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We analyze the scattering of fermions, Higgs and electroweak gauge bosons in order to obtain
the partial-wave unitarity bounds on dimension—six effective operators, including those involving
fermions. We also quantify whether, at the LHC energies, the dimension—six operators lead to
unitarity violation after taking into account the presently available constraints on their Wilson
coefficients. Our results show that for most dimension—six operators relevant for the LHC physics
there is no unitarity violation at the LHC energies, and consequently, there is no need for the
introduction of form factors in the experimental and phenomenological analyses, making them model
independent. We also identify two operators for which unitarity violation is still an issue at the LHC
Run-II.

PACS numbers: 14.70-¢, 14.80.Bn

I. INTRODUCTION

The discovery of a scalar state with properties in agreement with those of the Standard Model (SM) Higgs boson
at the Large Hadron Collider (LHC) set the final stone in establishing the validity of the model. Presently there are
no high energy data that are in significant conflict with the SM predictions. In this framework, with no other new
state yet observed, one can parametrize generic departures from the SM by an effective Lagrangian constructed with
the SM states and respecting the SM symmetries, abandoning only the renormalizabilty condition which constrains
the dimension of the operators to be of dimension four or less. In particular the established existence of a particle
resembling the SM Higgs boson implies that the SU(3)c ® SU(2)r, ® U(1)y symmetry can be realized linearly in the
effective theory, an assumption under which we will work in this paper. In this framework the first departures from
the SM at the LHC which also respect its global symmetries appear at dimension-six [1, 2].

When using such an effective field theory (EFT) to quantify possible deviations from the SM predictions, one must be
sure of its validity in the energy range probed by the experiments. As is well known, the higher—dimensional operators
included in the effective Lagrangian can lead to perturbative partial-wave unitarity violation at high energies, signaling
a maximum value of the center—of—mass energy for its applicability. Unitarity thus imposes a condition on the energy
range of validity of the EFT additional to that defined by generic perturbativity which fails when higher-dimension
operators become as important as lower-dimension ones. In this respect unitarity bounds, such as the ones we will
derive in this work, represent a necessary but not sufficient condition on the validity of the EFT. If there is unitarity
violation we must either modify the EFT, e.g. by adding form factors that take into account higher order terms [3] or
restrict its use to analyze data in phase space regions where unitarity is not violated. Ultimately, another possibility
is to replace the EFT by an ultraviolet (UV) complete model.

In Ref. [4] we presented a general study of unitarity violation in electroweak and/or Higgs boson pair production in
boson and/or fermion collisions associated with the presence of dimension—six operators involving bosons, concentrat-
ing on those which are blind to low energy bounds. The rationale behind this choice was that not—blind operators were
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expected to be too constrained by electroweak precision data to be relevant. In this work we revisit this assumption
and extend the study to introduce the effects of these operators sensitive to low energy observables, and in particular
those involving the coupling of fermions to electroweak bosons. This is timely since the LHC has already started to be
able to probe triple electroweak gauge boson couplings with a precision comparable to, or even better than, LEP [5].
With such a precision the LHC experiments are already sensitive to deviations of the couplings of electroweak gauge
bosons to fermions that are of the order of the limits obtained using the electroweak precision data (EWPD) 6, 7].

In this paper we evaluate the unitarity bounds on bosonic and fermionic dimension—six operators from boson
pair production amplitudes. As in Ref. [4] we take into account all coupled channels in both elastic and inelastic
scattering and all possible helicity amplitudes. Moreover, we consistently work at fixed order in the effective Lagrangian
expansion!. We also study the variation of the constraints under the assumption of the flavour dependence of the
fermionic operators.

With these results we can address whether, at the LHC energies, the dimension—six operators can indeed lead to
unitarity violation after taking into account the presently available constraints on the anomalous couplings. This
is accomplished by substituting the present limits of the Wilson coefficients in our partial-wave unitarity bounds
to extract the center—of-mass energy at which perturbative unitarity is violated. In order to do so we consistently
derive the EWPD constraints on the coefficients of the non-blind operators. Our results show that for all dimension—
six operators relevant for the LHC physics, except for just two (Og 2 and Og 3), there is no unitarity violation at
the LHC energies, and consequently, we can safely neglect the introduction of form factors in the experimental and
phenomenological analyses, making them cleaner and free of ad-hoc parameters. In the case of the operator Og
there is no unitarity violation up to subprocess center—of-mass energies of the order of 2.1 TeV, meaning that we have
to be more careful in analyzing the high energy tail of processes where the Higgs boson can participate. On the other

hand for (951}3 perturbative unitarity holds for diboson (VV) subprocess center—of-mass energy less than 3.5 TeV.

This paper is organized as follows. Section II contains the dimension—six operators relevant for our analyses, while
we present in Section III the unitarity bounds for bosonic and fermionic operators (listing the unitarity violating
amplitudes in Appendix A). We discuss the consequences of these results in Section IV taking into account the
existing constraints on the Wilson coefficients of the dimension—six operators. We present the details of our fit to
the EWPD in Appendix B, while for completeness we summarize in Appendix C the unitarity constraints on fermion
dipole operators.

II. EFFECTIVE LAGRANGIAN

We parametrize deviations from the Standard Model (SM) in terms of higher dimension operators as

AndOni - (1)

Leg = Lsm + Z

n>4,j

The first operators that impact the LHC physics are of n = 6, or dimension—six. Their basis contains 59 independent
operators, up to flavor and hermitian conjugation, where we impose the SM gauge symmetry, as well as baryon and
lepton number conservation [1, 2]. Of those, 49 can be chosen to be C and P conserving and do not involve gluons.
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 [16-19]. Here we work in that of Hagiwara, Ishihara, Szalapski, and Zeppenfeld [20, 21].

A. Bosonic Operators

Assuming C' and P conservation there are nine 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 [22]. We group these operators according to their field content. In the first class there is just
one operator that contains exclusively gauge bosons.

Owww = Te[WIWEWH] (2)

L Other studies in the literature have been performed either considering only one non-vanishing coupling at a time, and/or they did not
take into account coupled channels, or they worked in the framework of effective vertices [3, 8-15]



In the next group there are six operators that include Higgs and electroweak gauge fields.

Oww = W, W | Opp = ®'B,, B |
Opw = @B, WHo | Op1 = (D,®)0dT(DH) | (3)
Ow = (D,®)'Wm(D,®) , Op = (D,®)'B™(D,®) .

