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The assumption that the Standard Model is an effective field theory (SM EFT) of a more fundamental
theory at a higher (than electroweak) energy scale implies a growth of cross sections for electroweak

vector-boson scattering (VBS) processes signaling the appearance of a resonance (or resonances) near that
scale. In this article, we investigate in detail SM EFT effects from dimension-six operators in VBS with
like-sign-W production in fully leptonic decay modes at the high-luminosity LHC (HL-LHC). We find that
these effects are important for a handful of operators, most notably for the operator composed of three

SU(2) field-strength tensors responsible for strong transversely polarized vector-boson interactions.
Current global fits on Wilson coefficients allow for an observable signal at the HL-LHC, if not accessible

with the current LHC data set.

DOI: 10.1103/PhysRevD.104.013003

I. INTRODUCTION

It is widely believed that the Standard Model (SM) [1-3]
is an effective, low-energy field theory (EFT) approxima-
tion [4—6] to a more fundamental theory (UV theory) which
overtakes the SM at energies (at least several times) higher
than the electroweak (EW) scale. One of the most important
processes that may shed light on the dynamics of the
UV theory is electroweak vector-boson scattering (VBS).!
This claim is true for the following reasons:

(i) VBS processes are directly related to the mechanism
of electroweak symmetry breaking, and as such
are regarded as complementary to Higgs boson
measurements at the LHC.

(i) Although inaccessible directly, heavy particles (con-
stituents of the UV theory) may leave a trace by
modifying the strength and dynamics of electroweak
interactions, spoiling, for example, the (at most
constant) center-of-mass energy (s) behavior of
the SM VV — VV (V = W*,Z,y) amplitudes. In
the SM EFT, this results in a growth of cross sections
at energies immediately after the electroweak scale.

"For a review, see Ref. [7].
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(iii) In the SM, even when next-to-leading-order correc-
tions are included, VBS processes feature a particu-
larly slow slope with energy in comparison to other
electroweak processes [8].

Therefore, points (ii) and (iii) imply potential sensitivity
to the UV theory particles, especially to those strongly
interacting with EW gauge bosons.

Unfortunately, there is no VV collider availablez;
however, the VV — VV reactions are indirectly accessible
at the LHC, particularly within its high-luminosity phase
(HL-LHC), through the process pp — 2jets + 2 lepton
pairs. While all of the elastic processes, e.g., ZZ, WZ,
WEW*, WEWT have been extensively investigated at the
LHC, the same-sign WTW™ process in the fully leptonic
decay mode was the first process to be observed” at 55 [12]
(based on the 13 TeV data set), and is currently confirmed
at a sensitivity far above 5S¢ [11]. For that reason, in this
paper we investigate in detail the VBS process through
WTWT scattering, namely, the reaction

pp — 2jets + WHWt*
— 2jets + 2 charged-leptons + 2 neutrinos.

This is exemplified by Fig. 1 for a particular final state.
Throughout this work, we mostly focus on the HL-LHC
experimental perspectives.

2Interestingly, in a certain setup it has been argued that a muon
collider could effectively be regarded as such [9,10].

3The actual measurement involves a sum of both W+ W+ and
W~W~ processes; WTW™ makes up about 4/5 of it [11].
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FIG. 1. Feynman diagram depicting a VBS process.

We follow the SM EFT approach4 in which the correc-
tions from heavy and decoupled UV states [14] can be
parametrized by a number of i-indexed dimension-six
operators ; added to the SM Lagrangian, associated
with dimensionless (or dimensionful) Wilson coefficients
C! (or f%) as

C' ,
EZESM+ZPQ:+E£SM+Zlet+ (11)

The mass scale A denotes the lightest mass among the
heavy particle masses within the UV theory. Although the
EFT expansion in Eq. (1.1) is written up to 1/A2, in one
occasion below we will fill in the “...” with several
dimension-eight operators where the dimensionless
Wilson coefficients are suppressed by four powers of A’s.

The real advantage of the EFT approach follows from the
fact that one can study the discovery potential of physics
beyond the SM (BSM) without any knowledge of theories
that may lie ahead by making use of a limited number
of operators arranged order by order in a 1/A expansion.
More precisely, here we consider the SM EFT theory that
matches UV models featuring linearly realized electroweak
symmetry breaking, where the Higgs field is part of the
SM Higgs doublet. The SM EFT basis of nonredundant
operators was first constructed at dimension six (commonly
referred to as the Warsaw basis [15]) and very recently at
dimension eight [16,17].

It is a common approach in both experimental and
theoretical literature to use EFT to study VBS channels
as an indirect search for BSM physics [18-22]; for a recent
review, see Ref. [23]. The point of focus of such studies
is usually the VVVV quartic couplings, i.e., the operators
that modify quartic gauge couplings (QGCs) and simulta-
neously leave intact trilinear gauge couplings (TGCs) and
Higgs-gauge boson interactions. In SM EFT such kind
of physics arise from dimension-eight operators [24,25]
and, consequently, the searches are typically conducted as
if there was no effect arising from dimension-six operators.
Here we investigate the validity of this assumption, given
experimental constraints on dimension-six interactions
(which necessarily modify TGCs) emerging from indepen-
dent channels, by studying in detail the like-sign W-boson

*For a review see, Ref. [13].

production through VBS at the (HL-)LHC. We would like
to emphasize that the aim of this work is not to accurately
model possible BSM signals, but to check which dimen-
sion-six operators can produce non-negligible effect as
allowed by the most up to date experimental constraints
from non-VBS processes on the corresponding Wilson
coefficients (including also the important issue of bounding
background operators), which include new LHC Run 2
results. The numerical significance of dimension-six oper-
ators in VBS has been pointed out in Refs. [26,27].

Concerning the bounds on dimension-six operators,
we use the ones reported in Refs. [28,29] (non-four-fermion
operators) and [30,31] (four-fermion operators).5 In
Refs. [28,29], the truncation of EFT cross sections was
performed consistently at dimension six, namely, no
(dimension-six)? terms were considered that would arise
from squaring the (SM + dimension-six) amplitude. It is
known that the inclusion of the latter significantly improves
the constraints from diboson production channels.
However, dimension-eight effects in the EFT expansion
are then generally expected to be significant as well, if
the underlying UV interactions are not particularly strong.
Therefore, the inclusion of (dimension-six)? terms in
principle implies losing model independence within EFT
[33]. On the other hand, there is a certain sensitivity to the
dimension-six Wilson coefficients in the cross sections
and the reported limits are, therefore, to be understood as
conservative constraints.

