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We study the one-loop corrections to WTW~ elastic scattering within the framework of effective
theories. Rescattering via intermediate electroweak would-be-Goldstone bosons dominate at high
energies, as the corresponding loop diagrams with these intermediate bosons scale like O(s?/v*) in the
chiral effective counting. In the present article, we focus our attention on the usually neglected fermion-
loop corrections which scale like O(M %ers /v*) in the Higgs effective field theory (HEFT). Although this
dependency is formally suppressed for s — oo with respect to the ones from boson loops, the large top
mass can lead to a numerical competition between fermion and boson loops at intermediate energies of
the order of a few TeV. The central goal of the present study is to assess the importance of these fermion
loops. For this, since the fermion contribution scales with the mass of the fermions, we have calculated
the imaginary part induced by loops of the heaviest fermions, top and bottom quarks, in WTW~ —
WTW-~ elastic scattering and compared them with the loop contributions from purely bosonic loops, as a
large imaginary part would be a clear indicator of large fermion-loop effects. We have examined the
dependence of both amplitudes on the effective couplings, allowing an O(10%) deviation from the
Standard Model. In some cases, boson loops dominate over top and bottom corrections, as expected.
However, we find that there are regions in the space of effective parameters that yield a significant—and
even dominant—imaginary contribution from fermion loops. In addition to our conclusions for the
general HEFT, we also provide analyses particularized to some benchmark points in the SO(5)/S0(4)

minimal composite Higgs model.
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I. INTRODUCTION

The discovery of the Higgs boson in 2012 by CMS and
ATLAS [1,2] has provided the last missing piece of the
Standard Model (SM). Over the past decade, in the absence
of new direct signals which may suggest new physics (NP),
much effort has been put into high-precision tests of the SM
through LHC data. The hope is that by observing small
deviations we may be able to elucidate the underlying NP at
higher energies. Within this context, one of the main
processes for this exploration is vector boson scattering
(VBS). Deviations from the SM arising from a strongly
interacting electroweak symmetry breaking sector [3] are
expected to enhance the scattering of the longitudinal
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components of W and Z bosons at high energies. In the
absence of new states, the most general description of the
NP is the so-called Higgs effective field theory (HEFT),
which is a sort of Higgs-equipped electroweak chiral
Lagrangian (EChL) [4,5]. For VBS at a center-of-mass
(c.m.) energy well over the WW threshold (/s > My), an
important tool is the equivalence theorem (ET) [6]. This
relates, up to O(My/+/s) corrections, processes with
longitudinal electroweak (EW) gauge bosons W* and Z
and amplitudes with EW would-be-Goldstone bosons
(WBGBs) ». By neglecting these O(My/+/s) contribu-
tions, the so-called naive equivalence theorem (NET), the
calculation of the amplitudes gets highly simplified. For
instance, in the case of this article, the more involved
W{W; — W/ Wi computation would be traded for the
simpler " w~ — @' @™ calculation. Notice that in the NET
we have replaced the external longitudinal gauge bosons
with WBGBs, but all particles (gauge bosons and WBGBs)
must be considered in the internal lines. However, WBGBs
interact through derivative operators and formally dominate
at high energies in strongly interacting models. For this
reason, it often works in this framework to consider
only WBGB loops as a sensible first approach to the
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problem [7].] Nevertheless, new studies [8] begin to include
the physical gauge bosons as internal lines, hence using the
ET as originally formulated.

In the HEFT, leading-order (LO) contributions to the
amplitude appear at tree level and scale like O(p?/v?) ~
O(s/v?). At next-to-leading order (NLO) in the HEFT’s
chiral expansion, the amplitudes get O(p*/v*) corrections,
with p representing soft scales of the low-energy effective
theory (masses, c.m. energy, etc.). More precisely, WBGB
loops are NLO in the chiral expansion and scale like
O(s?/v*), whereas fermion loops show an O(M3 s/v*)
dependence. Hence, the latter are usually neglected:
WBGB loops will produce stronger deviations from the
SM as we increase the center-of-mass energy.

In the present article, we provide a systematical quanti-
tative study of the importance of these fermion-loop
contributions to the WTW~ scattering at the energies
relevant at the LHC within the context of the HEFT.
During this analysis, we have realized that in some cases
an accurate calculation of the boson loops requires going
beyond the NET. At high energies, HEFT models with
Higgs couplings very close to the SM ones have boson-
loop contributions which are identically zero in the zero
mass limit, My 7, — 0. Hence, in this situation, the
deviations from the SM enter in numerical competition
with the corrections to the NET. For this reason, in this
article, we go beyond the NET and perform the analysis of
WTW~ scattering rather than w™w~. Some preliminary
results in the NET were provided in Ref. [9].

It is well known that fermion loops are proportional to the
masses of the particles in the EW fermion doublet inside the
loop and to their Higgs effective couplings. Experimentally,
Higgs-fermion couplings are still allowed for deviations
within a £O(10%) with respect to the SM values or larger
[10]. We will focus on the heaviest xquark doublet, given by
the (z,b) quarks, but results can be extended to the
remaining Standard Model EW doublets in a straightforward
way. Nevertheless, they will be numerically negligible,
because their masses are much smaller than the Higgs
vacuum expectation value (M, < v =~ 246 GeV).

In this work, we will focus on the imaginary part of
fermionic and boson-loop contributions to WW scattering.
This choice is twofold:

(1) Since the imaginary part first appears in the scatter-
ing amplitude at NLO in the low-energy chiral
counting, it is not masked by the purely real LO
amplitude or the real tree-level corrections at NLO,
determined by additional counterterms. This allows
us to compute the imaginary part of all the absorp-
tive one-loop Feynman diagrams that contribute to

"It is important to note that the full—generalized—equivalence
theorem also provides the subdominant corrections [6] and an
exact relation can be established at the price, nonetheless, of
making the computation more involved.

this process without needing renormalization, as
they are finite at this order. The real contributions
that do need renormalization are subject of a future
work [11].

There is an absence of available studies where mass
effects are taken into account for boson-loop cor-
rections. Among the literature in the HEFT, studies
can be found focusing on contributions to electro-
weak Goldstone boson scattering via the use of the
naive (or not) equivalence theorem [3,7,12]. In this
context, it is common to neglect the effects of the
masses of these bosons in order to make calculations
easier. Since in our case it is critical to maintain the
mass of the top (at least) and bottom quark, the
comparison between the fermionic and bosonic
loops (treated as massless) could be misleading
when our intention is precisely to gauge those mass
effects. A detailed study of the real part of fermionic
loops to WW scattering would also need, in prin-
ciple, a complete study of the bosonic loop correc-
tions to WW scattering (not GB) without neglecting
the masses of the bosons and without using a version
of the equivalence theorem. For some recent WZ
scattering studies on these aspects, we refer
to Ref. [13].

The quantity of interest in this article will be the ratio of
fermion- and boson-loop contributions to the imaginary
part of the scattering amplitude. More specifically, we will
study the first two partial-wave amplitudes (PWAs), J =0
and J = 1. For this, we will make use of perturbative
unitarity which connects the imaginary part of an
intermediate two-particle-loop contribution with the
amplitude of tree-level processes with the same two
particles as a final state. The calculation and study of
the real parts of these one-loop amplitudes will be
provided elsewhere [11]. Nevertheless, it is reasonable
to assume that if the imaginary part of fermion loops is
large, one may also have sizable contributions in their
real part.

The custodial limit (sometimes called isospin limit) also
provides a convenient approximation to our calculation. By
neglecting explicit custodial breaking terms in the HEFT
Lagrangian, expressions are simplified and calculations
become, in general, simpler. However, we have two sources
of custodial symmetry breaking. In the first place, the
components of the EW fermion doublets have very differ-
ent masses (M, # M}). In addition, ¢ # O introduces a
small custodial symmetry violation which leads, e.g., to the
EW gauge boson mass difference (My, # My). In this
article, we will always consider the physical top and bottom
masses, while the custodial breaking due to the U(1),
coupling will be neglected in a first approximation to the
problem [(M% — M3,) < M%,]. This ¢ = 0 limit makes the
analysis simpler and clearer, as the number of intermediate
channels is much smaller (photons decouple when ¢ — 0).

(@)
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However, we will later complement this computation with
the full calculation for ¢’ # 0, finding similar results.

In this article, we have concluded previous preliminary
studies [9,14] by including all possible two-particle inter-
mediate physical states for the elastic W W~ scattering,
including all possible intermediate gauge boson polar-
izations, and with M, # M, and ¢’ # 0. Thus, the available
two-particle absorptive cuts are {7 and bb in the case of
fermionic cuts and WTW~, ZZ, hh, Zh, vy, yZ, and yh for
bosonic intermediate states.

The article is organized as follows. In Sec. II, we
introduce the HEFT Lagrangian discussing the problems
that arise when one uses the equivalence theorem and the
decision to go beyond it. In Sec. III, we show how the
imaginary part of the corrections of both boson and fermion
loops to the partial-wave amplitudes of W+W~ scattering
are calculated via the optic theorem and design the quantity
of interest R; (J = 0, 1) that will reveal the importance of
fermion-loop corrections. In Sec. IV, we take the often used
¢ = 0 limit to calculate R; and observe the significance of
fermions in some regions of the parameter space of the
HEFT couplings. Section V goes beyond the ¢ = 0 limit to
capture the effects of intermediate exchanges that were
neglected in the previous section. In Sec. VI, we use the
predictions from the minimal composite Higgs model as
inputs for the HEFT couplings and address the relevance of
the fermion corrections in this model. Finally, in Sec. VII,
we provide some conclusions. Technical details on kin-
ematics, partial waves, and some lengthier expressions for
the scattering amplitudes are relegated to the Appendixes.

II. HEFT LAGRANGIAN

In this section, we present the relevant EW chiral
Lagrangian for the elastic WW scattering analysis dis-
cussed in this article. However, in a first approximation, we
approached the study by making use of the NET, where the
longitudinal gauge bosons in the external legs of the
amplitude are replaced by EW Goldstone bosons, which
is accurate up to My, z/+/s corrections. Though not stated
in the theorem, it is also common in the literature to ignore
gauge boson intermediate exchanges in this ET approxi-
mation, considering only scalar exchanges (Goldstone
boson interactions carry additional derivatives in their

|

2

interaction with respect to the gauge boson ones). Thus,
individual scattering diagrams with Goldstone vertices
grow like E?, eventually violating the unitarity bound.
Nevertheless, in the exact SM limit, there is a fine
cancellation between the various contributions to the total
amplitude, which behaves like EY: the unitarity bound is
always preserved, and the theory is renormalizable. In that
SM limit, the contribution of the intermediate gauge boson
exchanges is crucial. Hence, in beyond-SM (BSM) scenar-
10s that are nonetheless close to the SM, these contributions
cannot be ignored. Moreover, for energies below the TeV,
near the WW production threshold, the corrections to the
NET eventually become important. For these two reasons,
we have also performed the present analysis beyond the
NET limit: In addition to the @t w™ scattering in the NET,
we have also computed the actual W; W; longitudinal
gauge boson scattering. Although we will focus on the
latter, we will briefly discuss the difference in the following
subsection.

A. Effective Lagrangian in the equivalence
theorem limit

In this first approach, we will just consider in our EFT
description the scalar bosons and the fermions we are
interested in. Since the fermion contributions will be
proportional to the masses of the fermions in the weak
doublets, we will include only the top and bottom quarks in
the effective Lagrangian below. The remaining fermions
nonetheless can also be incorporated into the theory in a
straightforward way, if required.