The final class contains two operators expressed solely in terms of Higgs fields
1 1
Opo = 5a#(<1>T<I>)aﬂ(<1>T<1>) and Ogp3 = g(<1>T<I>)3 : (4)

Here @ stands for the Higgs doublet and we have adopted the notation E;w =1i(¢9'/2)Buv, /V[ZW =1i(g/2)0" W,
g and ¢’ being the SU(2)., and U(1)y gauge couplings respectively, and ¢® the Pauli matrices.

The dimension-six operators given in Eqs. (2)-(4) affect the scatterings VV — V'V and ff — VV, where V stands
for the electroweak gauge bosons or the Higgs, through modifications of triple and quartic gauge boson couplings,
Higgs couplings to fermions and gauge bosons, interactions of gauge bosons with fermion pairs, and the Higgs self-
couplings; see Table I. Moreover, these anomalous couplings enter in the analyses of Higgs physics, as well as, triple
gauge couplings of electroweak gauge bosons and were analyzed in [4, 22-25].

with

B. Operators with fermions

After requiring that the dimension—six operators containing fermions conserve C, P and baryon number, we are left
with 40 independent operators (barring flavour indexes) in our basis which do not involve gluon fields. We classify
them in four groups. In the first group there are three dimension—six operators that modify the Yukawa couplings of
the Higgs boson, and therefore do not contribute to the processes that we study at high energies. The second class
possesses 25 four—fermion contact interactions that again do not take part in our analyses.

The third group includes the operators that lead to anomalous couplings of the gauge bosons with the fermions
that exhibit the same Lorentz structures as the SM vertices and are relevant for our analyses. This class contains
eight dimension—six operators

0) ;= @ (iD®) (LirLy), 08) . = B (1D @) L ToL),

Ol 5 = 911D, 9)(Qr"Q;), O, ;= B (D% B) Qi T.Q,).

05l = 2 (Dy®)(eny"er,). o)
Oy = (1D, @) (ury ur, ).

04}, = B (D, @) (dr, 1 dr,),

O = ®1(iD,®)(iip, A dr, +h.c.),

- < Ins
where we defined ® = ioy®*, ®'D,® = ®'D,® — (D, ®)'® and D%, & = &1T*D,d — (D, ®) T*® where T* = 0/2.
We have also used the notation of L for the lepton doublet, @ for the quark doublet and fg for the SU(2)y singlet
fermions, where i, j are family indices.

The set of operators in Eq. (5) is redundant as two can be removed by the use of the EOM of the electroweak gauge
bosons. We chose to remove from the basis the following combinations of fermionic operators [22]?

ZOQLW and ZOQM . (6)

We notice that the operators in the third group not only contribute to VV — VV and ff — VV processes, but
they can also be bounded by the EWPD, in particular from Z-pole and W-pole observables; see Section IV and

2 This is a different choice with respect to the basis in Ref. [2], there these two fermionic operators are kept in exchange of the bosonic
operators Oy and Op.



VVVI|VVVV|HVV|HVVV|HHVV|HHH|HHHH|Hff|Zgq|Zll|Wad|Wiv

Owww X X

Oww X X X

Ogs X X

Ow X X X X X X |X| X | X

Ow X X X X X

Op X X X X

Og 1 X X X X X X X | X|[X| X | X

Og 2 X X X X X

Os 3 X X

077, 051, 0% x

0%y, X X

o], X
042,08/, X

o) X X | x

TABLE I: Couplings relevant for our analysis that are modified by the dimension—six operators in Egs. (2)—(5). Here, V stands
for any electroweak gauge boson, H for the Higgs and f for SM fermions.

Appendix B. By using the EOM to remove the combinations in Eq. (6) we have selected the operator basis in such a
way that there is a clear separation between those constrained-by and those blind-to the EWPD bounds [22].

To avoid the generation of too large flavor violation, in what follows we assume no generation mixing in these
operators, that is, for any operator O;; = O;;0;;.

Finally we notice that the complete basis of dimension—six operators also contains a fourth group of dipole fermionic
operators (i.e. with tensor Lorentz structure) and that can participate in two-to—two scatterings of fermions into
gauge and Higgs bosons but that do not modify the Z—pole and W—pole physics at tree level, since their contributions
do not interfere with the SM ones. They are

OeW,ij = iLicr“"ﬁRijWq) 5 OeB,ij = iLZ—cr“"ﬁRijﬂ,,CI) 5
Ouww,ij = 1Qi0" urp ;W ® OuB,ij = 1Qi0" ur ;B ® (7)
Oaw,ij = 1Qi0c"dr ;W ® | OaB,ij = 1Qic" ur jBL,®

where ,5 are family indices. These operators lead to partial-wave unitarity violation in different channels from the
operators in Eq. (5), and therefore can be bounded independently. For completeness we present the corresponding
unitarity violating amplitudes and bounds in Appendix C.

IIT. CONSTRAINTS FROM UNITARITY VIOLATION IN TWO-TO-TWO PROCESSES

Let us start by studying the unitarity violating amplitudes associated with the bosonic operators listed in Eqgs. (2)—
(4) of which all but Og 3 lead to amplitudes which grow with s in the two-to—two scattering of electroweak gauge
bosons and Higgs

Via, Vo, = Vo, Vay, - (8)

The helicity amplitude of these processes is then expanded in partial waves in the center—of-mass system, following
the conventions of [26]

1 V; \% i
M(Viy, Var, = Var,Vay,) = 1672 (J-i- 5) \/1 + 6Vfif \/1 + 5V:::d§#(9) e™MP T (Viy, Vax, = Var,Van,) 5 (9)
J
where d is the usual Wigner rotation matrix and A = Ay — Ao, p= A3 — Ay, M = A1 — Ao — A3 + Ayg, and 6 (y) is the
polar (azimuth) scattering angle. In the case one of the vector bosons is replaced by the Higgs we use this expression
by setting the correspondent A to zero.

The helicity scattering amplitudes for the operators O 1 and Opw are presented in the Appendix A, while the
corresponding amplitudes for the other bosonic operators can be found in Ref. [4]. Notice that the contributions of the



bosonic operators to VV — V'V scattering amplitudes grow with s since the gauge invariance leads to the cancellation
of potential terms growing as s? [27]. Moreover, all bosonic operators contribute to the J = 0 and J = 1 partial
waves, however, Owww also leads to the growth of J > 2 amplitudes. Nevertheless, the most stringent bounds come
from the J = 0 and 1 partial waves, therefore, we restrict our attention to these channels. Furthermore unitarity
violating amplitudes arise for the three possible charge channels @ = 0, 1, 2; see Ref. [4] for notation and a list of all
the states contribution to each (@, J) channel.