There are many LHC analyses, a partial list being
Refs. [11,12,34,35]. Thus far, many VV — VV processes
have been discovered, but within errors they agree with the
SM. Interestingly, current experimental precision does not
constrain the “weak coupling” regime, leaving plenty of
space for new physics effects. It is particularly attractive
since the uncertainties after LHC Run 2 are (by far)
“statistics dominated” [11].

The paper is organized as follows. In Sec. II we present
the relevant EFT operators and, using analytical formulas
from the Appendix, theoretically motivate the more tech-
nical subsequent analysis. The core numerical analysis for
VBS at the (HL-)LHC is presented in Sec. III. We conclude
with Sec. IV.

II. WARMING UP: W*W* — W*W* SCATTERING

As we mentioned in the Introduction, although LHC
experimental analyses of VBS are optimized for QGCs
(dimension-eight operators), it is important, if not neces-
sary, to examine the impact of TGCs (dimension-six
operators) on “golden” process W+W+ — W+W+.° After
all, dimension-six operators arise at leading order in the
EFT expansion. At tree level in SM EFT, as we prove

5Notice, however, the discussion in Ref. [32].
®In Sec. 1II we also examine the effect of “background”
dimension-six operators, which affect other subprocesses.
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FIG.2. Tree-level Feynman diagrams filling in the white blob of Fig. 1. The Wilson coefficients associated with the operators affecting

each vertex are also shown.

explicitly, the process WTW+ — WHW is gauge invari-
ant, that is, independent of the gauge-fixing parameter, and
hence its self-study is well defined. In both the SM
and SM EFT at leading order there are seven Feynman
diagrams, shown in Fig. 2, mediated by a photon, a Z
boson, and a Higgs boson in both the ¢ and u channels, plus
a contact diagram. Following closely the Warsaw basis
notation [15], the Lagrangian (1.1) is affected at tree level
by five CP-conserving (CPC) and three CP-violating
(CPV) dimension-six operators, shown in Table I.

The leading high-energy helicity amplitudes are given in
the Appendix. We work in the Warsaw basis and use the
Feynman rules in R; gauges from Ref. [36]. The operators
Q,wp and Q,yp disappear from the leading-s helicity
amplitudes in WW — WW processes. This is easily seen by
looking at the SM EFT Feynman rules and using the
Goldstone boson equivalence theorem [37-43], where for
these operators (and specifically the WW — WW channel)
there are no associated contact four-point interactions
involving Goldstone bosons or contact interactions with

four W’s proportional to C*"2 or C*"B. One may think that
there may be contributions from gluing the three-point
vector-boson vertices shown in Fig. 2 where these inser-
tions exist, but it can be proved explicitly that any
s-enhanced amplitude cancels out when -consistently
expanding the Z mass, the latter being also affected by
C,wg- Another important feature is the appearance of the
t-channel enhancement (1 — cos? @), where @ is the scatter-
ing angle, in the denominator of leading SM amplitudes;
see, for example, M, ,, in Eq. (A11). This is in contrast
to the fact that none of the SM EFT amplitudes have such a

t-channel enhanced factor that is accompanied by a growth
of energy; see Eqs. (A17)-(A25).

Furthermore, in Appendix we also arrange analytical
expressions for the helicity cross sections, following the
notation where 7 stands for transverse helicities £1 and L
stands for longitudinal gauge bosons with helicity 0. In the
SM, the dominant polarized cross sections come with the
following ratios:

OTTTT OLLLL -OLTLT -OTLTL -OTLLT -CLTTL
1 1 1 1 1
~1:

.g:%:%:%:%. (2.1)

As we already mentioned, in the SM all polarized cross
sections are enhanced by the t-channel factor, but for the
TTTT mode there is an accidentally enhanced factor of
8 with respect to the other modes, as can easily be seen
from Eqs. (A26)—(A28).

In SM EFT there are interference effects between the SM
and dimension-six operators only in the LLLL mode (or
“0000” mode). CP-violating contributions enter in the mixed
and pure transverse channels, similar to their CP-conserving
counterparts. The cross sections have the symbolic form
6 ~SM? + SM x dim 6 + dim 6. Following this pattern,
we obtain [3* is the SU(2), gauge coupling]

Ar
1 —¢?

~ |CW| 2 s \2
+FT92<? " +

—4
g
orrrr(s) ® " [

+BTO

(2.2)

TABLE I. Dimension-six operators, in the Warsaw basis, modifying the process WrW+ — WTWw+,
X3 ¢*D? X2p?
CPC Qw = eVKwrwy wht Q.0 = (¢'0)0(¢ p) Quw = ¢ W), Wi

OQup = ((pTqu))* ((pTD”(p)

CPV Oy = €IJKWZIW51 WZK

Q(/)WB = qfrTl(pW/[wBlw

Qi = ¢ oW, W
Q(/)WB = (p#Tl(pW/IUIW”bI
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Left: Polarized cross sections for the three mode cross sections (A26)—(A28) as a function of the c.m. energy /s. We have

chosen as input values the coefficients shown at the top of the figures and 0., = #/18. Right: Similarly for the ratios of the polarized

cross sections with respect to the SM result.

(2.3)

where A;, B;,T;(i =T,L) are dimensionless coefficients
read from Egs. (A26) and (A27) that depend upon the cutting
angle ¢ = cos(6,,;) and ratios of vector-boson and Higgs
masses, and “...” are corrections from higher than six-
dimensional operators. The corresponding expression for
orrrr and related cross sections are similar in form to
Eq. (2.2). In order to clearly justify our points, we focus
only on CV and C?" contributions in Egs. (2.2)—(2.3).
Full analytical expressions are given in Eqgs. (A26)—-(A28) of
the Appendix.

In a weakly coupled UV theory with perturbative
decoupling, dimensional analysis [44] results in
CV ~ ¢/ (4r)?, C*" ~ ¢*. These effects could be impor-
tant only if A; ~ (1 — ¢?)B (s/A?) which is never the case
for c ~ 1 and s < A%, which suggests weak sensitivity to
the small coupling regime in the WTW™ process. This
result, however, does strongly depend on the cutting angle
0. For example, in differential cross section distributions
for the LLLL mode, there are zeros for different values
of SM EFT C?" and/or C*? input values! This case study is
however statistics limited at the LHC mainly because the
SM dominant TTTT mode will not be affected, but may be
important for future HL-LHC studies.

In a strongly coupled UV theory or in a UV theory with
composite gauge bosons the loop suppression of C" may
not be dictated by gauge invariance. Naive dimensional
analysis [45] in such an extreme case may resultin SM EFT
coefficients as big as C" ~ 4z and C*™ ~ (47)%. What is
most important here is the fact that the prefactors in

Eq. (2.2), I'y =36v2/7 and Ay = 64/x, are quite big

and of the same order of magnitude. This guarantees large
cross sections and visible effects in SM EFT. For example,
if C% = C?™ > 1, then the TTTT mode is again bigger
than the LLLL mode cross section by a factor of
¢ /T, = 144y/2(Gpm3,) ~ 15. In this case, only con-
tributions with dim 6 in Eqs. (2.2)—(2.3) are dominant,
an approximation which is independent of the cutting
angle 0.