At LO, O(p?), the relevant part of our effective
Lagrangian is given by [4,5,15-19]

Ly = Lg+ Liinr + Lyuk (1)

where

v ; 1
Ls =7 F(Te{9,UT0U} +50,hd"h = V(h). (2)

Lyinr = i1gt + ibgb, (3)

0

Lya = =G(h) || 1 = 2(M it + Mybb) + i = (M7t — MybySb)
v v

2 -+
+ifw
v

(MiPgh — MiP.b) + i

20~ _ _
‘/—U"’ (M,bPpt — M,bP,1) |, (4)
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with Ly, providing the Yukawa interactions
between fermions and scalars® [A is the Higgs and o
the WBGB fields with @* = Zj(a)j)z], Pp; = %(1 +vs)
are the chirality projectors, and » ~246 GeV. For the
Goldstones in Eq. (2), we are using in this article the
coset representation U = /1 — w?/v* + iw“c*/v [20]. In
front of these operators, symmetry invariance allows us to
insert a general function of the Higgs field singlet 2 with an
analytical expansion of the form

2

h h h

g(h):1+61;+..~, f(h):l+2a;+b—2+...7 and
v

M2

M2 2
hh2+d

V(h)= 4 i +d4 W (5)

In the SM case,onehasa =b =c¢, =d; = d, = 1 and
zero for any higher powers of h. These couplings
(a,b,cy,d;y) are the only relevant parameters in F(h),
G(h), and V(h) for the present WTW~ elastic scatter-
ing study.

As was mentioned in the introduction, we first computed
the boson-loop contributions to WW scattering in the
context of the NET in the Landau gauge, neglecting
diagrams with gauge bosons in the intermediate internal
lines. For strongly interacting BSM scenarios with a # 1,
these NET-simplified calculations do reproduce well
the behavior of W; W, scattering. However, in the SM
case, the NET does not recover the right prediction for
W, W; — W, W, scattering if intermediate gauge boson
exchanges are not taken into account and the w®w — oww
scattering fails to yield the precise prediction in this
important case. Hence, we move beyond the NET and
compute the loop contributions, including physical gauge
bosons in the tree-level calculation of this amplitude. This
full tree-level amplitude W;W; — W,;W; has already
been used for the ¢ = 0 case in Ref. [9].

Regarding the fermion contribution via the tree-level
scattering A(W; W7 — ff), we have first reproduced via
the NET and HEFT (in the Landau gauge) the results in
Ref. [21] for wtw™ — fF.* Nonetheless, we find that the
NET shows further complications in this case. The SM
amplitude with same-sign fermion helicities (++,—-—)
does not match its NET counterpart A(w"w™ — ff) at
high energies. In the limit when My, /+/s — 0, at fixed s

*The Yukawa Lagrangian provided in Eq. (4) is indeed
the general chiral expression of the Yukawa interaction
Ly = —G(h)0,UMyQr +H.c. expressed in the spherical

coordinate coset representatlon U=+/1-w*/1>+in%"/v
that we will be using throughout the article, with Q7 = (¢, b)
and M, = diag(M,, M,).

*Notice that the ot o™ — ff amplitude in Ref. [21] does not
include gauge bosons in the internal lines. We have also removed
these contributions in our calculation for the comparison with
this work.

and M,, we find that this amplitude coincides with the
corresponding WBGB scattering. However, this is different
to the high-energy limit s — oo, at fixed My, and M,, where
we have found an important discrepancy when the HEFT is
not used in the Feynman gauge between both amplitudes in
the SM case. This difference can be observed directly in the
first partial-wave amplitude a;_,. For completion, we
turned to the SMEFT and calculated A(W} Wy — ff) to
find that also in the SMEFT this amplitude fails to
reproduce the scattering with physical bosons. To illustrate,
Fig. 1 shows the SM J =0 PWAs for W} W — 17 and
o w™ — 7 for the Feynman gauge in the SMEFT, where
one can see that the difference is significant even at high
energies (of the order of 70%). Fortunately, it is possible to
recover the full W} W; — ff amplitude if, instead of
applying the NET, one employs the full generalized
ET [6,20]. Similar concerns about the NET were raised in
previous works when dealing with WBGB amplitudes,
effective Lagrangians, and possible heavy scalars [22-24].
The discussion of this topic is beyond the scope of this
article, and it is relegated to a future work [11].

It is important to remark that this high-energy discrep-
ancy occurs in the SM only due to a fine cancellation. For
BSM theories with acy # 1, the NET works well and the
WBGB scattering amplitudes reproduce the longitudinal
gauge boson scatterings at high energies. For instance, we
find that in BSM scenarios A(W; W] —1f)~(—1)x
Alor o™ — 1) ~/Nc(1 —ac,)/sM,/v* for s > M3,, M?.
However, the latter leading term is canceled in the SM. The
first nonvanishing contributions for both amplitudes differ
at high energies by a term o< /N, M\/’_Tﬂﬁ” Although this term
might not look important at high energies, it becomes
crucial in the SM limit a = c¢; =1 when the formally
dominant O(m,+/s) terms vanish both W; W; and WBGB
amplitudes. The comparison of these two amplitudes can be
seen in Fig. 1.

In summary, given all these considerations, we will
always be working with the actual W] W; scattering
amplitudes, for both bosonic and fermionic intermediate
absorptive cuts.

B. Effective Lagrangian beyond the equivalence
theorem limit

Ultimately, for a study beyond the ET, one must also add
the EW gauge boson interactions to the EChL [4]. Thus, the
relevant part of the LO, O(p?), Lagrangian for the WW
study in this article is given by [4,5,15-19]

Ly = Ls+ Lyy + Liinr + Lyms (6)

with

F(h)Te{(D,U)D*U} + la 1k —V(h),

L= (7)
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FIG. 1. Left: imaginary part of the SM top-quark one-loop diagram in the a,_, partial-wave amplitude [coming from tree-level
A(W]} W7 — 17)] and its equivalence theorem analog partial wave a[Js:N([)EFT] [given by tree-level A(w™w™ — f) in the SMEFT for the

[SMEFT]

Feynman—"t Hooft gauge]. Right: ratio Ry = Im[ay]/Im[qa, | of these same partial-wave amplitudes.

Liing = itDt + ibPb, (8)

where the covariant derivatives in L;,p and Lg now
contain the couplings with the EW gauge bosons, Lyy
is the standard SU(2), x U(1), Yang-Mills Lagrangian,
and Ly, is the previous Yukawa Lagrangian in Eq. (4).

IIL. LOOP CORRECTIONS TO
ELASTIC W; W; SCATTERING

Starting from this Lagrangian, we have computed the
fermion-loop contribution to the elastic W; Wy scattering
amplitude for the (¢, b) quark doublet. At LO in the chiral
expansion, O(p?), the amplitude A, is purely real, and it is
given by tree-level diagrams made from £, vertices. Its
first correction, Ay, shows up at O(p*) in the chiral
counting. It acquires a real tree-level contribution Ay .
from the corresponding effective couplings in the NLO
Lagrangian £, (namely, a, and as). Likewise, one-loop
diagrams made of £, vertices also yield a A, |, contribu-
tion to the O(p*) amplitude and provide the first contri-
bution to the imaginary part of the amplitude A.

Up to the order studied in this work, O(p*), the real part
of the amplitude is provided by the aforementioned three
contributions, ReA = A; + Ayyee + ReAy .. This makes
the study of the NLO one-loop corrections cumbersome.
On the other hand, the imaginary part receives contribu-
tions only from one-loop diagrams up to this order,
ImA = ImA, ;.. This makes the study of the importance
of fermion corrections much simpler and clearer, and it will
be the procedure followed in this article. More specifically,
we will be studying the imaginary part of the helicity
amplitudes introduced in Ref. [25]. For the particular case
of particles with helicity 4 =0, the Wigner rotation
matrices reduce to the well-known Legendre polynomials.
This allows us to write the amplitude as a sum of the
projected PWAS a;(s):

A(s, 1) = Zl67rK(2J + 1)P;(cosB)a,(s), (9)

with K = 1 (K = 2) for distinguishable (indistinguishable)
final particles. In the physical energy region, Ima; (s) will be
provided by the one-loop absorptive cuts in the s channel,
which we will use to label the various contributions.

In scattering amplitudes with only bosons in the external
legs, it is possible to clearly separate fermion and boson
loops. We will measure the relevance of each of these two
contributions. For this, we will use the following notation to
refer to the corresponding absorptive cuts:

fer; = Imay|,j 7,
bos; = Imaj\yy,yz,yh,ww-,zz,zmhh- (10)

Notice that the channels are arranged by increasing mass, as
they will be presented later in the figures. The absorptive
cuts with intermediate longitudinal vector bosons WW, ZZ,
and hh can be found in Refs. [22,26,27], respectively. The
rest are provided in the Appendixes. In this work, we have
included the contribution from not only intermediate
longitudinal modes but also the transverse ones. Beyond
the NET approximation, there are also contributions from
the intermediate channels ZA that we did not include in a
previous work [9,14].

However, in the massless limit, all the mentioned one-
loop corrections contain forward (cos @ = 1) and/or back-
ward (cos @ = —1) divergences. In bos;, these singularities
arise in the limit My, M, — 0 due to the exchange of W, Z,
and y gauge bosons in crossed channels (as the photon is
massless, one always finds a forward divergence for the
WT W~ intermediate cut). On the other hand, the ampli-
tudes with intermediate 7 and bb absorptive cuts have a
forward divergence for M, — 0 and M, — 0, respectively.
One can also identify a distinctive pattern for this large
forward or backward contribution to the different partial
waves: The singular behavior of the ZZ, hh, yy, and yh

093006-5
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channels is relevant only for even J; the forward and
backward divergences of the Zh and yZ cuts arise just for
odd J; finally, since in the massless limit the 7, bb, and
W*W~ channels have only forward divergences, they are
relevant for both even and odd J PWAs.

In general, the nonzero mass of weak gauge bosons and
fermions regulates the indicated divergences, except for
one present in the W+ W~ absorptive cut. For the latter, we
encounter a divergent diagram arising from the exchange of
a photon in the ¢ channel, making its PWA projection
integral divergent at cos @ — 1. To confront this issue, we
will consider two strategies.

(1) Assume ¢ = 0 and integrate over the whole solid
angle.—In this scenario, M, = My, and thus, the
photon decouples (e = ¢ cos Oy, = 0), because the
WHW~ cut forward photon divergence is absent. In
addition, the yy, yZ, and yh channels vanish,
simplifying the analysis. In this case, we can
perform the complete angular integration and project
onto PWAs. This would correspond to the custodial
limit but for the fact that we keep M, # M,,.

(2) Impose angular cuts.—In order to deal with the
divergence from the W' W~ channel, we perform the
PWA integration within the angular limits | cos 6] <
(cos0),,,x for the intermediate particles (with, e.g.,
c0S Opax = 0.9). This approach allows us to go
beyond the ¢ = 0 limit, incorporating all the afore-
mentioned cuts in Eq. (10). We will refer to these
amplitudes a;(s) as pseudo-PWAs (p-PWAs).
Although the p-PWAs are now finite and well
defined (even in the massless limit), we note that
they lose many of the interesting PWA properties:
The clear separation of the different angular mo-
menta no longer holds, and analogous PWA unitarity
relations fail. Nevertheless, these p-PWAs allow us
to include other channels and obtain qualitatively
results beyond the ¢ = 0 limit. Other approaches,
like, e.g., including by hand an artificial mass for the
photon, were considered, but this irremediably
spoils gauge invariance and the high-energy behav-
ior. Because of this, imposing an angular cut to the
physical gauge-invariant amplitude is a more attrac-
tive idea. In addition, experimental results are often
restricted to a fixed angular range given by the
configuration of the detectors.