In order to obtain the strongest bounds on the coefficients of the eight operators, we diagonalize the six matrices
containing the TjQ] amplitudes for each of the (Q,.J) channels and impose that all their eigenvalues (a total of 59)
satisfy the constraint

|TJ(‘/1>\1‘/2>\2 - ‘/1)\1‘/2>\2)| <2. (10)

Initially we obtain the unitarity bounds on the eight bosonic operators assuming that only one Wilson coefficient
differs from zero at a time. This is a conservative scenario, i.e. leads to stringent bounds, since we do not take into
account that more than one operator contributing to a given channel could lead to cancellations and therefore looser
limits. For this case we obtain:

Lgs| <33 Lt <50 Lys| <87

f—";s‘§617 , vavzws}<99 , ezl <603 (11)
Isw o| < 456 fwww (| < g5

Az S| > » Az S| >

Next we study the constraints on the full set of eight bosonic operators when they are all allowed to vary. In order
to find closed ranges in the eight-dimensional parameter space we need to consider also the constraints from fermion
annihilation into electroweak gauge bosons [3]. To do so we obtain the helicity amplitudes of all processes

fro facs = VarsVan, (12)

and then perform the expansion in partial waves of the center—of-mass system; for further details and conventions see
Ref. [4].

We present in the Appendix A the leading order terms of the scattering amplitudes that give rise to unitarity
violation at high energies taking into account the dimension—six operators in Egs. (2)—(5). These amplitudes are
proportional to d,,,—o, since we neglect the fermion masses in the high energy limit. It is interesting to notice
that the dimension—six operators Owww, Ow and Op modify the triple electroweak gauge boson couplings (TGC),
therefore, as expected, their presence would affect the SM cancellations that cut off the growth of the ff — VV
amplitudes. On the other hand, the operator Opy also modifies the TGC, however, its effects on the Z/v wave
function renormalizations cancel the growth with the center—of-mass energy due to the anomalous TGC. Similar
cancellations occur for Og 1 which contributes to triple gauge vertices, as well as the coupling of gauge bosons to
fermions.

In order to obtain more stringent bounds and to separate the contributions of the different operators, we consider
the processes [3]

X = VaxgViny (13)

where X is a linear combination of fermionic initial states:

| X) = Zx.flle.f202|f101f202> ’ )
fios

with the normalization >, |Tf,01,f200 | = 1. The corresponding bounds read [3]
2
S TI(X = Ve V)| <1 (15)
Vaxg:Vax,

In particular using the linear combinations as displayed in the first three lines of Table II we are able to impose
independent bounds in each of the Wilson coefficients of the three bosonic operators participating in the ff — VV
scattering amplitudes.
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Ng Ne
1 -t - _ 4 Ja @ —a 17— 17— 3¢ fwww s
ml;( eTael vl +;( Ao s+t uﬂ)>> WHAW™, WEW i g /2N (Ne + 1) 220 A
Ng
1 - ot > T /N s
\/2Ng ‘Z, (e*i eri Tt 1/,‘11/4“1)) Wo W RTwor 12\/§7r g Z sy\x\z fzs
1 . ﬁ et 7 wWrw.o— Ng g% fw s
V2Ng ‘Z €—iChi Vﬁ"y+'1)> o "o +Z12\/27r 24 A
v - - . Ng 14
gNg \Z Tt v iviatel et ) Wiwg _212\1/57 N fig s
i=1
Ng Ne f<1)
1 -+ = a  ra T — s
7Ngm+s)\; (267.16+.1 +2v iy ;uﬂ u,,,)) witwg ity 7WN3NL—M—V
1 A - o+ 5 . i ge wiw-— Ne  fh)s
m\; e_,el; + ViUt +;( Ladt i) o Wy 12\/27r \/W e
; Ne N. N aNgNe £ s
R [/ 7= __2NgNc J@Q7
Ng(ZN‘.+2)|; el voilhi + ; A+t ) WoWo +Zl2\/27r VNe(2Ne+2) A%
Ng
~ - _ - «  Ja r1ir— Ng 1 /8
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TABLE II: Initial fermionic states used to obtain bounds on the generation independent fermionic operators. We also present
the high—energy dominant terms of the corresponding amplitudes. We denote by Ny = 3 the number of generations while
N. = 3 is the number of colors. /s stands for the center—of-mass energy of the processes.

Combining those with the conditions from partial-wave unitarity of the 59 eigenvalues of the elastic boson scat-
tering amplitudes discussed above we find the most general constraints in the eight—dimensional parameter space.
In summary, allowing all coefficients to be nonzero, and searching for the largest allowed values for each operator
coefficient while varying over the other coeflicients, yields:

jA—s‘<209 , foa : fps| <436,
z ‘ 1460 | fyw | <319 2 s‘g 1340 | (16)
A — k)

As expected these bounds extend the region of validity of the effective theory with respect to the case where just one
Wilson coefficient is allowed to be non—vanishing. This is the most general scenario because it implicitly assumes that
the values of the Wilson coefficients are tuned to have the largest energy region where the effective theory is valid.

It is important to stress that both the one-dimensional bounds in Eq. (11) and the general bounds in Eq. (16) hold
independently of the values of the coefficients of the fermionic operators due to the choice of initial states in Table II.

A. Bounds on Generation Independent Operators

Now we focus our attention on the operators involving fermions, what require assumptions concerning their flavour
structure as we discuss next. Initially we assume that the new physics giving rise to the dimension-six operators is
generation blind. In this case we can drop the generation index in all coefficients. Therefore, the constraint on the
operators in Eq. (6) implies that the operators (’) L and (’) L are redundant.

As for the case of the bosonic operators, in order to obtain more stringent bounds and to separate the contributions of
the different operators we consider specific initial states X. In particular choosing the linear combinations as displayed
in Table IT we are able to impose independent bounds in each of the fermionic Wilson coefficients participating in the
ff — VV scattering amplitudes.