We demonstrate these effects in Fig. 3. We have chosen
A = 4 TeV and two nonzero Wilson coefficients: C" = 4z
which affects only the TTTT and LTLT modes, and
C?Y = —4z which affects only the LLLL mode.” The
set of input values, although indicative, are consistent with
the bounds from diboson production and electroweak fits
[28] (see below) when marginalized over other coefficients.
Obviously, the appearance of factors (s/A%)",n =1, 2 in
Eqgs. (A26)-(A28) make the cross sections rise. As
explained, the dominant mode is o77r7, i.., the effect of
C" seems the most promising. The steep rise of the LLLL
cross section for low +/s is due to the interference of SM
and new physics arising from dimension-six operators.
From the right panel of Fig. 3 it is obvious that the TTTT
and LLLL cross sections are enhanced by a factor of ~10
long before the EFT validity upper bound,® s &~ A2, which
encourages us to proceed to a more realistic VBS analysis
at the LHC. We do this in the next section.

Furthermore, in the case of transverse gauge boson
scattering, we consider the effect of dimension-eight
operators. It is well known [46,47] that dimension-eight
operators may dominate (up to cancellations between
coefficients induced by the UV theory) the VBS cross
sections at energies

;The minus sign in C?U results in constructive interference.
Tree-level unitarity bounds are discussed in detail in the next
section.
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s

" > i . (2.4)
Here we consider the case of strongly coupled (or composite)
transverse polarizations of W’s in the so-called Remedios
models of Ref. [46]. In these models, C¥ ~g, and
C1011.12.110 | g2 with the latter being the Wilson coefficients
of dimension-eight operators defined in Appendix. There,
we calculate all dominant helicity amplitudes with leading-s
and s? behavior. All but one independent helicity amplitude
are masked by the 7-channel photon and Z-boson exchange
from the SM. The exception is the helicity-violating ampli-
tude M,,__ (or M__, ). When the coupling g, of the
integrated UV theory is strong, i.e., much larger than the
SU(2) gauge coupling g, these amplitudes give a large and
positive contribution to the cross section. We therefore
conclude that the inclusion of only the dimension-six
operator CV is a robust conservative limit to WW+
VBS. Notice also that (dimension-six)? contributions in
the amplitude come with opposite sign to the dimension-
eight contributions when positivity constraints [48-50] are
taken into account, which improves the EFT convergence.’
The situation is clearly explained in Fig. 4.

It is remarkable that in the case of Remedios-like
scenarios the estimate on Wilson coefficients, based on
power counting as given in Ref. [46], does not allow
for fulfilment of positivity bounds. This suggests that
positivity constraints [Egs. (6.7)-(6.12) of Ref. [49]] con-
stitute a significant limitation to models with composite
dynamics of transverse electroweak modes. Notice how-
ever that these conditions can still be satisfied if, e.g.,
departures from the power-counting estimate are present
in the strongly coupled regime, such as C* = C'l =
C"% = |CV]? = ¢2 and C™ > 542

III. THE REALISTIC STUDY:
pp — jjW*W+ AT THE LHC

In this section we describe the steps of our analysis and
present numerical results relying on Monte Carlo simu-
lations. The reaction in question is pp — jiWtWt —
Jjll'vivy, where | = e™, u™. The main goal is to estimate
possible effects in same-sign WW scattering in the HL-
LHC setup via the EFT approach. We analyze in an
uncorrelated way one operator at a time while setting all
of the remaining Wilson coefficients to zero. Strictly
speaking, the above choice implicitly assumes a certain
subset of BSM scenarios where it is valid. Indeed, it

%See Ref. [51] for an interesting example in which the growth
with energy, although substantial, does not lead to limitations due
to pure EFT convergence. Cases studied are operators that
contribute to neutral anomalous TGC. Such operators start at
dimension eight in SM EFT. Interestingly, the identified observ-
ables at e*e~ colliders feature (dimension-eight)? term suppres-
sion, leading to a “genuine” dimension-eight analysis.

N=4 TeV, Remedios

107

108 [ SM dimé — dim62 — dim8

105 L
104 L

a(pb)

1000
100

2000 3000

Vs (GeV)

10 ;
200 1000 4000

FIG. 4. Effects of (dimension-six)? and dimension-eight oper-
ator contributions for C¥ = g,, C'0"1-210 = 2 with g, = 47 in
the so-called Remedios model for Wt W elastic scattering. The
curves show the transversely polarized cross section o7rrr
starting from the SM (lower curve), and ending at the full
SM + dim 6 4 dim 6 + dim 8 (upper curve) helicity amplitudes.
In Remedios the cross section cannot be smaller than the dim6
curve (orange curve).

constitutes a realistic assumption, e.g., (a) in the case of
certain universal models with only bosonic weakly coupled
BSM sector [52,53] (given the current experimental con-
straints on EFT coefficients), and (b) scenarios in which
transversal modes of vector bosons have composite origin
[46,53]. Nevertheless, the only nontrivial aspect that the
above simplification misses is interference terms between
different operators. Given the fact that different operators
interfere only if they modify the same helicity amplitudes
[54], the interference is significantly limited in our setup—
see Eqgs. (A17)—(A25) of the Appendix.

Below we focus on the largest possible deviations, using
as our “benchmarks” the experimentally allowed boundary
values for each f; in Eq. (1.1). We take as the source both
the individual-operator-at-a-time limits and those from
the global fit as they can be considered complementary
within certain scenarios of new physics. In the latter case,
correlations between different operators are in principle
important. We comment on the validity of our one-
operator-at-a-time analysis below. Likewise, we also dis-
cuss the effects of background EFT operators.

A. Perturbative unitarity bounds
and unitarization issues
The EFT operators in Table I induce WW — WW
amplitude growth [see Eqgs. (A17)-(A25)], which ulti-
mately leads to violation of probability conservation at
some energy scale VsV, a certain WW pair invariant mass,
the latter being a function of f;. In principle, it may happen

that vsU is within the accessible range of WW mass,
and in fact we find that this is sometimes the case.
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Since predictions of the EFT amplitudes are ill defined

above V/sY, the issue has to be addressed in some way in
the analysis. In this work we apply additional weights to

events above My = V'sU in the original nonregularized
samples generated with Monte Carlo simulations. The
weights are in general operator dependent. The applied
procedure is supposed to ensure that the total WW-
scattering BSM cross sections after regularization behave

like 1/s for Myy > VsU, and so it approximates the
principle of constant amplitude, at least after some averag-
ing over the individual helicity combinations [55]. Our
choice of unitarization is often referred to in the literature as

the (helicity-averaged) “Kink” method.'® We find the

above-mentioned weight to be equal to (VsY/Myy)*?

for the operator Qy and (VsY/Myy)' for Q,n and
Q(pw.” We refer to such a unitarized signal estimate as the
total BSM signal.