Moving on, it is important to note which particular

couplings enter in each PWA:

J =0: ferg - a, cy,
bosy — a, b, ds,
J =1: fer; - no dependence on a, b, c; = SM,

(11)

bos; — a.

The main goal of the present work is to point out that
there are regions of the parameter phase space where
fermion loops become as important as the bosonic ones
and should not be neglected. To this goal, we introduce the
ratio

fer;
! bos, + fer, (12)

Values of R; close to zero will indicate that we can safely
drop fermion loops, while deviations from this value will
point out the relevance of fermions in WW scattering.
Although it is commonly assumed that fermion loops are
negligible in most of the parameter space, we will see that
this is not true for some particular channels and in some
regions of the effective couplings.

In the following, we will focus on the contributions from
fermion loops to the first two partial waves J =0, 1. In
order to do this, we will use perturbative unitarity which
connects the imaginary part of an intermediate two-par-
ticle-loop contribution with the amplitude of tree-level
processes with the same two particles as a final state.
This allows us to write all possible diagrams that contribute
to the imaginary part of the amplitude, and, since the
imaginary contributions are finite, they do not require
renormalization. For more details the reader can consult
Appendix A.

By using perturbative unitarity, we can write down the
fermionic contribution to the one-loop imaginary part of the
partial waves in terms of the tree-level amplitudes
AWW~ - FF) = Q*F (one for the production of
each intermediate fermion state FF), with Q¥F =
% (QtHF —Q=—F) = 20+HF, 9*=F, and Q=*F. For
J =0 only the Q% combination is necessary for the
partial-wave projection Q?” , while for J =1 three
(Q%F, 0+=F, 0=+F) enter in the projection:

ferg = Imag(s)| ;5 = ZﬂF|Q8’F|ZH(S —4M3),
F=1.b

(13)

fer; =Ima; ()| 5
= 5 e (10174101 4107 Jots ).
F=t,b
(14)

where iz = /1 — 4M3./s and the partial-wave projections
are defined as [7]

1 4r
0¥ = e\ oyt [ @ QY @a. (9

093006-6



RELEVANCE OF FERMION LOOPS FOR W*W~ ...

PHYS. REV. D 107, 093006 (2023)

where Y ,,(Q) are the spherical harmonics and A4 is the
helicity difference AA = 1; —1,, with the superindex F
omitted for simplicity.

Additionally, we can also calculate the relative cumu-
lative PWA, which we will denote as

J Zf’til Imaj|n
=

X Ima 7

where N, is the total number of absorptive channels,

Ima; = Zg;"l Imay|, is the total imaginary part of the a;
PWA, and Ima,|, represents the absorptive contribution
from channel n—either bosonic or fermionic—which are
arranged in increasing order of their mass threshold. The
analytical expression of the tree-level amplitudes that
provide the imaginary part of the one-loop diagrams is
rather lengthy and has been relegated to Appendix C. All
calculations have been performed within arbitrary renor-
malizable R; gauges with parameters &y, &7, and £,. We
have checked that the full amplitudes are gauge indepen-
dent, as expected.

IV. IMPORTANCE OF FERMION LOOPS
IN THE g’ =0 LIMIT

We will start our phenomenological study by considering
the ¢ = 0 limit. In the absence of fermion masses, this
implies that custodial symmetry is preserved. Actually,
fermion masses are not the problem but rather the mass
splitting of the fermion multiplets: Custodial symmetry is
restored in the limit ¢ = 0 and M, = M, (and similarly for
each quark and lepton doublet). This approximate custodial
or isospin symmetry is very useful to simplify and classify
the contribution from bosonic channels, as the weak bosons
turn into a degenerate multiplet (M, = My, = gv/2, at
LO), the W3-B mixing vanishes (tan@y = ¢ /g =0, at
LO), and amplitudes with photons become zero (since
e = ¢ cosOy =0, at LO). Custodial symmetry breaking
corrections are proportional to sin® @y, ~ 0.2, which makes
the isospin limit scenario a suitable first approximation to
the problem. In the following section, we will go beyond
this limit and consider the numerical relevance of the ¢’ # 0
corrections.

Nonetheless, for the purpose of the phenomenological
analyses in this article, we will never consider the true
isospin limit, which also requires M, = M,,. While it has
been used for some theoretical checks of the analytical
expressions, the large experimental hierarchy M, > M|, is
crucial for the numerical studies of the cross section and
any comparison with the experiment.

For this work, we will assume a 10% deviation on the
parameters of the effective Lagrangian. The relevant
effective couplings for the present one-loop computation
are a (WWW), b (hhWW), d3 (hhh), and ¢, (tth), with their
corresponding vertices within the parentheses. While the

experimental values of a and c¢; fall within this range
[28,29], b and d5 present a much wider uncertainty [30].
Since the aim of this study is to call attention to the often
neglected fermion corrections which are proportional to ¢y,
we will not use its precise experimental range. A 10%
deviation from the SM already shows their relevance and
the need to include them in future calculations.

Concerning the center-of-mass energy, we have consid-
ered the interval 0.5 TeV < ./s <3 TeV, which is the
relevant one to look for NP at the LHC. We will use as
inputs My = 80.38 GeV, Mz =91.19 GeV, My =
125.25 GeV, v =246.22 GeV, M, = 172.76 GeV, and
M, = 4.18 GeV [10]. The value of the Weinberg angle
is found in the standard way from My, and M, cos’Qy, =
M3,/M?% at LO.

A.J=0 PWA: R,

In the following plots, we have scanned the value of R,
in the aforementioned region of the coupling space one
parameter at a time while keeping the others fixed to their
SM values for reference.

As we see in Figs. 2(a) and 2(b), when we explore a and b,
respectively, we find O(10%) corrections around
\/s =500 GeV. For /s 2 1.5 TeV, bosons completely
dominate, as expected. When it comes to the dependence
on ¢;, we can see [in Fig. 2(c)] 22% corrections at /s ~
3 TeV when c; deviates from the SM. If we considered a
broader phenomenological range for ¢, this correction
would be even larger. For the case of d;, we observe in
Fig. 2(d) fermion corrections of the order of 8% around
500 GeV. Although in absolute terms R barely changes with
ds, it decreases when the center-of-mass energy is increased.
This lack of sensitivity is due to the fact that d5 enters only in
the hh cut and via a nonderivative interaction.

From this analysis, we extract that for R, the most
relevant parameter is ¢,. The further it is from its SM value,
the larger the fermion contribution is, as expected from the
analytical expression of the fermionic cuts.

It is also illustrative to show how each cut contributes to
the total amplitude. These cumulative relative amplitude
curves y for the SM are shown in Fig. 3. Each curve
contains the contribution of all intermediate cuts below the
mentioned cut. They are ordered according to the value of
the mass threshold of the intermediate state: The first cut is
bb, then WW and ZZ at the same energy (¢ = 0), Zh, hh,
and finally ¢7. Clearly, in the SM case, in Fig. 3, top loop
corrections are relevant only around /s ~ 500 GeV, reach-
ing a maximum of R, ~ 10%. The bb cut is present (blue
line at the bottom), but its contribution is absolutely
negligible for J = 0.

Now aware that d; is not relevant, we will explore the
cumulative curves for BSM scenarios where a, b, and c;
have been modified one at a time. As seen in Fig. 4, WW,
ZZ, and hh provide a large section of the total amplitude
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FIG. 2.
a=>b=d;=1.(d) Ry dependence on d3 fora=b =c; = 1.

[Figs. 4(d)], while 7 is important (corrections of the order
of 22%) only when c; takes extreme values (¢; = 0.9 or
¢y = 1) and the rest of the parameters are set to their SM
values [Figs. 4(e) and 4(f)]. The Zh cut is relevant only
below /s ~ 500 GeV and then rapidly becomes insignifi-
cant, as can be seen in Fig. 4.

T/

0.8 hh

0.6
=2

0.4

W*W~ and ZZ
0.2
0.0
500 1000 1500 2000 2500 3000
Vs (GeV)

FIG. 3. Cumulative relative contribution of each channel to

J = 0 PWASs in the SM.
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(d)

(a) Ry dependence on a for b = ¢; = d;3 = 1. (b) R, dependence on b for a = ¢; = d3 = 1. (¢) R, dependence on ¢, for

These previous plots give us a notion of the behavior of
the amplitude at different energies and values of the HEFT
parameters. Now, we will explore the whole possible range
these parameters can take to find a set which maximizes R,,.
We will do this for two benchmark energies: 1.5 and 3 TeV,
a pair of typical energies at which NP is usually expected.
We scanned the space of effective parameters (a, b, ¢, d3)
within the aforementioned 10% deviation from the SM and
located the point that maximized R, at a given c.m. energy
V/s. We find that a = 1.023, b = 1.100, ¢; = 0.900, and
dy = 1.100 give rise to a Ry =75% at 1.5 TeV and
a=1.008, b =1.035, ¢; = 1.100, and d3 = 0.900 to a
Ry = 94% at 3 TeV. Some optimal couplings are found to
lie on the boundaries of the considered parameter space due
to the structure of their analytical expression in the
amplitude. We have plotted the relative ratio for both of
these configurations in Fig. 5. As seen in these optimal
cases, fermion-loop corrections provide most of the ampli-
tude for J = 0.

To test the sensitivity of R to these optimal points
(a, b, cy,d3), we have plotted R, by varying one parameter
at a time while keeping the others fixed to the values that
maximize Rj. This is shown in Fig. 6 for 3 and 1.5 TeV,
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FIG. 4. Cumulative relative contributions for each absorptive cut to the J/ = 0 PWAs for a, b, and ¢, at the borders of the considered
parameter space. The bb contribution is numerically negligible for this PWA.

respectively. The full dots on each curve represent the
optimal value of the parameter which maximizes the ratio.
We can observe that the R, correction rapidly drops if we
change one of the values of a, b, and c;. Thus, a fine
interplay is needed among the couplings to produce these
large fermion-loop corrections. Again, R, remains essen-
tially constant with respect to d5 variations.

In summary, it is possible to say that, in general, the
assumption of neglecting the imaginary part of top-quark-
loop corrections for the J = 0 channel is not well sustained,
since we have found many sets of values of the HEFT para-
meters which yield meaningful contributions. Moreover, in
some cases they even dominate the total amplitude.

B.J=1PWA: R,

Now we consider the J = 1 PWAs. The only diagrams
from fermion loops which yield a nonzero contribution to
J = 1 do not involve a Higgs; hence, they do not contain any
NP parameter (i.e., deviations from SM). Hence, fer; does
not depend on the ¢; parameter and is fully determined by
the SM gauge-fermion interactions. On the other hand, the
bosonic part bos; depends only on a through the WW, ZZ,
and Zh intermediate channels (the isoscalar 42/ channel does
not contribute to J = 1). As can be seen in Fig. 7, we find a
wide range of corrections for low energies (30%—40% at
0.5 TeV for 0.9 < a < 1.1) and for high energies (10%—15%
at 3 TeV in the whole range of a).
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(a) J =0 PWAs: largest fermion-loop contribution of 75% found at 1.5 TeV for a = 1.023, b = 1.100, ¢; = 0.900,

and d; =1.100. (b) J =0 PWAs: largest fermion-loop contribution of 94% found at 3 TeV for a =1.008, b = 1.035,

¢, = 1.100, and d5 = 0.900.
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FIG. 6. Sensitivity of R, to each parameter when the rest
are set to the highest correction value at /s = 1.5 TeV (top)
and /s = 3 TeV (bottom).