Starting from the states defined in Table II and the scattering amplitudes given in Appendix A we obtain the
partial-wave helicity amplitudes also listed in Table II. The corresponding constraints on the Wilson coefficients of
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TABLE III: Initial fermionic states used to obtain independent bounds on the generation dependent fermionic operators. We
also present the high energy dominant term of the corresponding amplitudes. In the last two lines j = 2, 3.

the fermionic operators are

(1) (1) (1)
, a8l <34, =ds| <23
(17)
f<1> fm él)d
—$<14, A25<123, wds| < 13

B. Bounds on Generation Dependent Operators

In this case first we need to eliminate the redundant operators in Eq. (6). In order to do so we define four independent
combinations of the six leptonic operators (’)<D 1.4 and (951}2 ;; Which are not removed by the EOM’s. They are

1 1 1 1 1 1
O<(1>222—11 = Osz,m - OEI)I)/,ll ) O<(1>233—11 = Osz,% - O<(I>£,11 )
(18)
3 3 3 3 3 3)
Osz 22—-11 — 051»2,22 - 0&2,11 ) Osz 33—11 — 051»2,33 - O<(I>L,11 )

1 3 3 .
and we denote the corresponding Wilson coefficients as f<DL 2211 éL) 33_11> éL) 99_11, and féL) 33_11 Tespectively.

It is interesting to notice that the sum over the three generations for the ) = 0 leptonic + — 00 amplitudes cancel
for the left-handed operators because this is the combination removed by the EOM. With this in mind we define
the initial states in Table III to impose bounds on each of the fermionic operators. Using these initial states and
the corresponding helicity amplitudes, the bounds coming from ff — VV on each of the Wilson coefficients of the
fermionic operators read

(1) (1) (1)

Trciis| <69 Tgigl <42 Tidgigl <34

f(l) f(3) f(l)

Qg <23 Qi gl <174, Srudiigl <22 (19)
& 18

s <53, s <213

with j = 2,3 in the last two inequalities. As expected, the above limits are weaker than the ones displayed in Eq. (17)
for the generation independent operators.



coupling 95% allowed range for f; /A% TeV~?)
Generation Independent‘ Generation Dependent
faw (—0.32, 1.7) (—0.90, 2.6)
fo1 (—0.040, 0.15) (—0.11, 0.23)
frLLe (—0.0430.013) (-1.3,-0.21)
Case Range
félci (—0.083, 0.10) (11) = (22) (—0.33, 0.29)
fé?’ci (—0.60, 0.12) (11) = (22) (—0.92, 0.64)
1 3
[53 + 1150 53| (—0.21, 0.041)
(L) (—0.25, 0.37) (11) = (22) (—0.19, 0.50)
() (-1.2, —0.13) (11) = (22) (=27, 1.9)
(33) (—1.3, —0.23)
2 — (22— 11) (0.005, 0.41)
(33— 11)  |(—0.63, —0.096)
Y — 22— 11)  |(~1.62, —0.060)
(33— 11) (0.38, 2.5)
(11) (—0.11, 0.049)
b (=0.075, 0.011) (22) (—0.15, 0.063)
(33) (—0.15, 0.044)

TABLE 1V: 95% C.L. allowed ranges for the Wilson coefficients of the dimension—siz operators that contribute to the EWPD.

Let us stress that the bounds on the coefficients of the fermionic operators in Eq. (17) for generation independent
and in Eq. (19) for generation dependent operators hold independently of the values of the coefficients of the bosonic
operators due to the choice of initial states in Tables IT and III.

IV. DISCUSSION

Let us start by noticing that even in the most general case, allowing for all operators to have non—vanishing
coefficients, we have obtained bounds that are closed ranges. This means that there is a bounded region of the
parameter space for which the effective theory is perturbatively valid. In other words there is no combination of
Wilson coeflicients that can extend indefinitely the energy domain where there is no partial-wave unitarity violation.

Second we want to address whether, within that region of coefficients, violation of unitarity can be an issue at the
Run II LHC energies. Our procedure to quantitatively answer this question is to determine the maximum center—of-
mass energy for which the unitarity limits are not violated given our present knowledge on the Wilson coefficients of
the dimension—six operators from lower energy data. For definiteness we considered the maximum allowed value of
these coefficients at the 95% confidence level in our analysis. Clearly the results depend on this hypothesis and the
energy range where perturbative unitarity holds is extended if we consider these coefficients at 68% confidence level.

In this respect EWPD gathered at the Z—pole and W—pole lead to stringent constraints on operators contributing at
linear order to these observables and these results are model independent. These are the fermionic operators leading
to Z and W couplings to fermions with the same Lorentz structure as the SM, most of the fermionic operators in
Eq. (5), together with the bosonic operators Opw and Og 1. The 95% CL allowed range for their coefficients obtained
from a global analysis performed in the full multi-dimensional parameter space are presented in Table IV; further
details of the analysis are given in Appendix B.

With these results we have quantified the maximum center—of-mass energy for which partial-wave unitarity holds
for each operator in two scenarios. In the first we do not allow for cancellations among the contributions of the
bosonic operators in the s-growing terms in V'V — V'V scattering, and therefore, we use the constraints obtained
with just one non-vanishing Wilson coefficient; see Eq. (11). In addition to that we considered generation independent
fermion operators, Eq. (17), and the corresponding bounds on the Wilson coefficients in the central column in Table
IV. In the second scenario we use the unitarity constraints on the bosonic operators allowing for cancellations in



the VV — V'V scattering amplitudes, as in Eq. (16), together with the assumption of generation—dependent fermion
operators, Eq. (19), and the corresponding bounds on the Wilson coefficients in the last column in Table IV. The
maximum center—of-mass energy for which partial-wave unitarity holds in either scenario is:

Os,1 VSmax = 18TeV Osw V5 = 16.TeV

O'(i>18) \/gmax =21TeV ’ O.(q}g \/gmax =9.2TeV s

o) Ve = 3.5TeV (9% Vo = 8:3TeV | 20)
%) Vo = 14TeV

0;12,22711 Vmax = 11TeV 0;12,33711 Vmax = 92TeV

0513222—11 Vmax = 12TeV (91(13,-3733_11 VS = 9-2TeV

Notice that the fermionic operator (’)g&d does not contribute to the observables used in the Z—pole and W—pole
data analysis at the linear level as it gives a right-handed W coupling which does not interfere with the SM amplitude.
It does however, contribute linearly to observables which depend on specific entries of the CKM matrix via a finite
renormalization of the quark mixing, in particular to deep inelastic scattering of neutrinos off nucleons, as well as,
measurements of the CKM matrix elements in hadronic decays [28, 29]. The derivation of the bounds on its coefficient
from this data involves additional assumptions about its flavour structure and the presence of further four—fermion
operators which also contribute to these processes, making them more model dependent. Under the assumption of
generation independent couplings with no cancellation with the additional four—fermion operators one obtains the

