs. (2.14)—(2.20).
This is expected from Og; as it only contributes to the
amplitudes via finite renormalization effects of the SM
parameters. The operator Opgy, on the other hand, also
directly modifies the TGC; however, its effects on the Z
wave-function renormalization cancel the growth with the
center-of-mass energy due to the anomalous TGC. From
the top right, bottom left and middle panels we can see that the

impact of the Run I data on fg)Q/A2, fg)Q/A2 and fgli)l/A2 is
marginal. f ga)z /A? is the only parameter whose Ay? distri-
bution gets significantly affected. The EWPD analysis favors
anonvanishing value for f, g; /A? at 26, aresult driven by the

2.7¢ discrepancy between the observed Ay and the SM. On
the contrary no significant discrepancy is observed between
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FIG. 6. Ay? dependence on fpyw/A% fo/A2 EI:)Q/AZ,
fgé//\z, fgg/Az, and ]‘EI)IZZ/A2 after the marginalization over
the undisplayed parameters. The magenta line stands for the

results using only the EWPD while the blue one is obtained
considering the EWPD and LHC Run I diboson production.

the observed LHC Run I diboson data and the SM. Hence

there is a shift towards zero of ffbl()i /A? when including the
LHC Run I data in the analysis. This slight tension results also
in the reduction of the globally allowed range.

fo/N (TeVv)™
|

30 e rrrri~40 =30 —20 -10 0 10
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|
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o lnebsdsent bl b
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T
|

"""" LHC-RI (9 OP) + EWPD + LEP2

FIG. 7. Two-dimensional 95% C.L. allowed regions in the
planes indicated on the axes. Here we consider the WHW~ and
w*z productions, LEP2 data on TGC and the EWPD in the
analyses. The lines are as shown in the figure.

We finish this section by comparing our results with the
bounds derived from LEP2 diboson data. To do so we plot
in Fig. 7 the two-dimensional 95% C.L. allowed regions for
the three combinations of the canonical TGC parameters
for the analysis with and without additional operators
together with the LEP2 results. As shown in Ref. [8],
the limits emanating from the canonical LHC Run I
diboson data (black solid line) are substantially more
stringent than those imposed by LEP2 (black dashed line).
As seen in this figure, enlarging the number of operators in
the LHC analyses, together with the EWPD, does not alter
this conclusion despite the growth of the allowed regions
(solid blue line). For illustration we also show in the figure
the allowed regions obtained by naively combining the
general LHC Run I+ EWPD analysis with the LEP2
information (see discussion at the end of Sec. III). As
seen, including LEP2 data in the approximation used leads
to a reduction of the allowed regions in the fp/A?
direction, as well as to a shift of it towards negative values
(see also the dashed blue line in Fig. 4).

V. SUMMARY

In this work we have quantified the impact of possible
anomalous gauge couplings to quarks on the TGC deter-
mination performed using the LHC Run I diboson data. In
order to carry out a statistically consistent analysis we have
included in addition the EWPD to constrain the couplings
between quarks and gauge bosons as well as the modifica-
tions of the gauge boson self-energies. We have worked in
the framework of effective Lagrangians so our study has
been performed including the 11 dimension-six operators
given in Eq. (2.7).

As a summary of our findings we present in Table II the
95% C.L. globally allowed ranges for the Wilson coef-
ficients of the nine operators that contribute to the LHC
Run I data considered. The comparison of the first and third
columns of this table shows that the addition of the new
operators modifies the TGC bounds on fz/A? and fy,/A?
coming from the LHC Run I diboson data. Quantitatively
the effect is slightly larger for fz/A? whose allowed range
widens by about 30% versus 20% for fy,/A%. The limits on
fwww/A?, on the contrary, are almost unaffected. Despite
these changes, the constraints on these parameters are still
dominated by the LHC Run I data, and are still substantially
stronger than those obtained from LEP2 data.

We have also learned from our analyses that the LHC Run I
diboson data is not precise enough to yield substantial
information on the gauge couplings to quarks in addition
to what is already known from EWPD; compare the second
and third columns of Table II. The only apparent exception is

f gc)l /A? which in the considered family universal scenario is
driven to be nonzero in the EWPD analysis by the discrep-

ancy between the measured A%, at LEP/SLC and the SM
while LHC Run I data shows no evidence of any deviation
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with respect to the SM. Nevertheless, these results allow us to
foresee that diboson production at the LHC will play an
important role in the analyses of anomalous couplings of
gauge bosons to quarks as the LHC increases its integrated
luminosity. Hence global analyses of LHC data and EWPD
are becoming necessary for a consistent determination of the
Wilson coefficients of the full set of dimension-six operators.
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