In addition to WW and ZZ cuts, this J = 1 PWA also
receives contributions from the Zh absorptive channel,
even for ¢ = 0. The present work completes previous
preliminary studies [9,14], which neglected the Z/ channel
on the basis of NET and custodial symmetry arguments.
This channel yields, indeed, a large contribution to the
amplitude, as can be seen in Figs. 8 and 9. This outcome is
notable, as the Zh channel is usually not included
when studying WW scattering. Since the only available
HEFT parameter is a, we can easily describe the
dependence of R; on NP. Values of a close to 1 minimize
the boson contribution, thus yielding a high R;. Since the
WHW~ — Zh tree-level scattering vanishes in the naive ET
at lowest order in the chiral expansion, one needs to go
beyond it to actually address this important boson-loop
contribution.
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FIG. 7. R, dependence on the a parameter.
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For this partial wave, we can see in Figs. 8 and 9 that the
bb cut provides a significant contribution to the total
amplitude. Especially at large energies, the contribution
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Vs (GeV)

(a)

from both cuts 7 and bb are similar. In order to obtain a
relevant fermion-loop contribution at high energies to the
J =1 channel from a quark doublet, at least one of the
fermions needs to be heavy.

If we look for the optimal value of a that maximizes R, at
the same benchmark energies as before, we encounter that
a=0.991 yields Ry =17% at 1.5 TeV and a = 1.013
yields Ry =11% at 3 TeV. In Fig. 10, we show the
cumulative relative amplitudes of each cut for these
benchmark energies. These values of @ minimize the total
boson-loop contribution at the mentioned c.m. energies
(WW, ZZ, and Zh cuts), giving more relevance to the
fermion cuts.

In Fig. 11, we can see the optimal points for both curves.
The dependence on one parameter is also very revealing;
even if we restrict ourselves to scenarios very close to the
SM, we observe that both curves do not change dramati-
cally. This is interesting, because, unlike the J = 0 case
where we needed a fine interplay among the HEFT
parameters, Fig. 11 shows significant fermion corrections
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FIG. 9. Cumulative relative contribution of each channel to the J =1 PWAs for a = 1.100 (left) and a = 0.900 (right).
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(a) J =1 PWA: largest fermion-loop contribution
of 17% at 1.5 TeV for a = 0.991 .

FIG. 10.
contribution of 11% at 3 TeV for a = 1.013.
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(b) J =1 PWA: largest fermion-loop contribution
of 11% at 3 TeV for a = 1.013 .

(a) J = 1 PWA: largest fermion-loop contribution of 17% at 1.5 TeV for a = 0.991. (b) J = 1 PWA: largest fermion-loop
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FIG. 11. Sensitivity of R, to the a parameter for the highest
contribution at /s = 1.5 TeV and /s = 3 TeV.

above 5% (15%) for /s = 1.5 TeV (/s = 3 TeV) in the
whole range of a studied here.

As was the case for the previous partial wave, neglecting
fermion-loop corrections is not appropriate according to
our work. Even if we restrict ourselves for scenarios close
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FIG. 12.
a=b=d;=1.(d) R} dependence on d; fora =b=c; = L.

to the SM one where a ~ 1, we find significant fermion
corrections.

V. FERMION LOOPS BEYOND THE g’'=0 LIMIT:
PSEUDO-PWAs

A. J=0 pseudo-PWA: R

Moving to the more realistic case ¢ # 0, we have
additional cuts: yy, yh, and yZ. As mentioned before,
the integration has been performed only in the | cos 6| < 0.9
region due to a divergence in the ¢ channel of the WW cut.

Thus, strictly speaking, these are not partial waves so we
will refer to them as p-PWAs. Apart from this, the analysis
will be analogous to the ¢ = 0 case.

As seen in Fig. 12, the contour plots do not dramatically
change from the ¢ = 0 case. Areas around /s ~ 500 GeV
are enhanced around 10% for Figs. 12(a) and 12(b) and 5%
for Fig. 12(d) (sensitivity to a, b, and d5, respectively). On the
other side, when it comes to the sensitivity to ¢, shown in
Fig. 12(c), we find larger contributions: from 20% around
/5 ~500 GeV up to 70% at 3 TeV when ¢; = 0.9 and
¢, = 1.1.Finally, the dependence on d; is negligible just like
in the ¢’ = 0 case, being relevant only for /s ~ 500 GeV.
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(a) Ry, dependence on a for b = ¢; = d; = 1. (b) R, dependence on b for a = ¢; = d; = 1. (¢) R, dependence on ¢ for
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Given the numerous absorptive cuts we have now (nine
in total, two fermionic and seven bosonic), the cumulative
ratios are difficult to read from one plot, so we have
subsumed all boson cuts here. In Fig. 13, we can see the
corresponding cumulative relative ratios )(?' for the SM. We
observe that in the SM the fermion contributions are not
relevant and can be neglected, as in the ¢ = 0 case. In
Fig. 14, we show the )(?/ cumulative ratios for @ and c¢; on
the borders of the parameter space. Again, the most
important parameter is c;, giving rise to corrections of
the order of 60% and 70% at 3 TeV when it reaches 1.1 and
0.9, respectively.

If we find the set of parameters which maximizes the
fermion corrections, we have R, = 80% for a = 1.011,
b =1.045, ¢; =0.900, and d; = 1.094 at 1.5 TeV and
Ry =93% for a=1.003, b =1.011, ¢; =1.100, and
d; = 1.100 at 3 TeV. The contributions for each benchmark
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FIG. 14. Cumulative relative contributions for each absorptive cut to the J = 0 p-PWAs for a, b, and ¢, at the borders of the considered
parameter space. The bb contribution is numerically negligible for this p-PWA.
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(a) J = 0 p-PWAs: largest fermion-loop contribution of 80% for J/ = 0 at 1.5 TeV fora = 1.011, b = 1.045, ¢; = 0.900, and

d; = 1.094. (b) J = 0 p-PWAs: largest fermion-loop contribution of 93% for J = 0 at 3 TeV for a = 1.003, b = 1.011, ¢; = 1.100, and

dy = 1.100.

energy are shown in Fig. 15. Again, if we test the sensitivity
of R{, to these optimal parameters, we find that, in order to
produce large fermion-loop corrections, one needs a fine
interplay among the couplings. This is shown in Fig. 40 (in
Appendix D 3 for the sake of clarity), and it is essentially
similar to the previous R results in Fig. 6.

From the plot it is clear that, for the J = 0 p-PWAs,
fermion-loop corrections should not be neglected at high
energies. They can provide a large contribution to the
amplitude, even if one has several additional bosonic cuts
in the ¢’ # 0 case (e.g., yy).

B. J =1 pseudo-PWA: R
The contour plot for the next p-PWA, J = 1, is shown in
Fig. 16. In this case, the behavior of R/1 around the SM is
qualitatively similar to R, but the corrections are dramati-
cally enhanced. We find R ~ 60% from 0.5 to 3 TeV in the
neighborhood of the SM.
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FIG. 16. R} dependence on the a parameter.

In Fig. 17, we see again that in the SM both fermions
provide almost 70% of the amplitude from 500 GeV on
when a = 1. In comparison, for a = 1.1 and a = 0.9,
they reach a maximum around 500 GeV, and they
rapidly decrease to around 15% at 3 TeV, as can be seen
in Fig. 18.

As for R, the p-PWA ratio R/ depends only on a. We
then look for the point in parameter space that maximizes
R'|. The optimal values of a for 1.5 and 3 TeVare a = 1.019
(with R| = 66%) and a = 1.007 (with a R} = 67%),
respectively (see Fig. 19).

If we test the sensitivity of R} to these optimal param-
eters, we find in Fig. 41 (in Appendix D 4 for the sake of
clarity) that fermion contributions remain sizable for the
whole range of a studied here. These are essentially the
same conclusions found for R; in Fig. 11.

Again, values close to a = 1 yield significant fermion-
loop corrections. These are of the order of 60% for the
optimal value of a, around 3 times larger than the optimal
value for R;. Hence, in the case of angular cuts (e.g.,
|cosf| <0.9), top and bottom intermediate channels
should not be neglected.
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FIG. 17. Cumulative relative contribution of each channel to
J =1 p-PWAs in the SM.
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VI. SPECIFIC SCENARIO: MINIMAL COMPOSITE
HIGGS MODEL

When it comes to the importance of fermionic cuts, it is
clear that they are relevant for some regions of the coupling
space. Although these couplings could, in principle, take any
value, we would like to be able to link them to specific NP
scenarios where, in general, all effective parameters deviate
from the SM in the particular way established by the model.
For illustration, we will study here the SO(5)/SO(4)
minimal composite Higgs model (MCHM) [31], where
the Higgs is a pseudo-Goldstone boson of an underlying
strongly coupled theory. In this model, the couplings depend
explicitly on the characteristic MCHM scale f.

The expressions for the relevant couplings for our
analysis are [31,32]

b*=1-2¢, with E=22/f2.

Because of the structure of the MCHM, only values smaller
than 1 are allowed for these effective couplings. Note that
the four HEFT couplings are determined by the NP scale f.
We have then computed the previous PWAs and p-PWAs
for various values of f within this model. To ease the
analysis, we will provide the corresponding value of the
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(a) J = 1 p-PWA: largest fermion-loop contribution of 66% at 1.5 TeV to J = 1 for a = 1.019. (b) J = 1 p-PWA: largest
fermion-loop contribution of 67% at 3 TeV to J = 1 for a = 1.007.

hWW coupling a together with f in the labels of the
different curves (Figs. 20-23). For 0.90 < a* < 1.00, this
implies f > 0.56 TeV, with a* — 1 for f — oo.

A. Limit g'=0
We have plotted the ratios R and R, as a function of /s
for different values of f in Figs. 20 and 21, respectively.
As it can be seen in Fig. 20, R, is drastically changed.
Below the threshold of #7 production, only bb is present, but

010 =056 TeV (a=0.9)
' =078 TeV (a=0.95)
0.08 f=1.7 TeV (a=0.99)
—_ =55 TeV (a=0.999)
006 NN | SM (a=1)
0.04
0.02
0.00
500 1000 1500 2000 2500 3000
Vs (GeV)

FIG. 20. Ratio for the Ry PWAs in the MCHM.
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0.4 — £=0.56 TeV (a=0.9)
£=0.78 TeV (a=0.95)
— £=1.7 TeV (a=0.99)

— £=5.5 TeV (a=0.999)

0.3

0.1
0.0
500 1000 1500 2000 2500 3000
Vs (GeV)
FIG. 21. Ratio for the R; PWAs in the MCHM.

its contribution is negligible. R rapidly increases when top
corrections enter at /s ~ 350 GeV. In the present study,
we find the maximum value Ry = 11% for a* = 0.9, at the
boundary of our allowed range. It then quickly decreases
for larger values of a* at all energies.

The SM curve provides the lowest limit for the fermion
correction, while the a*=0.9 curve provides the
upper bound.

For R, (see Fig. 21), we observe a similar behavior.
When the 77 cut appears, R; reaches a maximum of 41%
around 500 GeV for an a* =0.9. Again, all curves
decrease rapidly, but the behavior at large energies is
different. In this case, the SM curve provides the largest
fermion correction, while the a* = 0.9 curve the small-
est ones.

In summary, in both R, and R; cases, when we restrict
ourselves to the MCHM, the largest corrections appear
always at \/— ~ 500 GeV, with a* = 0.9 the value that
maximizes fermion corrections at that energy point. At
large energies, /s ~ 3 TeV, R, becomes negligible (maxi-
mum R, ~ 1%) for a* = 0.9, while R presents a signifi-
cant contribution (maximum R; ~ 10%) for a = 1.