Technically, Vs is determined by using the perturbative
(tree-level) partial-wave unitarity condition [57,58]. The
statement regarding sU from this condition is that for
energies s > sU, perturbativity of the EFT necessarily
breaks down. In more detail, the unitarity limit has
been determined by studying all helicity combinations
for both WHW* and WTW~ elastic scattering ampli-
tudes.'? For each helicity amplitude, the first nonvanishing
partial wave 7) (where always J =0, 1, or 2) is
identified and the unitarity bound is found. The scale
where unitarity is violated, VsU , 1s then identified as the
lowest value among all such bounds. More explicitly, at
tree level the condition reads (for a detailed discussion,
see Refs. [59,60])

(3.1)

N[ =

J
\Y% N/laibN/lllz |751”31h;/1,/12 (S)| <

where the indices 4,, 4;, (11, 4;) denote outgoing (incom-
ing) helicities, whereas N,, = 1/2 for identical particles,
ie., x=y, or otherwise N,, = 1. Then, the partial-

wave amplitudes 7° Elj),,-/ll 4,(s) enter in the partial-wave
expansion as

> J
Mﬂ'ulb;/{liz = 16” Z(ZJ + I)Ti},b;ﬂlﬂz (S)
J=0

J)*
X Dil)—ﬁzvﬂa—ib (Qp(nb))’ (32)

10See Ref. [56] for a review and comparisons between several
unitarization schemes.

'The different exponents follow from the fact that unitarity is
first violated before the cross section gets dominated by its
asylrznptotic terms.

Both channels are governed by the same Wilson coefficients.

where Qp(ab) is a solid angle in the direction
P(ab) = Pu + Py, and DfnJJ)j(Qp) are the Wigner functions

satisfying the completeness relation

) () _ A
/dQPDm},A(QP)DmJ,l(QP) - 2] + 15J’J5m;m,'

(3.3)

We analyze the terms that grow with energy (« f;), in
which case no Coulomb singularity occurs and corre-
spondingly no phase-space regularization has to be
applied (e.g., a cut of 1 deg in the forward and backward
scattering regions). The results are cross-checked with
VBFNLO 1.4.0 [61] for operators where direct applicability
of the latter tool is possible in the context of the Warsaw
basis, obtaining good agreement in the unitarity limits.

When applied, the unitarity bound scale VsV is denoted
by vertical lines in Myy distributions in figures below.
Notice also that the unitarity bounds of VBS processes
for dimension-six/-eight operators were presented in
Refs. [62,63].

We would like to emphasize that within the EFT
approach one does not have knowledge about what happens
above sY. There could be SM-like perturbative completion,
or the theory could be nonperturbative. In the former
case one expects ~1/s, while in the latter ~(logs)?, i.e.,
the saturation of the Froissart bound [64] for the asymptotic
behavior of cross sections. The Froissart bound has the
advantage of working in nonperturbative sense and might
be more appropriate in the case of Qy, treatment; the latter
is currently poorly constrained. Applying the Froissart
bound to the tail would enhance the signal, although only
slightly, as we argue below; hence, our results are some-
what on the conservative side.

We verity that the bulk of the SM EFT effect is within the
EFT-valid region, i.e., originates from the region s < sY. To
this aim, we define the “EFT-controlled” signal estimate
[55] and compare it with the total BSM signal (the total
BSM signal defined at the beginning of this section). The
“EFT-controlled” signal estimate is calculated by replacing

the generated high-mass tail Myy > VsV with the one
expected in the SM, while taking the EFT prediction for the

region Myyw < V/sU. Hence, the “EFT-controlled” signal
defines a signal originating uniquely from the operator
within its (maximal) range of EFT validity. In turn,
comparison between the total BSM signal estimate and
the “EFT-controlled” signal allows for a verification of the
significance of the tail region: the conclusions based on
EFT are reliable only if the bulk of the BSM signal is in
the “EFT-controlled” region [55]. In Sec. III. D we show
that our results are approximately independent of how the
contribution in the region above the unitarity bound s > sY
is estimated, i.e., this issue should be a secondary effect;
quantitatively, we check that the total BSM signal and the
“EFT-controlled” estimate are statistically consistent within
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20 for all of the operators and Wilson coefficients studied
in Sec. III. D, with the exception of fy, = 1 TeV~2 (dis-
cussed further therein).

Although it is well known that nonunitarized results
do not directly have a physics interpretation, they could be
safely taken as overestimated upper bounds on any uni-
tarized results. For this reason, agreement between non-
unitarized results and the “EFT-controlled” estimate
implies little dependence on unitarization details. We make
the corresponding comparison and observe consistency
within 26 between nonunitarized results and the “EFT-
controlled” results for all of the cases (except
fw =1 TeV~2). Therefore, we choose to use the total
BSM signal defined at the beginning of this section
(popularly referred to as the “Kink” method) to obtain
our central results throughout this work.

Note also that positivity bounds are not harmed by
considering constant amplitudes for the asymptotic behav-
ior of cross sections in our analysis.

B. Method and kinematic variables

For the following analysis two samples of 6 x 103 events
consistent with the VBS topology for the process
pp — jjuTuTvv are generated, each corresponding to a
preselected arbitrary value of the fy or f 5 coefficient, in
MadGraph5_aMC@NLO [65] v2.6.2 at leading order at 14 TeV
pp collision energy. Different f; values are obtained by
applying weights to generated events, using the reweight
command in MadGraph. The value f; =0, V i represents the
SM predictions for each study. Results for the remaining
relevant operators, i.e., Q,p, Q,w are obtained using the
reweight command with the Q5 sample."

The SmeftFR code [66] v2.01 (based on FeynRules [67]) is
used to generate the UFO file [68] with an input parameter
scheme {G, my,mz, my,}, in SM EFT. Cross sections in
the output of MadGraph are multiplied by a factor of 4 to
account for all of the lepton combinations in the final
state. Hadronization is done with PYTHIA v82 [69,70],
run within MadGraph. Reconstruction level is generated
via the MadAnalysis5 [71] v1.6.33 package (available within
MadGraph). The FASTIET [72] v3.3.0 package is used with
the jet clustering anti-k; algorithm with radius = 0.35
and ptmin = 20. Finally, the detector efficiencies are set
to 100%.