)
constraints in Refs. [28, 29], —0.006 < % < 0.01 which imply /s = 25. TeV.

max
For the remaining dimension—six operators that we studied, the present bounds on their Wilson coefficients come
from global fits to Higgs physics and TGC [5, 25] at the LHC Run I and the corresponding maximum center—of-mass
energy for which partial-wave unitarity holds is:

O Ve =7-2TeV | Ow Voay =47 TeV
OBB \/gmax =10. TeV N OWW \/Emax =5.2TeV 5 (21)
(9@72 \/gmax =2.1TeV N OWWW \/Emax =5.7TeV

In order to access the importance of the above results for the LHC analyses we should keep in mind that, presently,
the most energetic diboson (V'V') events possess a center—of-mass energy of the order of 3 TeV; see for instance [30].
As more integrated luminosity is accumulated this maximum energy will grow to 4-5 TeV, so we consider that as
long as unitarity violation occurs only above these energies, it will not be an issue within the present LHC runs. This
condition, of course, will have to be revisited at higher luminosity runs, but at that point also one will have to take
into account the possible more stringent bounds on the Wilson coeflicients.

From the results in Eq. (20)—(21) we read that there is no need of modification of the dimension—six effective

theory to perform the LHC analyses for most operators. One exception is the operator (’)gi whose relatively lower
VS ax = 3.5 TeV, however, originates from the weaker bounds on its coefficients induced by the 2.80 discrepancy

of A%’g in the EWPD. Notwithstanding, studies of anomalous triple gauge couplings in diboson production should
analyze more carefully the high energy tail of the distributions if they include this coupling. Furthermore, there is
one additional exception that is the operator Og 2. Since this operator modifies the production and decay of Higgs
bosons, as well as, the VV — V'V scattering in vector boson fusion the high energy tails of these processes may also
need a special scrutiny.

An eventual caveat of the above conclusions is that the UV completion might be strongly interacting and the lowest
center—of-mass energy exhibiting perturbative unitarity violation then marks the onset of the strongly interacting
region. If this were the case at the LHC we should observe new states, which has not yet been the case yet.

Acknowledgments

We thank J. Gonzalez—Fraile for his valuable contributions to this work. O.J.P.E. is supported in part by Conselho
Nacional de Desenvolvimento Cientifico e Tecnoldégico (CNPq) and by Fundagao de Amparo & Pesquisa do Estado
de Sao Paulo (FAPESP); MCG-G is supported by USA-NSF grant PHY-1620628, by EU Networks FP10 ITN ELU-
SIVES (H2020-MSCA-ITN-2015-674896) and INVISIBLES-PLUS (H2020-MSCA-RISE-2015-690575), by MINECO
grant FPA2016-76005-C2-1-P and by Maria de Maetzu program grant MDM-2014-0367 of ICCUB. T.C. is supported
by the Australian Research Council.



10
Appendix A: Helicity Amplitudes

We present in this appendix the list of unitarity violating amplitudes considered in this work that must be comple-
mented by those in Ref. [4].

(x%l X s)

wtwt 5 wtwt 1
wtz 5wtz -X
wtz > wta Y
wtH > wtH -X
wtw— - wtw-— -¥
wtw— 5 zz 1
wtw— - zH r=
wtw— - HH -3
ZZ — HH 1
ZH — ZH %

TABLE V: Leading unitarity violating terms of the scattering amplitudes for longitudinal gauge bosons generated by the
operator Og,1 where X =1 —cosf and Y =1+ cosf and 6 is the polar scattering angle.

(xe2—%MfA ) X s
0000 00 + + 0+ 0— 0+ —0 +00— +0 -0 + + 00
wtwt 5 wtwt| o 0 0 0 0 0 0
+ + 1 1 i e :
wtz > wtz 0 oy 1x so ¥ o ¥ 0 oy
Wty > wty — - -1x - — - —
1 1 1
wtz > wty - Ty — 1 X cot(20vy) - “my Y - -
wtz > wtw 0 - - =Y - - =
W W,
+ + _ _ _ 1 — — 1
wty > wtH s Y T
wtH > wtH 0 — — — — 0 —
wtw— s wtw—| o 0 0 0 0 0 0
+w— 1 1 1 1 1
wrwT 22 0 3 Sow taew ¥ +sow Sow
wtw=— 5 4ny - 3 - - - - -
+w— _ 1 _1 _ 1 _ _
WTw=— 5 zy 1 cot(20yy) o X s Y
wtw— — zH 0 - - =Y - =X 0
W, W,
+w— — - - 1 _ 1 _
wtw=— 5 ~H s Y s X
wtw— - HH 0 — — — - — 0
1 1 1 1 1 1
Z7Z — ZZ 0 3 -ix 1y 1y -1x z
Z7Z — vy - 7% - - - - -
ZZ — Z~ - 7% cot (20vy) %x cot(20vy) - —%YCOt@QW) - -
ZZ — ZH 0 - - 0 - 0 0
ZZ — ~H - - - 0 - 0 0
ZZ — HH 0 - - - - - -1
0000 00 + + 0+ 0— 04 —0 +00— 40— 0 + + 00
Z~y — ZZ - - %xCoc(zeW) —%YCOt@QW) - - 7%cot(29w)
Zy = vy = - - - = - =
Zy — Z~v - - ix - - - -
Zvy — ZH - - - 0 - - 0
Z~y — ~H - - - 0 - -
Zy — HH — - - - — - 3 cot(20w)
Y = - - - - - -
~y — HH - - - - - - 3
ZH — ZH 0 - - - - -ix -
ZH — Z~ - 0 - - 0 - -
~H — ~H - - - - - X
ZH — vH - - - - - %xCoc(zeW) -

TABLE VI: Leading unitarity violating terms of the scattering amplitudes for gauge bosons with the different helicities generated
by the operator Opw. X =1—cosf and Y = 1+ cosf and 0 is the polar scattering angle.