— £=0.56 TeV (a=0.9)
£=0.78 TeV (a=0.95)
— f=1.7 TeV (a=0.99)
— f=5.5 TeV (a=0.999)
,,,,, SM (a=1)

0.15}

0.10]

Ry

0.05;

0.00¢ |
1500 2000 2500 3000

Vs (GeV)

1000

500

FIG. 22. Ratio for the Rj PWAs in the MCHM.

oy ——————————————————
0.6 T~ —
0.5
0.4
N 03 —_ =0.56 TeV (a=0.9)
) =078 TeV (a=0.95)
0.2 ~ f=1.7 TeV (a=0.99)
0.4 —_ f=5.5 TeV (a=0.999)
,,,,, SM (a=1)
0.0
~ 500 1000 1500 2000 2500 3000
Vs (GeV)
FIG. 23. Ratio for the R) PWAs in the MCHM.

B. Beyond the g’ =0 limit

As can be seen in Fig. 22, the result for R, is very similar
to Ry in the ¢’ = 0 case; the largest fermion contribution is
found around /s ~ 500 GeV, being around 17%. At high
energies, the R, decreases rapidly, becoming negligible.

For R| we note an interesting behavior. As in the R,
analysis, we find a maximum for R around 500 GeV but
somewhat larger (R ~ 65%). However, as we increase the
energy, there are curves with coupling values close to the
SM which decrease very slowly with the c.m. energy. This
shows that the amplitudes depend highly on the angular cut,
as was mentioned for the W W~ — W W~ corrections in
Ref. [33]. Again, the maximum contribution is found for
the SM curve at high energies and is about 65%.

VII. CONCLUSIONS

In this work, we have pondered in detail the widespread
assumption that fermion-loop corrections can be neglected
at high energies within the HEFT framework. For this, we
have compared the imaginary part arising from top- and
bottom-quark loops and that from boson loops in the elastic
WTW~ — WTW~ scattering. We have included all inter-
mediate channels and all possible polarization states not
included in previous preliminary works [9,14].

In order to analyze the importance of fermion loops, we
have computed the ratios Ry and R; for the first partial-
wave amplitudes, J = 0 and J = 1, respectively. R; close
to 0 indicates a dominance of boson loops, whereas a value
close to 1 points out that fermion cuts dominate.

Because of the presence of infrared divergences in
boson-loop diagrams (WW cut) where the momentum of
a t-channel photon goes to zero, a full angular projection
onto PWAs is not possible. In order to deal with the PWAs
and to project onto the full angle domain, we have
considered two approaches: (1) Set ¢ = 0, which removes
photon interactions and, hence, the infrared divergent
diagrams; (2) keep ¢ # 0 but impose an angular cut
(|cosB| < 0.9), which restricts the angular integration

093006-16



RELEVANCE OF FERMION LOOPS FOR W*W~ ...

PHYS. REV. D 107, 093006 (2023)

avoiding the angular divergence. These two approaches
give rise to the ratios R; for the imaginary part of the PWAs
with ¢ = 0 (approach 1) and the R/, ratios for the imaginary
part of the so-called pseudo-PWAs (approach 2). We have
explored these two types of ratios, scanning the possible
values of the relevant HEFT couplings. This has allowed us
to assess the validity of the assumption of neglecting top-
and bottom-quark loops.

In the first scenario, ¢ = 0, there are wide regions where
the bosonic loop contributions are dominant as can be seen
for the / = 0 PWA in Fig. 2. However, this is not the case in
some ranges of the parameter space; large deviations of ¢,
(htt coupling) from the SM yield significant top-quark
contributions. The bb contributions to J =0 are not
relevant as can be seen in Figs. 3 and 4, given the fact
that they are proportional to M,,. For the / = 1 PWA, the
same occurs when a (hWW coupling) is close to 1, as can
be seen in Fig. 7. This minimizes the bosonic contribution
and leads to a higher R,. In this case, the bb cut yields a
relevant contribution, as can be seen in Figs. 17 and 18. In
particular, the amplitudes of both fermion cuts present a
similar correction at high energies, showing that just one
heavy quark in the EW doublet is enough to obtain
significant corrections to the J = 1 PWA.

In the second scenario, ¢ = 0 with angular cuts, we find
that the results for the J = 0 p-PWA R, are similar to those
for Ry, as one can see in Fig. 12. Large deviations of ¢
from the SM yield important top-quark contributions, again
with negligible effects from the bb cut. For the J =1
p-PWA. we observe a significant raise in the ratio R with
respect to R;. This can be seen in Fig. 16, indicating that the
J =1 partial-wave amplitude is highly dependent on
angular cuts. Figure 17 shows a significant contribution
to R!, from the bb cut, due to the same reasons discussed in
the ¢ = 0 case for R, in Fig. 9.

There are also configurations for the four HEFT cou-
plings (a, b, c¢;, and dz) which make these fermion
contributions even more important. We summarize the
largest corrections we have found for the PWAs and
pseudo-PWAs in Tables I and II, respectively, J = 0 and
J = 1. We have looked for the point in parameter space that
maximizes fermion contributions at two benchmark ener-
gies: /s = 1.5 TeV and /s = 3 TeV. We have computed
the sensitivity of these optimal HEFT coupling values by

fixing three of them and varying one at a time. We can
observe that there is a fine interplay of the couplings a, b,
and ¢; which maximize R, and Rj, for these benchmark
energies (Figs. 6 and 40, respectively). One can also see
that the value of d5 is not relevant for the analysis. For
J =1, we find that values close to ¢ = 1 minimize the
bosonic contribution, yielding higher R, and R} ratios
(Figs. 11 and 41, respectively).

Based on what has been described above, we conclude
that the assumption of neglecting the imaginary part of top-
and bottom-quark-loop contributions to WTW~ - WTW~
in favor of the imaginary part of bosonic loops does not
entirely hold. For the case J = 0, it is true there are wide
ranges where fermion-loop contributions are negligible.
However, this is false in some regions, where a +£0.1
deviation of ¢; from 1 (SM) would give a 22% and 18%
top-quark-loop contribution to R, and R{, respectively.
Likewise, some configurations of a, b, ¢, and d5 can make
fermion loops even dominant, as shown in Table I. For
J =1, something similar occurs since we do not need to
deviate so much from a = 1 (SM). Values of a close to 1
yield significant top- and bottom-quark-loop contributions
to both PWAs and p-PWAs for J = 1, as shown in Table II.

For the MCHM case, we do not find meaningful
contributions to the J =0 ratios, as can be seen in
Figs. 20 and 22. Both plots show maximums around
500 GeV, but the ratios decay rapidly with the c.m. energy.
For J =1, a value of a =1 (f - o TeV) produces a
maximum R; = 10% at 3 TeV, as can be seen in Fig. 21.
When it comes to the ¢’ #0 case, given the strong
dependence on the angular cut, R} (Fig. 23) is enhanced
and takes an almost constant value R} ~ 65% for an hWW
coupling close to the SM one (a = 1). Therefore, in the
MCHM scenario, the imaginary top- and bottom-quark-
loop corrections would enhance the J =1 partial wave
considerably more than the J = 0. Note that, in the
MCHM, the HEFT relevant parameters need to be smaller
than 1 due to their particular dependence on the NP scale f.

Currently, we are working on the full one-loop contri-
bution [11]. We plan to complete the present computation
with the real part of the one-loop amplitudes, where
fermion contributions might also be important or even
dominant, as we have found in some cases for the
imaginary part.

TABLEI. Corrections to J = 0 PWAs for the ¢ = 0 case (first two rows) and the J = 0 p-PWAs (last two rows). In the second, third,
fourth, and fifth columns, we provide, respectively, the values of a, b, ¢, and d5 that maximize the fermion-loop contributions.

Vs (TeV) a-—1 b-1 c—1 dy—1 J=0

1.5 (PWA) 0.023 0.100 —0.100 0.100 Ry =76%
3 (PWA) 0.008 0.035 0.100 —0.100 Ry =94%
1.5 (p-PWA) 0.011 0.045 —0.100 0.094 R, =81%
3 (p-PWA) 0.003 0.011 0.100 0.100 Ry, =93%
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TABLEII. Corrections to J = 1 PWAs for the ¢ = 0 case (first
two rows) and the J = 1 p-PWAs (last two rows). In the second
column, we provide the value of a that maximizes the fermion-
loop contributions.

Vs (TeV) a-1 J=1

1.5 (PWA) —0.009 R, = 18%
3 (PWA) 0.013 R, = 12%
1.5 (p-PWA) 0.019 R = 66%
3 (p-PWA) 0.007 R, = 67%

Along with this, we plan to deal with the possibility of a
strongly interacting electroweak symmetry breaking sector
and the problem of unitarization of the whole amplitude for
all VBS channels [11,34].
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APPENDIX A: FEYNMAN DIAGRAMS

We show here the diagrams considered for the calcu-
lation of the imaginary one-loop contribution to WW~ —
W+ W~ arising from a given particle in the loop. In order to
do this, we will consider the tree-level contribution of
WTW~ - XY where X and Y canbe X, Y = W, Z, h,y,t,b
(see Figs. 24-32) and by perturbative unitarity calculate the
imaginary part of the contribution due to loops of X, Y
to WW~ - WHw-.

This can be easily seen diagrammatically. Let us consi-
der, for example, the tree-level process WTW~ — yy. The
three diagrams contributing to this process are shown
in Fig. 24.

Via perturbative unitarity, we can calculate the imaginary
part of the loop contributions to WTW~ — W W~ arising
from photon loops. This can be achieved by taking each
diagram in Fig. 24 and connecting it with the rest of them to
yield the nine diagrams in Fig. 33. Although all nine

WW-> vy vy
y Y s
s M 2
w v w w y
W . Y
w w
1 2 3

FIG. 24. Tree-level diagrams for WW — yy.

wWw-> ww
w w w
W W W ----- W W W
h v
w w w
1 2 3
w w
w WVT/\NVV\"W W
w h
z w W 4 w
w P N s SN
w
4 5 6
w
w
z
w
w
7
FIG. 25. Tree-level diagrams for WW — WW.
WW-> Z Z
V4
: e e
w W - GPY
w w O
w
1 2 3

z
z z
w w__ w
w GPY Z w Z
z A
w w w
4 5 6

FIG. 26. Tree-level diagrams for WW — ZZ, where GP refers
to the positive would-be-Goldstone boson here and in the
following diagrams.

diagrams contribute at one loop, only diagrams 1, 4, 5, 6, 7,
and 8 in Fig. 33 contribute to the imaginary part through the
absorptive cut in the s channel.
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WW-> h h
h
h/// h/' FVVW\N' _______
Ty Sy
h s h
w w B SRR
w
1 2 3
h
_____ - ’\/\/‘y\,\/.\ h .’ . h .’
w N w AN
w GPY < p Wy < p
h AN RN
Teem-eal ,\/\N\M AN AN
w w
4 5 6

FIG. 27. Tree-level diagrams for WW — hh.

WW-> Z h

FIG. 28. Tree-level diagrams for WW — Zh.

FIG. 29. Tree-level diagrams for WW — yh.

APPENDIX B: KINEMATICS

We present the following kinematics in the center-of-
mass frame used to calculate the required processes. With
this and the Mandelstam variables defined as usual,
one should be able to obtain the amplitudes in
Appendix C. In order to not repeat a large quantity of
same polarization and momenta vectors, we will detail the
polarization and momentum of only the new final states.
For example, if one wants to calculate the ampli-
tude A(W* (py,ef )W (pa,€5) = 1(P3,€5)Z(pas €7)), one

WW-> vy Z
14 14
w Z GPY w
. Z V4
w P R SOy
w w
1 2 3
14 14
w w
GPY Z w Z
w w
4 5

FIG. 30. Tree-level diagrams for WW — yZ.