The SM process pp — jjZ ¢ v is treated as the
irreducible background, while the “signal” is defined as
the enhancement of the event yield relative to the SM
prediction in the presence of a given operator Q;. None of
the reducible backgrounds are simulated. The reason is that
reducible backgrounds (as we learned from, e.g., Fig. 3
Ref. [11]) roughly double the total statistics overall in the

BSamples for Qy, were generated separately due to large
reported uncertainties when reweighting from Q ,q.

VBS fiducial region and are mostly concentrated at low
mass (both dilepton and dijet). Since VBS-related operators
mainly modify the opposite end of the spectrum, reducible
backgrounds probably will not be crucial to have an
estimate of the possible effects. Yet another aspect is that
additional operators might also modify the reducible back-
grounds in some unforeseen ways. But such potential
effects will need to be determined experimentally from
other studies, in which those processes are not backgrounds
but signals. We do not address this issue in our paper.
Following Ref. [55], the event selection criteria consist
of requiring at least two reconstructed jets and exactly
two leptons (muons or electrons) satisfying the following

conditions: M;; > 500 GeV, Ap;; > 2.5, p’T > 30 GeV,
In;| <5, p7 >25GeV, and |n,| < 2.5, where 7, is the
pseudorapidity of jets j or leptons £, respectively. The total
BSM signal significances are computed as the square root
of a y? resulting from a bin-by-bin comparison of the event
yields in the binned distributions of different kinematic
observables. Moreover, event distributions are always
normalized to HL-LHC luminosity, i.e., 3000 fb~!.

For each benchmark value of f;_w ,,p ,w, the signal
significance is assessed by studying the distributions of a
large number of kinematic variables. These are
U jji ol 2 i 02
, M 1pT7pT’pT’pT’

't di dg dgp',
ij2
R,, = pi 7/ (pT PT),
VBRI + BRI+ |B1)? - (57 + 7 + PP

(Vo @+ @2+ )

_ (1_5“ 4 1'7’12 + p’r%]iss)Z’

mil m

Mol

Mty
(3.4)

where /1(2) = (sub)leading lepton; j1(2) = (sub)leading
L . . O (miss) _ . .

jet; m is the invariant mass; p; ~ = (missing) transverse
momentum; n = pseudorapidity; ¢ = azimuthal angle.
Some of these variables are well known to be VBS blind,
but in the context of a “background operator” they may still
be useful. We find both angular variables 7 and ¢ as well as
pr’s involving jet(s) to be at most subleading in sensitivity.
Moreover, all p;’s, m’s, and M’s are found to be at most
subleading in sensitivity in the case of Q,n and Q,p.
The most sensitive variables are pi! for Qy, M, for Q,w>
and R, for Q,, Q,p.

We consider one-dimensional distributions of a single
variable. Each distribution is divided into ten bins, arranged
so that the Standard Model prediction in each bin is never
lower than two events. Overflows were always included in
the respective highest bins. Presented results and conclu-
sions are always based upon the most sensitive variables,
which is, in general, an operator-dependent outcome.
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FIG. 5. Examples of background operators indicated by the
associated Wilson coefficients.

Vi

The total BSM signal significance expressed in standard
deviations (o) is defined as the square root of a y? resulting
from comparing the bin-by-bin event yields:

£ = NP - NI .

1

(3.5)

C. Background operator analysis

Before moving to the analysis of operators in Table I that
modify the WW — WW reaction (VBS operators), we
comment on the role of the dimension-six interactions
that, although not affecting the subprocess WW — WW
directly, may contribute at parton level to pp — jjll'vyy
(background operators), see Fig. 5. This is particularly
relevant for the consistency of the discussion of potential
effects of VBS operators when f; is constrained by the
global fit, but also for a more complete description in
general. We examine possible contributions (after the VBS
cuts are applied) operator by operator, based on the bounds
reported in Refs. [28,29] (non-four-fermion operators, the
global, more permissive constraints are used in this work)
and [30,31] (four-fermion operators) (with consistently
applied flavor assumptions). The so-called “dipole” oper-

ators, i.e., Quw. Qug. Qug> Qaw- Qap. are not present in the

TABLE II.

quoted references. They are however commonly claimed to
be strongly constrained [29,73]. We checked that among
these, only Q,w, Quw, and Q. would lead to noticeable
effects for a representative f; = 1 TeV~2. Importantly,
however, they also lead to commonly distinctive kinematic
features compared to VBS operators, and hence they are in
principle easily separated as part of “background” effects
(discussed in detail below). We limit our examination to
nonleptonic operators, because leptonic operators would
contribute only at loop level to the process pp — jjWW,
and it is known that the on-shell projection of the outgoing
W’s can be defined in a gauge-invariant way and constitute
a fine (S5% error) approximation [74,75]. Moreover, in
this work we do not consider CP- or B-violating operators.
Out of the remaining, the coefficient corresponding to the
operator Q; is known to be constrained at 0(0.01) TeV~2
via multijet channels [76], whereas Q,, does not contribute
to the tree-level amplitude. We also omit Q,; as it is
constrained by the process of Higgs boson production via
gluon fusion at loop level [77]. In addition to this, we find
no sensitivity to the four-fermion operators in the
“(LR)(RL)” and “(LR)(LR)” classes even for generic
BSM coupling in the strong-interaction regime. The exper-
imental bounds on the remaining background operators are
compiled in Table II. One can see that strong suppression is
hidden in the Yukawa factors for the Q,,. Q4. Quc
interactions (the minimal flavor violation hypothesis is
assumed throughout the analysis). Since the light quarks
play (by far) the leading role in our reaction, the Wilson
coefficients are effectively of, at least, one-loop order in
this case.

As far as non-four-fermion operators are concerned, we
find that the current limits on all background dimension-six

Compilation of all of the experimental limits coming from global fits on dimension-six background

operators used in this work, in TeV~2 units, and the maximal effect in standard deviations (o) in the WHW+
scattering process from each operator separately. Flavor assumptions are implicit and follow the references quoted.
In particular, “xy” corresponds to the minimal flavor violation assumption.

w23 [29] o w2 Xe [29] o

Fup [-120.,-36.] x y, 0.027 fuc [+5,+18.] x y, 5.5x 1073

fap [+3.,+7.9] x y, 0.

w2 @*D [28] c (LL)(LL) [30,31] c
) [-0.23,40.12] 0.46 1) [-0.028, +0.057] 1.1
) [-0.18,+0.17] 5.7

fou [-0.79, +0.54] 0.

Fopa [-0.81,+0.13] 0.