Process 01,02, A3, A4 | Bosonic operator contribution |fermionic operator contribution
(xi 4z xsinf) (xi 4% xsinf)
- - Z chfw s :
ecef 2 WIWS[ —to0 [g S rle LS — 45500
253 f (1)
+ —00 *ﬂ——‘f% —Jge,ii
4
-+ |2 fwww 0
aod
— 4+ 4+ 7%/‘ WWw 0
o
vm > WIWT | o0 g S eie —L S AR
+ —00 0 0
o 4
-+ %fwww 0
Q. 4
-+ 4+ iSLfVVVVH’ 0
2N . v '
win o WHWS [ — o0 2NN iTp —Ne (f58 4 + 4550 40)
2N 82
+-00 |G fp ~Ne il
Q. 4
-+ - i% fwww 0
o 4
— 44 |2 8N“ fwww 0
= . — 92N, 3ciy fw —s' o 3
did; — WHW — 400 |-oNeihly elp N (f50,00 = 4F50.0)
2 $2
+-00 | -yeie —Ne f§2.
o 4
-+ |2 fww 0
o 4
—+++ |- J”SN“ fwww 0
_— - — 97 )
e v W™ Z +00 |2 fw 35 foL.ii
+ —00 0 0
4,
-4 — 31\\% fwww 0
4
—+++ 31‘% fwww 0
s WA —t00 o 0
+-00 |0 0
P
-t — “Z‘:"/; fwww 0
4
— 4+ 4+ —“;354 = fwww 0
— = - Ne 7 EEINE)
diw; - W™ Z +00 |45 fw 23 JoQui
+-—00 |0 \ _Ncﬁfj)u)d,ii
— - |ZewoNe 4’\"}5N° fwww 0
4
—+++ 736‘1’”2]\[‘\ fwww 0
diw; > W™A —+00 0 0
+ —00 0 0
P 4
e 3=\Z\y/§Nc fWWW 0
e
—+++ 3—“?572—]\!“ fwww 0

TABLE VII: Leading unitarity violating terms of the scattering amplitudes M(f101f202 — Vs, Vay, ). Notice that in writing

these amplitudes we have not imposed the conditions in Eq. (6) yet. See the text for details.

Appendix B: Constraints from EWPD

11

We briefly summarize here the details of our analysis of EWPD. Similar analyses for different choices of operator
basis can be found in [31-35]. We work on the Z—scheme where the input parameters are chosen to be a5, Gp, o, Mz
[36], and M}, [37]. In addition to these quantities we also consider the fermion masses as input parameters. All the
other quantities appearing in the Lagrangian are implicitly expressed as combinations of experimental inputs.

In our analyses we evaluated the dimension—six contributions to the observables keeping both SM contribution and
the linear terms in the anomalous couplings, i.e. the we considered only the interference between the SM and the
anomalous contributions. The predictions for the shift in the observables of the Z and W pole physics with respect
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to their SM values are

> (91 Ag] + ghAgh) NS

f
ATz = 2T z.5m . . , (B1)
> Ugf? + gk PNE
f

> (98 AgE + g% Agh)

AcY = 209 1, (92297 + 95A9%) | 4 ATy (B2)
’ 19512 + |95 ]2 > (gl +lghl)  Tzswm
q
> (92 Agl + ghAgh)
ARV = A (T2 _opo 7 ~ (9LAgy + grAgh) (B3)
1 = Il - 1,SM q2 q 2 |l|2+|l|2 ’
z > (gLl + g% ) grl” + 19k
q
p q Z( AgL + QRAQR)
ARD = A( o ) — 2R, | YLAILEInD0n) _ (B4)
! ry ’ 922 + 9% 2 ST (gL + 9% 1)
q/
919k Aol — ol Aot
AA; =4 A5 sm ﬁ (Q'RAQL - Q'LAQ'R) , (B5)
lg.1* = l9rl
APP = A4 (B6)
AA  AA
AANE = A% o (=2 + =20 B7
FB FB,SM »Al + .Af ( )
4 ud 2 ev
Al'w =T'wsm _AgWL + _AgWL +AMw | (B8)
ABryy = Briysu ( Ag + Ag ) , (B9)
where we write the induced corrections to the SM fermion couplings of the Z boson (g{( R)) as
Agl r = 91,rA1 + QT Aga + AGY 1. (B10)

The universal shifts of the fermion couplings in Eq. (B10) due to dimension—six operators are

1 5GF 82 5GF 1
Agy = = T——— Agy = W 2 T—— ) —— . B11
g1 2 (a GF ) g2 Co20w (CW (OL GF 4S%VQS ( )

where we denoted the sine (cosine) of the weak mixing angle by sw (cw). The cosine and sine of twice Oy are
then denoted cap,, and sg¢,, respectively. The tree level contributions of the dimension-six operators to the oblique
parameters [38, 39] are

aS=-Lfew, aT=-3%for, aU=0, 568 = —2f; 11120 + (F) 11+ [0 20) 2 (B12)

where for completeness we also included the effect of the dimension—six four—fermion operator contributing with a
finite renormalization to the Fermi constant

OLLLL = (E’y'uL)(E"y‘uL) . (B13)

The coupling modifications that depend on the fermion flavor are given by

AGE =~ (4550 = 150) Ajh = —3 fqm 7

Aj} =~ (4fbo + 50) Agh =~ (B14)
Agy = ;—2<4f<” ) Agh =0,

AGs = — g (Afs) + 150) . Aghy =~z foe -
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As for the couplings of the W to fermions, in the SM we normalize the left (right)-handed couplings as 1 (0) and
the corresponding shifts on these couplings due dimension—six operators are

Aglfy = Agw + MG, Agir = Adls. (B15)
with the universal shift given by
AMw 140G
Agwy = —— — ——— B16

where the correction to the W mass coming from the dimension-six operators reads

AM, 2 1 1 2. 0G
W_ W 41— aS+ —alU— SwOF (B17)
MW 2C29W 4C2(.)W SSW 2C29W GF
The fermion dependent contributions of the dimension—six operators to the W-couplings are
Agud v? (3) Agud  — v? p(1) ~ev v? (3) AGE . =0 B18
gWL_4A2f<I>Q= Iwr = 5= foud gWL_4A2 L » Iwr = Y- ( )

We notice that, as we are including the effect of the operators in the observables at linear order, the operator (9((1)112 d.ij
does not contribute since it leads to a right-handed CC current which does not interfere with the corresponding SM
amplitude.

We perform two different fits which differ on the assumptions on the generation dependence of the fermionic
operators.