WWwW-> t t
t t t
W oo w w
>h< ; t N
w w w
1 2 3

Wb
a t
w
4
FIG. 31. Tree-level diagrams for WW — f7.
WW-> b b
b b b
W s----- w w
> ; < oG <
w w w
1 2 3
b
w
t b
w

FIG. 32. Tree-level diagrams for WW — bb.

needs to use the polarization and momentum defined in
Appendix B4 for the photon and the polarization and
momentum defined in Appendix B 3 for the Z boson. The
only exception to this is the amplitude with fermions in the
final state, where we use the momenta and polarizations for
the W bosons detailed in Appendix B 5.

L W*(plef )W~ (phes) — t(p3.A3)E( pahs)
For the special case of fermions in the final state, we will set
their momenta in the z axis, facilitating the calculation of the
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WW - WW (only y y loops)

woy W

EE .
2

w w w w
Y w
w
w 4 w w

w w
7

B

<

<

FIG. 33.
photons.

Diagrams for WW — WW arising from loops of

E, - p,
ui (ps, M,) =
3(1’3 t) \/m
Vpt+E

UI(Pth) =

—VE, —p;

where u? and vf(‘ are the spinors for the particle and
antiparticle in the Weyl basis and A3 and 4, their polar-
izations, respectively.

2. W*(prer)W™ (pr.€7) > W* (p3.65)W™ (py.€])

For the full bosonic case, since there is no angular
dependence on the azimuth ¢, we can set the momentum in
the x-z plane to make the calculations easier:

Py = (E0.0.5).  pr=(E.0,0.-[7]).
ps = (E.|53|sin(0). 0. |3 cos(0),
Py = (E.~|3]5in(0),0.=| 75| cos(0)). (B4)
b =3 (FLO0EL e = (7.0.0.-8)
(B3)

product of spinor chains. The angular dependence hence
comes from the initial states of the W bosons.

As usual, 6 is the angle between particles 1 and 3, ¢ is the
azimuth angle, and €} and €}’ refer to the longitudinal
polarization of the W bosons:

-

plsin(0)sin(¢). | p|cos(6)).

pi'=(E.|p|sin(6)cos(¢).

Py = (E,—|p|sin(0)cos(¢),~|p|sin()sin(¢),~|p|cos(8)),
p3=(E;0,0,|p:]),  pL=(E.0,0,=[p;]), (B1)
elL/ 7™ (|1_5|, E sin(0) cos(¢), E sin(0) sin(¢p), E cos(6)),

w
o EoL )
e = (|pl. ~Esin(6) cos(s).

w

— Esin(0) sin(¢), —E cos(0)), (B2)
0
B Vo +E
uz (p3, M,) = IO t ’
E, - p,
0
E —-p
vy (pa. M) = [0 " (B3)
Vb, t E
|
L 1

ek = M—(|p| Esin(0),0, Ecos(0)),

ek :M—(|p| ~Esin(6),0,~Ecos(9)),  (B6)
L1 o __
€3 :7(0’005(9),11—“1(9))» €3 = €3,

1
¢} =5 (0.co8(0). ~i.=sin(@)), G =¢j",  (B)

where e, refer to the longitudinal polarization of the initial

particles and e” /L refer to the polarization of particle

3 or 4 with positive, negative, or longitudinal polarization,
respectively.
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3. W* (pre)) W™ (p2.€}) = Z(p3.€3)Z(pssch)
For ZZ scattering, the positive and negative polarizations
are given by the same vectors as for the WW case, except
for the longitudinal modes which depend on the mass:

1

ek = —(|p3|, E5sin(0), 0, Ecos(0)),
My
1
ek = —(|p3|, —E; sin(0),0,—Ecos(0)),  (B8)
My
P3 = (E37 ﬁ3| Sin(9)7 O, 1;3| COS(H)),
P4 = (E3,—|p3|sin(0), 0, —|p3| cos(d)),  (BY)

where Ej is the energy of particle 3.

4. W* (pr.el)W™ (pr.€%) — 7(p3.€5)7(pa.€})

The polarizations (:';: 4+ refer to the positive and negative
polarization of particle 3 and 4, respectively:

1

€] = 7 (0,cos(8), —i, —sin(6)), €5 = €77,
1
€ = 7 (0,cos(0), i, —sin(@)), €1 =€", (B10)
p3 = (E3.|p3|sin(0), 0, | p3| cos(0)),
pa = (E3.—|p3]sin(6).0. =[p3] cos(6)). (B11)
5. W* (py.e1)W™ (p2.€3) = h(p3.)h(py)
p3 = (E3.|p3|sin(0). 0. | p3| cos(6)),
pa = (E3.—[p3]sin(6).0. =[p3] cos(6)). (B12)

(iv/N.gMye e n')

Ay, = —ac
o U (pstpa) - My

()

APPENDIX C: SCATTERING AMPLITUDES

For the calculation of the O(p*) one-loop W, W, elastic
scattering beyond NET, we will need the O(p?) (tree-
level) W;W; amplitudes to all possible intermediate
states, which are provided below. Since we are always
dealing with longitudinal polarized electroweak gauge
bosons in the initial state, we will label only the ampli-
tudes with the polarization state of the final particles.
Given the length of the analytic expression of some
amplitudes, we will write the amplitude (without con-
tracting) for each diagram in terms of the particle
exchanged and the channels s, 7, and u. For example,
A, , means this diagram is exchanging a Goldstone-z in
the channel 7. Since we have performed the calculation in
an arbitrary gauge, the various contributions to amplitudes
contain the gauge parameters &y, &7, and £,. We have
checked that the full amplitudes are gauge independent,
but, for the sake of achieving compact expression when it
comes to the polarized amplitudes, the expressions are
shown in the unitary gauge.

All calculations have been performed by hand and
checked via Feynarts [35], which generates all diagrams
considered, and evaluated using Feyncalc [36]. For com-
pactness, the amplitudes are written in terms of x = cos @

and By = /1 —4M%/s.

L AW* (p1.e7)W™ (p2.€5) = tp3.43)E(p4. )

We will provide 7 amplitude in terms of the
diagrams involved, where Py and P; are the right and
left chirality projectors, respectively, and N is the number
of colors.

a. Amplitudes in terms of the polarization

_igPgM, _igP M,

1
XMy 2My, (1)

)0 o),

Ay s = =i/ NegSweer* [(=p2=p3=pa)it” +(p2=p1)"n" +(p1+ P+ pa)n'”]

[ AmE e O 7 [, (2igsure - 2iasu ) ()] (€

N

Az = in/NegCwe' e [(=pa — p3 — pa)'n”” + (P2 — 1)’ + (p1 + p3 + pa)'n*]

X

+
L(p3 + pa)* — M3,

A

x | (13" (ps3. M,

) ig(i—T)T’”PL 2igS%,7°. Py

"’ (=p3 = p4)’(ps + pa)°(1 = &) ]
((p3 4 pa)* =M3Z)((p3 + pa)* — M3E7)

(W (pas M) |

Cy

3Cy
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Az = iv/NegCwe' e’ [(=pa — p3 — pa)'n”” + (P2 — )’ + (p1 + p3 + pa)'n*]

g ne N (=p3 = pa)’(p3 + pa)’(1 = &)
L(ps + pa)* =M% ((p3 + pa)* — M%) ((p3 + pa)* — M%&)
i . 282\ _
] 19(% - ?W) 7PL o 2igs2,70.P
x | (115 (p3. M,)). - R (0 (pan ML) | (C4)
Cy 3Cy
VNete ig"PL igi*.Py
— VL2 (nhs(py M), (7 (pr— M,). (0™ (ps, M,)). C5
Ap.s (s = po) = M2 (13" (p3. M,)) 7 (7 (P2 — Pa) + M) 7 (V4 (s M,)) (C5)

b. Polarized amplitudes

We have checked these amplitudes via the unitarity relation, finding an agreement with the imaginary part of top-quark
loops A(WtW~ — WW~) given in Ref. [21] when we do not consider the exchange of Z or y bosons. We provide the
polarized amplitudes A(W} W} — #(13)7(44)) = O%*, with definite helicities 13 and 14 for No = 3:

g'M, {12a01\/§ﬂt(s — 2M5) n 3(4VsxMiyBw + V3B (spiy — s(2x* — 1))

O+t =

T 16v3M3, My —s Mj — 1
_ 32858 (M3, +5) | 4V/5(8S5y = 3)xpy (M3, + s)} (C6)
\/E s — M% ’
Q—— — _Q++’ (C7)
o PV = 2eit [_ 3s(B, = 1)(sPi(Bw + x) = 2M5,Bw)
T 16V3M3, 1= M
2 2 -
| 2Pu (25 4; s_)féw T3 655 o+ Sﬁ , (C8)
R {3s(ﬁ, + 1)(sB:(x = Bw) = 2M5yBw)
T 16V3MS, t—Mj
2 2 _ _
| 29Pu (203, t s);ifw $:=3) 1652 g (20 + s)} (C9)
- zZ

2. AW (pr.€l)W (p2.€%) = b(p3.43)b(Pasia))
a. Polarized amplitudes
Since the top and bottom quark form a doublet with the same weak hypercharge, we can relate the amplitudes of the last
subsection with the amplitudes A(W; W7 — b(43)b(14)) = Q"% for bb scattering, where 4 and 1’ are the polarization of
particle 3 and 4. Then, the amplitude Q%% is obtained by applying the following substitutions: Sy — Sy /V/2, B, <> B,
M, < M, u <> t, and cos@ — —cos @ on the amplitudes Q"+,

ot =0t (Sw = Sw/V2.B, <> By.M, <> My, u <> t,and cos — —cos6), (C10)
0t =—-0"  (Sy = Sw/V2.B, < Bp.M, <> My, u < t,and cos@ — —cos0), (C11)
Q~—t=-0" (Sw = Sw/N2.B, <> By.M, <> My, u <> t,and cos — —cos6), (C12)
0~ =0"  (Syw—= Sy/V2.p, < By.M, <> M, u <> t,and cos§ - —cos ). (C13)
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3. A((WH (pref) W™ (pa€3) = W (p3.e5)W™ (pa.€}))
a. Amplitudes in terms of the polarization

Acontact = —i€1#€2°€3™ €, (i n? — ig* " n*” — ig*n"*n"°). (C14)

5 g2M%V€lM€2y€3 */)64*6’7}4D’7/)(7

AH; ==
? (p3 + pa)* — M3,

: (C15)

A, = —g*Sherrer’es ey [(ps — pa) i’ + (=2p3 — pa)n” + (p3 +2p4)'n”|
X [(p2= P10 + (p1 + p3 + pa)'n™ + (=p2 = Py = pa)'n™]
y [(1 = &) (ps + P;)y(—Pa - ps)° " 2,7;/5],
s (P3 + p4)
Az = =Cygiei'er’ e es™ [(ps — pa)'n’ + (=2p3 — pa)°n” + (p3 +2pa)’ 1) (P2 — p1)°n"™
+(p1+ p3 + pa)n™ + (—=p2 = p3 = pa)n™]
x { 7" (P3 + pa)' (=p3 = Pa)°(1 = &) ]
(P3+pa)*> =M5  ((p3+pa)’ = M%) ((ps + ps)* —M3E7) |

(C16)

(C17)