(RR)(RR) [30] c (LL)(RR) [30] c

Fuu [-0.1, +0.23] 0. ) [-0.35, +0.35] 0.

faa [-0.31, 4-0.44] 0. o [-0.5,+1) 0.

£ [<0.44, 4+0.44] 0. f; y [-0.59, +0.59] 0.

I [0.59, +1.56] 0. £ [~1.,+1.56] 0.
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operators yield cross sections consistent with the SM
prediction, with the exception of
G _ (A N AL
Qpq = (#"iD,9)(G7'v"q) (3.6)
that yields a systematic discrepancy of around ~5%.
Detailed analysis reveals that this operator gives a up to

~5.5¢ potential discrepancy with SM at the HL-LHC.
The distributions in My and p!' are shown in Fig. 6 for

f((,;? = +0.17 (the negative boundary value fg(,?q) = —-0.181s
very similar).

One can observe that this background operator [see
Fig. 5] has distinct dynamics compared to the VBS
operators (presented subsequently). In particular, the con-
tributions to y? are uniformly distributed among all of the
bins (p!!) and a similar feature holds for the My
distribution. This is expected, because this background
operator has nothing to do with the WW mass, but as shown
in Fig. 5 it mainly contributes to the hard scattering for
longitudinal W bosons, so the energy dependence measured
in WW processes should be different.

This shows that even when the background operator
effect is large, it can be easily identified and disentangled
by studying kinematic distributions: if one gets more than

5o between Q,(;q) and the SM, then one is also likely to get a
5 difference between the predicted shapes for Q,(,;q) and any
VBS operator. More quantitatively, we find, e.g., that p’T1 is

the most sensitive variable in the case of Q,(,i,) " while it is
by far subleading in sensitivity for the VBS operators.
Moreover, the weak sensitivity of jet p7’s also holds for the
leading dimension-eight operators [78], which are usually
considered as the leading effects in phenomenological/
experimental analyses for VBS processes so far. On the

other hand, the highest sensitivity to p’T1 also holds for the
relevant dipole operators, as well as for the operator Q,,,4,
which is not studied in the “bounds” literature either; this
constitutes the distinctive dynamics mentioned above for
the dipole operators.

Concerning the potential effects in four-fermion
dimension-six operators, we check that the limits
reported in Ref. [30] were already sufficient to claim
that the effects from these operators are at most negli-

gible. The exception was the left current operator Q(qlq) for
which the search in the more up to date Ref. [31] was used
to derive the factor by which the limits reported in
Ref. [30] improve. We find the factor to be conservatively
estimated by ~3, and using the improved constraints
concluded that the operator might generate only negli-
gible effects. Note that the other nonleptonic operator in

"“Notice that it involves a contact interaction between two
quarks and two vectors, so it contributes to a hard scattering
of g and W.

the (LL)(LL) category, Q((fq), is identical to Q,(11q> assuming
flavor-diagonal Wilson coefficients.

D. Main operator analysis

From the previous subsection, we conclude that in
practice it suffices to parametrize potential new physics
(NP) effects from Wilson coefficients associated with the
main dimension-six operators listed in Table I, i.e., the
operators that modify the WW — WW subprocess. By
saying this, we exclude from our discussion CP-violating
operators Qy and Q(/,Wls for two reasons: first, their
contribution in the cross section WW — WW is no different
than the CP-conserving Qw and Q,, and second, these
operators are (usually) much more constrained than their
CP-conserving cousins. Therefore, we focus on the CPC
operators arranged in Table I for the numerical simulations
to follow.

We begin by examining the possible effects at the HL-
LHC assuming the bounds on EFT coefficients come from
the individual-operator-at-a-time analysis, based on the
recent Ref. [28]; we quote the relevant constraints indicated
as “individual” in Table III. The only f; upper-bounded by
0(0.1) TeV~2 are f, and fy, and the remaining two f,p,
and f,y are bounded by 0(0.01) TeV=2 (or stronger,
depending on the sign) and give null discrepancies with the
SM. In fact, at the boundaries f, ~ 0.5 yields negligible
effects as well. On the other hand, both boundaries on fy,
allow for large effects. The distributions My, (left) and
the total BSM signal in the most significant variable p’!
(right) are shown in Fig. 7 for fy = +0.36 TeV~2? and in
Fig. 8 for fy = —0.15 TeV~2. Notice that in the right
plots the total BSM signal is drawn in red and the “EFT-
controlled” signal in green, and that the red histogram is
almost entirely covered by the green one, as anticipated
in Sec. III. A.

Next, we consider bounds on f; from the global fit
(indicated with “global” in Table III), again based on
recent literature [28]. One can observe that constraints
here are considerably more relaxed than the “individual”
ones allowing for f; as large as O(1.) TeV~2. It is due to
correlations between various Wilson coefficients that
contribute to the same observables used to determine
the bounds. Therefore, such bounds could be understood
as complementary and in principle saturated in UV
models that normally allow for a plethora of dimen-
sion-six coefficients without too large hierarchies in their
magnitudes, e.g., one can construct such models exploit-
ing the UV vs tree-level matching dictionary [52] with a
large number of different heavy species. As no correlation
matrix was provided in Ref. [28], in what follows we

SThe operator Q5 does not enter the leading amplitudes;
see formulas in Appendix.
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FIG. 6. Distributions in WW system invariant mass My, (left) and the most sensitive observable (here p}!) for f(<p3q) = +0.17
compared to the SM case. The BSM signal estimate is in red and the SM is in yellow.

examine the four VBS operators in a simplified way, i.e.,
one by one, and qualitatively describe the effect of
correlations below.

We take an estimate on correlations from Ref. [29],
which corresponds to similar physics assumptions. One can
see that the correlations among the four relevant operators
are mostly negligible. They are however somewhat mild
between the following pairs: (Q(pg, Q(,,W), (Q(pm Ow),
and (Q,p.Qw). As we show in the Appendix, since the
operators in each pair modify distinct helicities of the
WW — WW subprocess, the corresponding effects do not
interfere. As a result, to account for correlations corre-
sponds to adding together the effects presented in this work
of each operator, with appropriate weights from the
correlation matrix. The most sensitive variables in
Eq. (3.4) for each operator feature an increase in the
number of events in the higher (relevant) bins independ-
ently of the sign of f;. Moreover, notice that the account for
mild correlation with Qy may affect the estimated effects
because this operator is by far dominant in our analysis, and
in this sense the results presented below for Q- and Q,,p
should be regarded as conservative ones.

The distributions in Myy together with the most
sensitive variable are shown in Figs. 9-12 for the operators
Q0> Qpw» Qu01> and Qy, respectively (for fi_,p ,w 0 at
the relevant boundary, either positive or negative).