1. Fit with Generation Independent Operators

In the first case we assume that the fermionic operators are generation independent. In this case, as discussed
above, we can drop the generation index in all coefficients. Furthermore removing the operators in Eq. (6) implies
that those two operators do not appear in the fit to the EWPD. We have then 8 coefficients to be determined

1) 3)
few  fe1  frLLr féQ éQ élu) éld) éle)
A2 AT AT A2 0 A2 A2 A2 0 A

In our analyses we fitted 15 observables of which 12 are Z observables [40]:

FZ ) 02 ) AE(TPOI) ’ ng ’ AE(SLD) ’ A%é ? RO

c

R) , Ao, Ay, AYS , and A%} (SLD/LEP-I) ,
supplemented by three W observables
Mw , T'w , and Br(W — fv)

that are, respectively, its average mass from [36], its width from LEP-II/Tevatron [41], and the leptonic W branching
ratio for which the average in Ref. [36] is taken. The correlations among the inputs can be found in Ref. [40] and
have been taken into consideration in the analyses. The SM prediction and its uncertainty due to variations of the
SM parameters are taken from [32].

When performing the fit within the context of the SM the result is Xfwpp gu = 18.0, while including the 8 new
parameters it gets reduced to X%WPD,min = 5.3. The results of the analysis are shown in Table IV where we quote the
95% C.L. allowed ranges for each parameter in the center column. The range for parameter x is obtained accounting
for all possible cancellations in the multiparameter space by imposing the condition AxﬁWPDymarg(x) < 4 where by

AxﬁWPDymarg(x) we denote the value of AxZypp minimized with respect to the other seven parameters for each
value of the parameter x. We notice that the only operator coefficient not compatible with zero at 20 is féld), a result
driven by the 2.70 discrepancy between the observed A%’]g and the SM expectation.
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2. Fit with Generation Dependent Operators

Lifting the assumption of generation independent operators we are left with seven independent leptonic operators.

These are, three (94)6 ;; blus four combinations of O<I>L 4 and OSL) i defined in Eq. (18). On the other hand, for
operators 1nvolv1ng quarks there is not enough information in the observables considered to resolve the contrlbutlons
from the two first generations. Consequently we make the simplifying assumption that operators for the first and
second generations have the same Wilson coefficients and only those from the third generation are allowed to be
different. Furthermore, for the third generation of quarks only OEI)% 33 and the linear combination fq>Q a3+ 3 gg 33

contribute independently to the Z and W observables; see Eq. (B14). Altogether there are a total of 16 coefficients
to be determined from the fit to the Z and W observables:

. j(l) f
fBw fo1 froor Jega1 <1>Q 22
A2 9 A2 9 A2 9 A2 - 9
(3) (3) 1 1 (1) (1)
f<I>Q 33 ;1 f<I>Q 33 feo.11 _ fag.22 J éu),n . éu),22 ®d, 11 __ Jed22
A2 +4 A2 9 A2 - A2 9 A2 - A2 Y A2 - A2 I
(B19)
(1) (1) (1) (1)
T3d,33 foea1 foe,22 Joe.33
—AZ A2 ) A2 ) A2 )
(1) (1) (3) f(3)
®L,22-11 PL,33-11 PL,22-11 ®L,33-11
A2 9 A2 Y A2 Y A2

In order to obtain the corresponding constraints on these 16 parameters a fit including 24 experimental data points
is performed. These are 19 Z observables [40]:

ry , oy, RY | RO , RY |
AYg AR A;lg : AcrP) | An(r) |
A.(SLD) , A,(SLD) , A,(SLD) , R? , Ry |
A Ay A%, and Agg :
plus five W observables:
My , Tw , Br(W —=ev) , Br(W — ) , and Br(W — 1v) |

where the three leptonic W branching ratios were taken from Ref. [36]. These 24 observables yield 16 independent
constraints on the Wilson coefficients. The correlations among the inputs can be found in Refs. [36, 40] and were
considered in the analysis. As in the previous analysis, the SM prediction for these observables and its uncertainty
due to variations of the SM parameters are taken from [32].

The fit within the context of the SM leads to X%}WPD,SM = 29, while with the inclusion of the 16 new parameters

the minimum gets reduced to XQEWPD,min = 8.2. The 95% allowed ranges for each of the 16 parameters are shown in
the last column in Table IV. As in the previous case, for each coupling the range is obtained after marginalization
over the other 15 couplings.

As we can see from Table IV, removing the generation independence hypothesis leads to looser constraints, as could
be anticipated. Moreover, flavor independent Wilson coefficients and the ones related to the first two families agree
with the SM at the 20 level, with the exception of félL) 99 11/A%. On the other hand, we can see clearly the effect of

the observable A%’Eb; on almost all the third generation Wilson coefficients whose 20 allowed ranges do not contain the
SM.

Appendix C: Dipole operators

The leading high energy contributions of the dipole fermionic operators in Eq. (7) to the ff — VV scattering is
given in Table VIII. Neglecting fermion masses the dipole fermionic operators contribute to different helicity states
to those from operators in Eq. (5) as can be seen from Tables VII and VIII, due to the presence of o* in Eq. (7).
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TABLE VIII: Unitarity violating scattering amplitudes M(f1,, fgaz — V3, Vay, ) induced by the operators in Eq. (7).

Assuming that the Wilson coefficients of the dipole operators are generation independent, we can obtain, using

Table VIII, the following unitarity bounds:

\/W|ZZU ’7—1’ W—?-_WO_

i=la=1

\/lezd-l- zu-i— i _> WO_A-‘r

i=la=1

\/W|ZZd )y = WW

i=la=1
Nc Ng

\/W'ZZCZJF 4 qu il WOiA—

a=1:i=1

= 75‘§144é
= (W — JuB) ’<83:>

= |— ‘<83:>

<49

feW ‘
A2
(feW"’feB) feB
A2

<28

qu ‘
A2

(qu_fuB) fuB

A2

fdw

<98
= Az

(faw + faB) de

A2

Dropping the generation independence hypothesis for the dipole operators, we can use the same set of amplitudes
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as in Eq. (C1) but now without summing over generations. In this case the partial-wave unitarity constraints read:

feAVZ’“s <85, fefjis < 334 (C2)
—qu;’iis <49, —f‘fjis <193 (C3)

where the last line applies for ¢ = u, d.

Because they flip the fermion chirality these operators do not interfere at tree-level with the SM amplitudes and
also generically they are expected to be suppressed by the fermion Yukawa®. In this case only the operators involving
the top quark can be sizable. There is an extensive study of the top quark properties at the LHC which includes
the operators O, and O, p; see, for instance, Ref. [43] and references therein. In particular the measurement of
W-boson helicity in top—quark decays [44] give us direct access to f, /A% Using the global fit to the top quarks
properties in Ref. [43] (|fuw/A?| < 3.8 TeV~2) we estimate that the operator O, does not lead to perturbative
unitarity violation in top—quark processes at the LHC for maximum center—of-mass energies up to 2.7 TeV.