L P My et er ey e, Py
(ps— P2>2 - M%{

Ay, =—a , (C18)
A, = =g Syeit e’ es ey [(—py — pa)'n* + (2p2 — pa)n” + (2ps — p2)*n’°]
X [(=p1 = p3)°n” + (p1 = P2 + pa)'n™ + (P2 + 3 — pa)'n™]
1 2
X [(ﬁ) (1 =&4)(pa— P2) (P2 — pa)® +

(C19)
P4 — P2

7,775] ,
(s — P2)?
Az, = —Cyge1'er’es* ey [(—pa — pa)'n” + (2p2 — pa)n” + (2ps — p2)“n"|
X [(=p1 = p3)°w" + (p1 = pa + pa)'n®™ + (P2 + p3 — pa)'n™]
8 { e (pa—p2) (P2 — pa)°(1 = &) }
(Pa—p2)? =M% ((ps—p2)* = M%) ((ps — p2)* — M%&)

(C20)

b. Polarized amplitudes

We will label the nine polarized amplitudes with A,,.,, where €3 and e, refer to the polarization of particle 3 and 4,
respectively. We have checked the A;; — A;; amplitude with Ref. [22]. We have only four independent amplitudes; the
other four can be found through the relations Ayy = App, Ayp = Apy, and Ap; = Ay = —App = —App:

B alg(@M3, +s(x—1))>  a’F(s —2M3,)?
8M%,(2M% — s(x = 1)p%,)  4M3%, (M3 — 5)
G C2 (=45 (x — 1) (x(x + 10) = 3)M3, + 165(x(10x — 7) + 1)M3, — 64(x + 1)M$, + 5> (x — 1)*(x + 3))
i 16M% (4(x — 1)M2, + 2M% — 5x + )

-ALL

_ g sxCy By (MG, + 5)?
4My, (s — M%)
S (=45 (x — 1) (x(x + 10) = 3)M3, + 16s5(x(10x = 7) + )M}, — 64(x + 1)M, + 53 (x — 1)*(x + 3))
B 16s(x — 1)M3, B3
_ PSPy (M +5)*  gs((8 = 24x) M5y + s(x(x +6) = 3))
M 167, ’

(C21)
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Ay — a*gs(x* = 1) a’g*(s — 2M3,)
UAeMy - s(x- 1)) 2(My - )
Px=1)C3 (=ds(x = 3)(x = 1)M%, + 32(x + 1)M}, + s2(x = 3)(x = 1)) g 2sxC2, 3, (2M3, + 5)
8M7, (4(x — 1)M3, + 2M% — sx + 5) 2M3, (s — M2%)
N PSH(—4s(x=3)(x = 1)M3, +32(x + 1)M3, + s*(x = 3)(x — 1))
32M7, — 8sM3,
_gaSi (s — 4M%V2)(2M€V +5) N F(s(x* + 32 - 8M3,) ’ (c22)
2sMyy, SMyy
Ao a*@s(x* = 1) F(x?=1)C3(=4s(x — 1)M3%, 4+ 32M7}, + s2(x = 1))
PN 402ME - s(x— 1)) 8M3 (4(x — )M}, + 2M% — sx + 5)
1)S%,(—4s(x — 1)M3, + 32M7, -1)) -1)
+gz(x+ ) ST (—4s(x 4) —1—2 + 5% (x 92st , (c23)
32MY, — 8sM3, 8M3,
Uy = a*g* Vs — sx*(4M%, + s(x = 1)) PCHVs — sx*(—4s(x? + x = 2)M}, + 16(5x = 3)M7, + s*(x — 1)?)
42My (2M3, — s(x = 1)f3) 8V2M3, (4(x — 1)M3, 4 2M% — sx + 5)
FPCVs — sx*(s —AM3,)(2M3, +5)  g*V's — sx2 S, (—4s(x? + x = 2)M73, + 16(5x = 3)M7, + s*(x — 1)?)
2VaMy (5 = M) $Vs(x— DMYB
_gs\E 22082 B (2M3, + 5) N Vs — sx%(s(x + 3) — 12M3) (24
aM3, 8v2M3,
4. A(W* (preq)W™ (pr.€3) = Z(p3.69)Z(pa.€}))
a. Amplitudes in terms of the polarization
Aconact = —i€1'€2€3" e (iCH, i + iCl g n*® = 2iC, P n), (C25)
Ay =— 2gzM%v€1”€2”€3*p€4*6'I””’7pg’ (C26)

Cy((p3 + pa)* — M)

B ng;tVM%}V€1”€2y€3*p€4*07’]ﬂp”[yg
Aﬂ.’,t - = 2 2 5) P (C27)
Cy((p4 = p2)* — Myéw)

Ay, = —Cyg*ei' e e3 e, [(—py — pa)'n™ + (2p2 — pa)™n™ + (2ps — p2)n’°)
X [(=p1 = p3)°n" + (p1 = pa + pa)'n® + (P2 + p3 — pa)'n™]
i (pa—p2) (P2 — pa)°(1 = &)

N pa =7 =08, (pa= p2P = M2)(ps— p2)? = M) (C28)

2s4 W€1”€2 63*p€4*o—’7ﬂn’10p

A =— , C29
“ TG (b pa) — M) (€29)
Aw. = —Cyg%e1"ere3e4 ((—py — p3)'n? + (2py — p3)P” + (2p3 — p2)“n’”)]
X [(=p1 = pa)°n"” + (p1 — P2+ P3)°n™ + (P2 — P3 + Pa)'n’)
ré — Y - (1 =
8 n (p3 = p2)' (P2 — P3)°(1 = &w) (C30)

(p3 — Pz)z - M%V " ((p3s— P2)2 - M%V)((l% - P2)2 - M%vfw) .
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b. Polarized amplitudes

We will label the nine polarized amplitudes with A,.,, where €3 and e, refer to the polarization of particle 3 and 4,
respectively. We have checked A;; — A;; with Ref. [37]. Just like in the previous case, we have only four independent
amplitudes: ANN = APP, ANP = APN’ and ALP = ANL = _APL = _ANL:

a*g*(2M3, — s)(s —2M%)  ¢sCy,(4M3, + 4M% + s(x* = 3))
4CEM% (s — M%) 8M3,M>2
. 1
16M,M2%(2M% + sxPypBz — s)
+ 25202 M% + M3, (=252 (11x% + 5)M% + 16M%(25x% + 5) + 32M5 + 53 (x> + 3))
+ 5B (xPw (sM%,(24M2% + s(x? = 5)) + 4M3,(4M2 + 3s) — dsM%,) + 2sM%B,) + 32sx2M$,)]
1
16M3, M7 (2M7 — sxpwhz — s)
+ 2522 M3 + M3, (=252 (11x% 4+ 5)M% + 16M%(25x% + 5) + 32M% + 53 (x? + 3))
+ 5Bz (—xPyw (sM3,(24M% + s(x? = 5)) + 4M3, (4M% + 3s) — 4sM%) + 2sM%,) + 32sx2M$, )], (C31)

ALL =

[—g?C (—4MY, (4sx* (s — 6M2) — 2sM% + 24M% + 5?)

[—g?Ch (—=4M, (4sx* (s — 6M%) — 2sM% + 24M% + 5?)

gCy(s(x* +3) —8M§,) a’g’(s — 2M3))
4aM3, 2C3, (M3 - s)

., 1
8Mév(2M% -5+ sxﬁwﬁz)

= 5(5x% +3) + sx(x® + 7)BwBz) My + 25(x* = 1)M7)], (C32)

App =

[—g?C%(32(x* = 1)MS, + 8s(x> + 1)M3, + s(2(5x* + 3)M2

Ps(x* =1y P2 =1)C3,
4M3, 8M},(2M% + sxPwphz — s)

g (¥ =1)Cy
8Miyy (=2M7, + sxPwpz + s)

g
Apy =

(—sM?%,(6M% — sxPyfB; + ) + 8sMy, + 2sM%, + 32M$,)

+ (=sM3,(6M% + sxPypPy + s) + 8sM3, + 2sM%, + 32MS,), (C33)

2.3/2 1— 2c2 1
753 xV1 = x
A p = . W ; 5 [—ng%V\/ s — sx2(sM3, (BwPz(6MZ + sx* + 5)
4/2M3M, 8V2MYy,M;(2M% + s(xBywpz — 1))

= 2x(M3, + 5)) + My (484M3, + 85y, — 4sx) + 25M3(x = Bupz) + 322M3, )|
1

* 8V2Mi,M 4 (=2M% + sxByfz + s)

+ 26(M5 + 5)) + 4M3 (s 2Py + x) = 126M3) = 25MY (B + %) = 322M3,) (C34)

=G Ch Vs = 52 (M3, (B (6M3 + 5° + 5)

5. A(W* (pre)W™ (p2.€7) — 7(p3.€9)7(Pa.€]))
a. Amplitudes in terms of the polarization

Aconact = —i€14€2€3" e 7S, (ig ' n'’ + ig*n’nt” = 2ig’nn’”). (€35)

2 Q2 2 U,k *0 Vo
g SwMiyeiter"e3" e "y

A =— ,
! (Ps = P2)* — My éy

(C36)
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Ay, = =g Sy’ e e ey [(—=py — pa)'n*° + (2p2 — pa)°n’”” + (2ps — p2)*n’°]
X [(=p1 = p3)°w" + (p1 = pa + pa)’n® + (P2 + p3 — pa)"n’]
' (pa = P2) (P2 — pa)’(1 — &y)

N pa= 2P =My (s = p2) = M3)(ps — p2)? — M)’

+

A B QZS%VM%Vel”621/63*/)64*07/””’7”/)
o (ps = p2)* = Miéw ’

Awu = —g*Sheiter e3P ey [(—pa — p3)'n” + (2py — p3)'n” + (2p3 — p2)'n”)]
X [(=p1 = pa)°n*” + (p1 — P2+ P3)°n™ + (P2 — P3 + Pa)"n’)

n’° (3 — p2)' (P2 — p3)°(1 — &)

N = 27 =My (ps = p2)” = M2)((ps — pa)? — M)

b. Polarized amplitudes

(C37)

(C38)

(C39)

We have checked the polarized amplitudes with Ref. [38], finding an agreement. We have only two independent
amplitudes since A, , = A__and A, _ = A_,, where + and — refer to the positive and negative polarization, respectively,

of the photons:

__ 8¢M§Sy
x2(4M3, —s) + s’

A=

297 (x> — 1)S%, (4M3, + 5)

Av-= x?(4M3%, —s) + s

6. A(W*(p1.1)W™ (p2.€3) = h(p3)h(ps))
a. Amplitudes

1
Acontact = EbQZGIMSZD’/IﬂUa

3 Mye  er' v
A s — H ad3,
T 2((ps + pa)? - ME)

5 9 (=p2 — Py + pa) (P2 — 2pa) e ey’

A, =a ,
! 4((pg — p2)* — M Ew)

n’ (P2 = pa)’(pa— p2)°(1 = &y)

AW,t = azgzM%vel"ez”ﬂ”p’lw[

A~ 2Pt p3 = pa)(pr = 2p3)erter”
4((p3 = p2)* = Miyéw)

U ’

n’’ (P2 = p3)’(p3— p2)°(1 = &y)

(ps— P2)2 - M%v ((pa— Pz)z - M%v)((m - P2)2 - M%vfw)

Ay = GZQQM%vel”ezyﬂ”’”'?W{
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(C40)

(C41)

(C42)

(C43)
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We have checked the amplitude with Refs. [27,39]. Since the Higgs boson # is a scalar particle, the only amplitude is

a*(s*(Bw — xPu)* + 8Miy (s = 2M5,)) @ (s*(xPy + Pw)* + 8My, (s — 2M5,))