As above, it is worth noticing that for all operators the
bulk of the SM EFT effect is within the EFT-valid region. In
terms of standard deviations (o), the maximal discrepancies
for Q,p, Q,w, and O, at the HL-LHC allowed by current
data are 4.4, 15, 120, respectively. Hence, these operators

cannot in general be simply neglected in studies of HL-LHC
prospects of discovery potential via the EFT approach.
The possible effects from Qy, are, in accord with Sec. II,
exceptionally large: the obtained discrepancy at the HL-
LHC is O(100)o. In this case the exact number of ¢’s may
vary depending on the chosen method of unitarization, as
anticipated in Sec. III. A. For the scope of this paper it is
rather inessential, so we report only the order of magnitude.
Clearly, signal significance can be huge, far above 5¢ even
in the “EFT-controlled” estimate, and therefore not at all
negligible in VBS data analyses from the HL-LHC per-
spective. Moreover, a simple rescaling to current luminos-
ity would imply large possible discrepancies already in the
currently collected LHC data set. Though counterintuitive
at first sight, it is partially a result of truncating the cross
section consistently at dimension six, which (as already
discussed in the Introduction) leads to conservative bounds
from the diboson production channel. Although the same-
sign WW scattering studies illustrate the necessity for better
theoretical understanding (and as a consequence improve-
ment) in setting constraints based on diboson production
at the LHC, it also shows (i) the large potential in VBS
processes to set constraints on the fy coefficient or,
alternatively, (ii) by comparison of the red and green
histograms in the right plots in Figs. 7 and 12, the large
discovery potential which is characterizable by (seizable)
“EFT triangle” [55]; interestingly, the EFT triangles for
dimension-eight interactions are very limited [54,55] due to
EFT-validity issues caused by necessarily large high-M
tails, which makes indirect searches in transversal WW
scattering via dimension six even more attractive.

TABLE III.  Experimental constraints on the subset of operators modifying the process W W+ — WTW, based
on the individual-operator-at-a-time or global marginalized fit analyses, from Ref. [28].

fW f(/)D f(/)D f{pW
“individual” [-0.15,40.36] [-0.44,4-0.52] [-0.025, +0.0015] [-0.014, +0.0068]
“global” [-1.3,+1.1] [-3.4,4+2.4] [-2.7,4+1.2] [-0.14,+1.6]
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FIG.7. Distributions in WW pair invariant mass My, (left) and the most sensitive observable (right, here p}}) for fy, = +0.36 TeV~2
compared to the SM case. The total BSM signal estimate is in red and the SM is in yellow. Notice that in the right plot the “EFT-
controlled” signal estimate is shown in green (almost identical to the red one), normalized to the HL-LHC. The vertical line (left) denotes
the scale above which the partial-wave unitarity condition is violated (see Sec. III. A).
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FIG. 8. Like Fig. 7 for fiy = —0.15 TeV~2
IV. EPILOGUE We studied all relevant dimension-six operators at tree level

In this article we performed a detailed study of SM EFT which are responsible for NP in VBS, including “back-
effects from dimension-six operators in a VBS process with ~ ground” operators responsible for NP in non-VBS parts of
like-sign-W production proceeding to leptonic final states.  the full process pp — jj£¢'v/. In addition, in our analysis
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FIG. 9. Like in Fig. 7 for f,y = +1.6 TeV™
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we exploited all available constraints on SM EFT Wilson
coefficients and also derived the relevant perturbative
unitarity bounds. The latter were applied to obtain a
quantitative estimate on the role of high-energy tails that
cannot be described within the EFT approach. We have
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Like in Fig. 7 for f,p = —2.7 TeV~2.

presented useful analytical formulas which illustrate and
support the robustness of our simulations’ results.

We found that the role of dimension-six operators in
modifying the WTWT™ — WTWT process cannot be
neglected in full generality, particularly for perspective
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FIG. 11. Like in Fig. 7 for f,n = —3.4 TeV™=.
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FIG. 12. Like in Fig. 7 for fy = +1. TeV™2.

013003-12



STANDARD MODEL EFT EFFECTS IN VECTOR-BOSON ...

PHYS. REV. D 104, 013003 (2021)

TABLE IV. Maximal effect estimates in standard deviations (o)
for the relevant dimension-six interactions in same-sign WW
scattering allowed within present constraints as reported in the
global fit analysis of Ref. [28], all normalized to the HL-LHC.

OW OwD Oq)D O(/}W
0(100.) 12. 4.4 15.

(;HL—LHC <

studies at the HL-LHC based on current constraints. This is
particularly true when the constraints on dimension-six
operators are taken from the global fit type analyses. The
potential effect based on current global fit limits is summed
up in Table IV for the relevant operators. It shows a
particular sensitivity to strong dynamics for transverse W
polarization, the effects of which can be conservatively
estimated with dimension-six truncated amplitudes.
Plausibly, the background operators are already constrained
strongly enough to claim that they play no role in WW-
scattering process even from the HL-LHC perspective, with

the exception of the Q,(,?q) operator (and potentially Q,,,; and
dipole operators). These VBS-polluting operators, how-
ever, feature very distinctive dynamics, and they can be
separated by studying different kinematic distributions.
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APPENDIX: HELICITY AMPLITUDES AND
CROSS SECTIONS

Probably the best way to write down the anatomy of a
cross section, especially for vector-boson scattering, is to
first calculate the helicity amplitudes for the given process.
Being definitive, let us assume the elastic scattering of W+
gauge bosons,

WH(p1, &) + WH(pa, o) = WH(p3, d3) + WH(pa, As).
(A1)

We consider the scattering plane to be the xz plane with p,
in the +Z direction, with the outgoing particle-3 momentum

p3, in the positive X direction. More specifically, the
kinematics are given by

p1 = (E.0.,0,p), (A2)

p>» = (E,0,0,-p), (A3)

p3 = (E, psin®,0, pcos0), (A4)
ps = (E,—psin0,0,—pcosb). (AS)

The center-of-mass scattering angle € is restricted in the
0 € [0, ] interval. For process (A1) we have 81 helicity
amplitudes. However, not all of them are distinct because
of C, P, and T transformations as well as the rotational
invariance of the S-matrix. For example, the CPT and CP
transformations read as

CPT symmetry : M, 4, 2,4,(0) = M_y, 3, —3,.-1,(0),
(A6)
CP symmetry . Mﬁl'12'23~ﬂ4 (9) = M—izw—/ll,—/h,—ig (—6),
(A7)

which relate the amplitudes up to a phase factor [50,79].
For an elastic polarized cross section like
WH(A)WT(4,) > WH(A3)WT (1) we have

do 1
<E> Mdadady " 64n%s M 2100, (5, cOs O)

while for unpolarized ones we have to sum over final and
initial helicities and average over initial helicities,

() 5> v (E) e
dQ unpolarized 9/11,,12=_113Vg4— dQ AAr A3y

(A8)

The integrated cross section is defined as

o [T dosin0 e A10
o(s) —A (pﬂcm sin 0 ( )

where 6, is an angular cut in scattering angle.