[1] W. Buchmuller and D. Wyler, Nucl. Phys. B268, 621 (1986).

[2] B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, JHEP 10, 085 (2010), 1008.4884.

[3] U. Baur and D. Zeppenfeld, Phys. Lett. B201, 383 (1988).

[4] T. Corbett, O. J. P. Eboli, and M. C. Gonzalez-Garcia, Phys. Rev. D91, 035014 (2015), 1411.5026.

[5] A. Butter, O. J. P. ]:i)boli7 J. Gonzalez-Fraile, M. C. Gonzalez-Garcia, T. Plehn, and M. Rauch, JHEP 07, 152 (2016),
1604.03105.

(6]
[7] Z. Zhang, Phys. Rev. Lett. 118, 011803 (2017), 1610.01618.
[8] C. Bilchak, M. Kuroda, and D. Schildknecht, Nucl. Phys. B299, 7 (1988).
[9] G. J. Gounaris, J. Layssac, and F. M. Renard, Phys. Lett. B332, 146 (1994), hep-ph/9311370.
[10] G. J. Gounaris, J. Layssac, J. E. Paschalis, and F. M. Renard, Z. Phys. C66, 619 (1995), hep-ph/9409260.
[11] G. J. Gounaris, F. M. Renard, and G. Tsirigoti, Phys. Lett. B350, 212 (1995), hep-ph/9502376.
[12] C. Degrande, EPJ Web Conf. 49, 14009 (2013), 1302.1112.
[13] M. Dahiya, S. Dutta, and R. Islam, Phys. Rev. D93, 055013 (2016), 1311.4523.
[14] S. Ghosh, R. Islam, and A. Kundu (2017), 1704.01867.
[15] D. Buarque Franzosi and P. Ferrarese (2017), 1705.02787.
[16] H. D. Politzer, Nucl. Phys. B172, 349 (1980).
[17] H. Georgi, Nucl. Phys. B361, 339 (1991).
[18] C. Arzt, Phys. Lett. B342, 189 (1995), hep-ph/9304230.
[19] H. Simma, Z. Phys. C61, 67 (1994), hep-ph/9307274.
[20] K. Hagiwara, S. Ishihara, R. Szalapski, and D. Zeppenfeld, Phys. Rev. D48, 2182 (1993).
[21] K. Hagiwara, T. Hatsukano, S. Ishihara, and R. Szalapski, Nucl. Phys. B496, 66 (1997), hep-ph/9612268.
[22] T. Corbett, O. J. P. Eboli, J. Gonzélez-Fraile, and M. C. Gonzalez-Garcia, Phys. Rev. D87, 015022 (2013), 1211.4580.
[23] T. Corbett, O. J. P. Eboli, J. Gonzélez-Fraile, and M. C. Gonzalez-Garcia, Phys. Rev. D86, 075013 (2012), 1207.1344.
[24] T. Corbett, O. J. P. Eboli, J. Gonzalez-Fraile, and M. C. Gonzélez-Garcia, Phys. Rev. Lett. 111, 011801 (2013), 1304.1151.
[25] T. Corbett, O. J. P. Eboli, D. Goncalves, J. Gonzélez-Fraile, T. Plehn, and M. Rauch, JHEP 08, 156 (2015), 1505.05516.
[26] M. Jacob and G. C. Wick, Annals Phys. 7, 404 (1959), [Annals Phys.281,774(2000)].
[27] C. Csaki, C. Grojean, H. Murayama, L. Pilo, and J. Terning, Phys. Rev. D69, 055006 (2004), hep-ph/0305237.
[28] F. del Aguila and J. de Blas, Fortsch. Phys. 59, 1036 (2011), 1105.6103.
[29] J. de Blas, EPJ Web Conf. 60, 19008 (2013), 1307.6173.

3 Bounds on the CP conserving coefficients of the dipole operators for light fermions can be obtained, in principle, from their tree-level
contribution to the corresponding anomalous magnetic moment, but for the light quark dipole operators these are hard to extract in a
model independent way, therefore, being subject to large uncertainties. For leptons, the current g — 2 bounds [42] indicate that in the
absence of cancellations between the O,y and O.p contributions, for operators involving electrons or muons unitarity is guaranteed
well beyond LHC energies.



17

[30] C. M. S. Collaboration (CMS) (2016), CMS-PAS-SMP-16-012.

[31] A. Pomarol and F. Riva, JHEP 01, 151 (2014), 1308.2803.

[32] M. Ciuchini, E. Franco, S. Mishima, M. Pierini, L. Reina, and L. Silvestrini, in International Conference on High Energy
Physics 2014 (ICHEP 2014) Valencia, Spain, July 2-9, 2014 (2014), 1410.6940.

[33] A. Falkowski and F. Riva, JHEP 02, 039 (2015), 1411.0669.

[34] A. Efrati, A. Falkowski, and Y. Soreq, JHEP 07, 018 (2015), 1503.07872.

[35] J. Ellis, V. Sanz, and T. You, JHEP 03, 157 (2015), 1410.7703.

[36] C. Patrignani et al. (Particle Data Group), Chin. Phys. C40, 100001 (2016).

[37] G. Aad et al. (ATLAS, CMS), Phys. Rev. Lett. 114, 191803 (2015), 1503.07589.

[38] M. E. Peskin and T. Takeuchi, Phys. Rev. Lett. 65, 964 (1990).

[39] M. E. Peskin and T. Takeuchi, Phys. Rev. D46, 381 (1992).

[40] S. Schael et al. (SLD Electroweak Group, DELPHI, ALEPH, SLD, SLD Heavy Flavour Group, OPAL, LEP Electroweak
Working Group, L3), Phys. Rept. 427, 257 (2006), hep-ex/0509008.

[41] L. E. W. Group (Tevatron Electroweak Working Group, CDF, DELPHI, SLD Electroweak and Heavy Flavour Groups,
ALEPH, LEP Electroweak Working Group, SLD, OPAL, D0, L3) (2010), 1012.2367.

[42] G. F. Giudice, P. Paradisi, and M. Passera, JHEP 11, 113 (2012), 1208.6583.

[43] A. Buckley, C. Englert, J. Ferrando, D. J. Miller, L. Moore, M. Russell, and C. D. White, Phys. Rev. D92, 091501 (2015),
1506.08845.

[44] T. Aaltonen et al. (CDF, D0), Phys. Rev. D85, 071106 (2012), 1202.5272.