Awew—mn = -
e 202 (2M3; + sxPyPw = s) 207 (=2M3; + sxPBuPw + s)
3ad;M% (s —2M%,)  b(s —2M3%)
2 (M3 — ) 2 )
7. A(W* (p1.e1) W™ (p2.€3) = Z(p3.65)h(ps))
a. Amplitudes in terms of the polarization
gzMW U %P0 vo [T Vo
Azs = a=—=elte’ e [(=pa = p3 = pa)n*? + (P2 = P10 + (p1 + p3 + pa)* i
W
y n (P3 + Pa)°(=p3 — Pa)°(1 = &)

(p3+ pa)> =M ((p3+ pa)* —MZ)((p3 + pa)* = M3E;)|

A ——a 9 SiyMw(p2 — 2pa) el er"es™
L T ’
2Cw((pa = P2)* = Miyéw)

Aw, = —aCyg@*Mye "¢ 0™ [(py + p3 — pa)'n’® + (—=p1 — p3)°n** + (p1 — P2 + Pa)’ 1]

n’ N (s — p2)°(pa — pa)°(1 — &y)

N a7 =My (pa=p2) = M) (pa— pa)” — M)’

- G S My (—py + ps — pa)erer’ e n”
i 2CW((P3 —P2)2 —M%vfw)

’

Aw.. = aCyg*MyeFer"e3* 1 [(—=py — p3)°n” + (2py — p3)'n™ + (2ps — pa)“n”|

’75‘7 (p3 — Pz)é(l’z —p3)°(1 = &w)

N =27 =M (s = p2)” = M) (p3 — pa)? — M)

b. Polarized amplitudes

(C48)

(C49)

(C50)

(C51)

(C52)

(C53)

We will label the polarized amplitude with A,,, where €5 refers to the polarization of the Z boson. We have only two

independent amplitudes, since Ap = Ay:

_ag? xPw (M3, + 5)(-M7 + M7 + 5)
N 4CyMyM, (M2 — 5)
+ —a92CW
8sM3,Mz(M% + M2 — 5)(xBy — 1)
+ M2, (4M3, + s(x* = 1))M% — sM%((M% + s)x* = M% + 5)) + 2sx(=4(M3 + s) M3,
+2s(s = 3M%)M3, + sM% (M2 — s) + M%,(4M3, — 2sM3, + sM%))Bw)]
_a92CW
© BsMM (M3, + M2 — s)(=xpy — 1)
+ M3, (4M3, + s(x* = 1))M% — sM%((M% + s)x* = M% + 5)) = 2sx(—4(M% + s) M3,
+2s(s = 3M%)M3, + sM% (M2 — s) + M3, (4M3, — 2sM3, + sM%))Bw)].

Ar

X [(M% + M% — 5)(—8sM3, + 4(—=M% + sM% + s*) M3,

X (M3 + M% — 5)(=8sMY, + 4(=M% + sM% + s*)M3,
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_ag? (M, + 5)/=s(x* = 1)y a 2 2 2 2 2
Ar = Rt 0E) S oA M T o =) [V 2L ) 4 M

a
4V2My (=M = M3 + 5) (xPy + 1)

x [/ 501 =)o (3 + Bu) M = (B = XMy + s+ (4VE, + )y M + M3, (M3, = 2083 )B)| . (C55)

+ (8My — 4M3 M3, — M+ (M3 + 403, + )MZ)fy) | +

8. A(W* (pr.e )W (py.€5) - 7(p3.€5)h(py))

a. Amplitudes in terms of the polarization

PSwMy (pa — 2py) et er ey n

A, =—a , C56
¢ N (pa - 1) - M) (C36)
Aw, = ag*SyMwyei*e:"es " n™[(pa + p3 — pa)'n”® + (=p1 — p3)°0** + (p1 — P2 + Pa)’ 1]
5o _ 3 _ a(1 —
" [ U (P4 2Pz) (2P2 Pa)( - tfw)2 } (c57)
(P4 - Pz) - My, ((P4 - Pz) - MW)((P4 - Pz) - waw)
A, = aQZSWMW(_pZ + P3 2—P4)’;€1”€2”€3*p’1w ’ (C58)
2((173 - Pz) - Mwéw)
Aw,u = —GQZSWMW€1”€2”€3*’)’7M[(—Pz - P3>§71W + (2P2 - P3)p’75” + (2P3 - P2>”’I§p]
o0 _ 1) — (1 —
8 { (i (Ps 2pz) (2p2 P3)°( : é‘w)2 } (C59)
(p3 = Pp2) - My, ((p3 = P2)” = Miy)((p3 — p2) _waw)

b. Polarized amplitudes

We will label the polarized amplitudes with A, where €5 refers to the polarization of the photon. The only independent
amplitude is (A, = A_), where 4 or — refers to the polarization of the photon:

ag?5V2 = 28y By (M3, — 2M3)

Ar Moy (s — M) (22 — 1)

9. AW (pr.ef )W~ (p2.€5) — 7(P3.€5)Z(py.€4))
a. Amplitude

Acontact = _i€1ﬂ€2U€3*p€4*gCWQZSW(_iﬂw’?yp — ' + 2 ), (C60)

__FSuMieeres ey
A =— BT . (C61)
Cw((ps = p2)” — Miyéw)

Ay, = Cwd*Swerler €3 e [(—pa — pa)'n”° + (2py — pa)°n”” + (2ps — p2)*n’°]
X [(=p1 = p3)°w" + (p1 = pa + pa)'n™ + (P2 + p3 — pa)'n’]
' (pa— P2) (P2 — pa)’(1 = &y)

) (ps— Pz)z - M%V ((ps— Pz)2 - M%V)((p4 - P2)2 - M%vfw) ’

(C62)
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'Alr.u = -

2 Q3 2 Uy %P p KO UG VP
g SwMye ey e ey

n’°

, (C63)
CW((P3 - P2)2 - M%Vfw)
Ay = Cw@Sweite e3P ey [(—pa — p3)'n™ + (2p2 — p3 )’ + (2p3 — p2)*n’”]
X [(—=p1 = pa)n"* + (p1 — P2 + p3)°n* + (P2 — p3 + pa)'n’™]
(P3 - Pz)y(l’z - P3)5(1 - fw) (C64)

X
(P3 - Pz)z - M%v

((p3 = p2)* = M%) ((p3 — p2)* = Myéw)]

b. Polarized amplitudes

We will label the polarized amplitudes with A,..,, where €3 and e, refer to the polarizations of the photon and the Z
boson. We have only three independent amplitudes since A,; = A_;, A p = A_y, and A y = A_p:

2023V = x> CyM Sy (=2sM3%, + sM% — 8M3,)

= , C65

At VS (s~ M) 2y — 1) (€69

FCy Sy (=8M, (s — x2M%) + 2M3,M%(=2M2% + sx* + 5) — s(x> — 1) M%) (C66)
My (M5 = 5)(x*(4M3y, = 5) + 5) ’

APPENDIX D: COMPLETE CONTRIBUTION OF
EACH CHANNEL TO THE P-PWAs

In this appendix, we will provide the plots for the
cumulative ratios ;{{/ for the p-PWAs for ¢ # 0. For the
sake of clarity, in the main text we separated the plots in
bosonic cuts, bb cuts, and 77 cuts. Therefore, we did not
specify the contributions from each individual channel, as
they were very numerous for ¢’ # 0. The plots must be read
in the same way as the PWA cumulative ratios y? in Sec. IV
(¢ = 0 case): Each line contains the relative cumulative
contribution of the past cuts. Hence, the shaded area

1.0 t Yy
hh B
0.8
Zh — ¥z
r-zz —— yh
ww
— Ww
yh
vZ — 77
_ R
500 1000 1500 2000 2500 3000 hh
Vs (GeV) -

FIG. 34. Ratio for the Rj, p-PWAs at the SM.

M3, (M7 = s) (¥ — 1)

accounts for the contribution of the same-color curve
directly above it.

Some contributions are difficult to see, because the
curves are close to each other and some of them directly
overlap. For the J = 0 p-PWA, we observe this for the bb
cut and yy in Figs. 34-36. While the yy contribution
(bottom in pale blue) can still be appreciated (barely)
between the x axis and the orange curve, the bb channel is
very suppressed and sits on top of the yy, impossible to see
because of its negligible contribution. The same occurs for
the yh and yZ curves in the mentioned plots, where the yh
channel is essentially negligible and its curve sits on top of
the yZ one. For the / = 1 p-PWA in Figs. 37-39, this time
it is the yZ curve which sits on top of the bb and cannot be
seen as is shown in the figures. The same occurs for the ZZ
cut which sits on top of the WW curve in the same plots
mentioned.

In general, if the shaded area is not of the same color of
the curve immediately above it, a second curve with a
negligible contribution sits on top of the first one.

1. J =0 pseudo-PWA: y;

We provide Figs. 34-36 corresponding to the ratios yg,
for a |cos @] < 0.9 angular integration for all absorptive
cuts explained in explained in Sec. VA.
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1.0 [ — ‘ — ot Yy
“hn — bb
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(e)

FIG. 35.
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(f)

(a) J = 0 p-PWA: contribution of each channel for a = 1.10 and b = ¢; = d3 = 1. (b) J = 0 p-PWA: contribution of each

channel for a = 0.90 and b = ¢; = d3 = 1. (c) J = 0 p-PWA: contribution of each channel for b=1.1anda=d; =1. (d) J =0
p-PWA: contribution of each channel for b = 0.90 and b = d; = 1. (¢) J = 0 p-PWA: contribution of each channel for ¢; = 1.10
and a = b =d; = 1. (f) J = 0 p-PWA: contribution of each channel for c; =0.90 and a = b =d; = 1.

2. J =1 pseudo-PWA: x|

We provide Figs. 37-39 corresponding to the ratios y}
for a |cos@| = 0.9 angular integration for all absorptive
cuts explained in Sec. V B.

3. J=0 pseudo-PWA: Sensitivity of R
to the optimal points

For the case of the / = 0 p-PWA R, we have plotted the
sensitivity to the optimal parameters (a,b,c,d;) in

Fig. 40. All notations are analogous to those for R,
in Fig. 6.

4. J =1 pseudo-PWA: Sensitivity of R}
to the optimal points
For the case of the J=1 p-PWA R}, we have
plotted the sensitivity to the a parameter in
Fig. 41. All notations are analogous to those for R;
in Fig. 11.
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FIG. 36. (a) J =0 p-PWA: largest fermion-loop contribution of 80% at 1.5 TeV for a = 1.011, b = 1.045, ¢; = 0.900, and
d; = 1.094. (b) J = 0 p-PWA: largest fermion-loop contribution of 93% at 3 TeV happens for a = 1.003, b = 1.011, ¢; = 1.100,
and d3 = 1.100.
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FIG. 37. Ratio for the R| p-PWA at the SM.
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FIG. 38.
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(a) J = 1 p-PWA: contribution of each channel for a = 1.10. (b) J = 1 p-PWA: contribution of each channel for a = 0.90.
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FIG. 39. (a)J = 1 p-PWA: largest fermion-loop contribution of 75% at 1.5 TeV for a = 1.019. (b) J = 1 p-PWA: largest fermion-loop
contribution of 76% at 3 TeV for a = 1.007.

0.90 0.95 1.00 1.05 1.10

0.90 0.95 1.00 1.05 1.10
(b)

FIG. 40. Sensitivity of R}, to each parameter when the rest are set to the highest correction value at /s = 1.5 (top) and V/3 (bottom)
TeV.
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Sensitivity of R/ to the a parameter for the highest contribution at /s = 1.5 TeV and /s = 3 TeV.
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