In Appendix we provide the helicity amplitudes
M 1,0, I SMEFT with dimension-six operators by
keeping the SM contributions to O(1) and up to leading
O(s) amplitudes associated with the operators in Table I. In
Appendix we also provide a partial list of amplitudes for
SM EFT dimension-eight operators at leading O(s?) that
relevant to our discussion. In calculating the amplitudes, we
follow the notation of Ref. [36] for vertices, while we use
SmeftFR [66] to output Feynman rules as input to FeynArts
[80] and FormCalc [81] for amplitude calculations. In the
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case of longitudinal vector-boson scattering, we have
checked our results analytically with the Goldstone boson
equivalence theorem [37—43].

1. Helicity amplitudes for W* (1;)W

W+ (A3)W* (A4) in SM EFT

The SM leading O(1) contributions, where 1 is the Higgs

self-coupling and g is the SM EFT improved SU(2), gauge
coupling, are

*(A) —

87
=, All
y— o0 (A11)
1 —cos®)
=-27 2( Al2
Magzs (14 cos®)’ (A12)
1+ cos @)
= -27 2( Al3
Mﬂ::Fﬁ::F (1 — cos 0) ( )
1
- = 27— Al4
Moo+ = Moo 9 <1 — cos ‘9), ( )
_ 1
Migo: = Mosso = =27 (m) (A15)
M :1(g2+g’2) LA P (A16)
000072 sin®0 ‘

The SM EFT leading-s contributions from CP-conserving
couplings associated with operators in the CPC row in
Table I are

N

Migzs = Maigs = Magiz = Magze = 69CWA2’
(A17)
My = 1ngW%, (A18)
Mozor = Moozo
= —%gCW(3+c059) +CPY(1 = cos 0) — o
(A19)
|
orrrr(s) = %ﬂ_s (Gpm3)? {C? : zz —2(c+2L,) ::é + (Z_é
16C7zs (/iz)z(zcwﬂ e

lﬁSee, for example, Ref. [83] for the conversion.

MO:I::FO = MiOO:F

3 K
= ZgCW(S — cos H)F = C*Y(1 + cos 6) ek

(A20)

s
Mogoo = (2CH + C7P) e (A21)
The SM EFT leading-s contributions from CP-violating

couplings associated with operators in the CPV row in
Table I are

W S
M++__ - _M__++ - _12gCWP, (A22)
s
M } - M | - _M f— — _M___+ == 6gCW A2
=-M_yp=-Mi =M =M
(A23)
M0+—0 = M+00—
= E"CW(3 cos 0) S C?" (1 + cos ) h
— T4 A2 A2
=Moo = —M_g0y4, (A24)
M(H—O— = M+0—0
3 — W N oW N
ZgC (3 +cos9)P— c*v(1 —COSQ)P
=Moo = —M_g40. (A25)

The SM results for the amplitudes agree with Refs. [38,82].
We convert the set of parameters {g, ', 7, 1} to a set of input
observables'® {Gy, my,mz, m,} and write out analytically
the cross sections in the c.m. frame for longitudinal and
transverse gauge bosons, averaging over the initial helicities.
We find at leading order in s

orrrr(s) = % (Gpmy)c (?:_zi>
202 G + 1) ()
(A26)
H e G0 () [te+ 220 = —}
(A27)
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et (5) = orure(s) = i (5) = ourra(s) = (Grm)? (2.5 )

21/4
" 16ns

+ 167s \ A2 9

Since cos @ — 0 is not attainable, we have used a cut at the
small angle 6., and integrate over 6., to 7 — 6., In
Eqgs. (A26)—(A28) we used the abbreviations ¢ = cos 0,
and L. = log(ﬁ). Numerically, if 6., = z/18, then
(1 —c*)7'~33 and L.~ -5, and therefore cross sections
are dominated by angles close to the beam.

2. Helicity amplitudes for pure transversal W’s
with up to d =8 operators

One of the important outcomes of our analysis is that the
VBS cross section is strongly affected by the operator
Oy = "kwi wre’ WK which enters in the transverse-W
four-point interactions. Since this operator is not affected
by Higgs field redefinitions after EW symmetry breaking,
the inclusion of pure transverse W* operators is straightfor-
ward. For pure interactions W* the basis for dimension-
eight operators reads [16,17,48,49]17

On = (W, Wil ) (Wi, W) (A29)
O = (W WH)(Wi,weed), (A30)
On = (WhWHI) (W], WH)), (A31)
Ono = (W/IH/W/“/J) (Wé/jwaﬁ’J)' (A32)

The leading-s, CP-even helicity amplitudes up to 1/A* are
symbolically written as

"Our notation for dimension-eight operators follows closely
the Warsaw basis article [15] where operators contain only gauge
fields and are not weighted by gauge couplings. For compariso,
our C' coefficients are g*/4 times those of Ref. [49].

3 (i>2 {70(3 £ (e 410y + Y2ETED) (6 (v 0V,

1-c

2 _ -
(Gpm3,)'/? <%) c(9 = )Re(CV W 4 CV o)

A28
) (A28)
|
M = SM + SM - dim 6 + (dim6)> + SM - dim8, (A33)
and are found to be
M __ 8 +4(2C" + C?) L (A34)
E 1 — cos?0 AY
L, 1+cosf 9 0 5?
Miq::tq: = —292m—§|cw|2cosz <§> (3 — COSQ)P
2
+(cos@+ 1)2(2C7 + 1 4 €2 —2Cf10)%,
(A35)
—ew S 9 v S
My =125C F—§(3 —cos*0)|C"]| A
2
+ (1 4 c0s20) (4C0 4+ 2C" + C2 + 4C10) %
82
+8C1 2. (A36)
My = —65C" = (A37)

A*

The multiplicities of the above helicity amplitudes into the
transversely polarized cross section oprpp are 2:4:2:8,
respectively. All other contributions not written explicitly
in Egs. (A34)~(A37), growing at most like (sv?/A*), are
neglected. It is amusing to note that (dim 6)? terms do not
involve gauge couplings (as they should) in the broken
phase: they result from the sum of Z and y tree diagrams
with identical Lorentz structures (see WWZ and WWy
vertices in Ref. [36]). On the other hand, dimension-eight
leading-s contributions arise from contact terms only.
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