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This work presents a first full one-loop computation of vector boson scattering (VBS) within the non-
linear effective field theory given by the bosonic sector of the usually called electroweak chiral Lagrangian
(EChL). The computation is performed in the most general case of covariant R gauges and is compared
through all this work with the Standard Model case, whose computation in these covariant gauges is also
novel and is presented also here. The calculation of the one-loop VBS amplitude is performed using the
diagrammatic method by means of the one-particle-irreducible (1PI) Green functions that are involved in
these scattering processes. The central part of this work is then devoted to the renormalization of all the
n-legs one-loop 1PI Green functions involved. This renormalization is performed in the most general off-
shell case with arbitrary external legs momenta. We then describe in full detail the renormalization
program, which within this context of the EChL, implies to derive all the counterterms for both the
electroweak parameters, like boson masses and gauge couplings, and those for the EChL coefficients.
These later are crucial for the renormalization of the new divergences typically appearing when computing
loops with the lowest chiral dimension Lagrangian. We present here the full list of involved divergences and
counterterms in the R gauges and derive the complete set of renormalization group equations for the EChL
coefficients. In the last part of this work, we present the EChL numerical results for the one-loop cross

section in the WZ channel and compare them with the SM results.
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I. INTRODUCTION

The use of Effective Field Theories (EFTSs) to describe
the phenomenology of new physics beyond the Standard
Model (SM) of elementary particle interactions is nowa-
days a quite generalized tool when comparing theoretical
predictions with experimental data. The most appealing
feature of an Effective Field Theory (EFT) approach is that
it can be used as a generic test of the new physics without
specifying the underlying ultraviolet fundamental theory
that originates such low energy theory. For a proper EFT, it
is sufficient to require it to preserve the same symmetries of
the SM, in particular, the SU(3), x SU(2), x U(1)y
gauge invariance, and to be able to deal with quantum
corrections, providing a framework for renomalization. The
physical active fields in these EFTs are as in the SM, and
include fermions (quarks and leptons), gauge bosons (both
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electroweak (EW) and strong) and the Higgs field. At
present, the most popular EFTs are the Standard Model
Effective Field Theory (SMEFT) and the Higgs Effective
Field Theory (HEFT) (for a review see, for instance, [1]).
The main difference between these two EFTs is the
realization of the EW gauge symmetry in the scalar sector,
i.e., in the system formed by the Higgs particle, H, and the
three EW would be Golstone bosons, named here z¢
(a =1,2,3). It is important to recall that, within the SM
context, this scalar system is the responsible for the mass
generation of all the SM particles, via the Higgs mecha-
nism, once the EW symmetry, SU(2), x U(1)y, is sponta-
neously broken down to the electromagnetism subgroup,
U(1).y,- One crucial point to notice is that these three
associated GBs to this breaking are indeed the same three
GBs that are associated to the spontaneous breaking of the
EW chiral symmetry, SU(2), x SU(2)g = SU(2), , . This
EW chiral symmetry is an exact global symmetry of the SM
scalar sector in the limit of vanishing EW gauge couplings,
i.e., g and ¢ set to zero, and is the main responsible for
protecting the mass relation my = my, cos 6y from large
radiative corrections. Thus, SU(2), ,  is sometimes called
custodial symmetry group.

The realization of both the EW gauge symmetry and the
EW chiral symmetry in the scalar sector is linear in the SM
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and the SMEFT, whereas it is non-linear in the HEFT. The
Higgs boson and the three GBs are placed together in a
linear representation in the case of SM and SMEFT, given
by the usual doublet ® = (iz*, ((H + v) —iz®)/V/2),
with 7+ = (7' F in?)/\/2, whereas they are treated differ-
ently in the HEFT. In this HEFT, the three GBs are put
together in a non-linear representation, usually by an
exponential parametrization, U(z®) = exp(in“t*/v) with
v = 246 GeV and 7% = 1, 2,3 the Pauli matrices, and the
Higgs boson, in contrast, is a singlet under all the involved
symmetries. This difference between linear and non-linear
behaviour of the EW scalar sector in the two EFTs, SMEFT
and HEFT, is not just a mere choice of parametrization but
it contains important differences in their respective pheno-
melogical implications. The main reason of this relevant
difference is because of the different hierarchies in the
ordering and importance of the participating effective
operators in both approaches. To understand deeply this
main difference one has to place the comparison of both
EFTs not only at the tree level, but also beyond the tree
level, i.e., including O(#) loop corrections, and dealing
with the important renormalization issue in both theories.
In contrast to the usual ordering based on canonical
dimension counting in the SMEFT, the ordering of effective
operators in the HEFT is by construction done by increas-
ing powers of their chiral dimension, starting in chiral
dimension 2, next chiral dimension 4, and so on. This
implies that the ordering in the importance of the HEFT
effective operators is given in terms of an expansion in
powers of momenta, (p/(4xv))", where 4zv ~ 3 TeV sets
typically the maximum energy scale of applicability in
this EFT.

In this mentioned chiral counting it is important to notice
that all EW mass scales are treated as soft mass scales,
therefore, counting equally as momentum, namely, d,,, myy,
mz, my, gv, ¢ v ~ O(p). This also orders the importance of
the loop corrections in this EFT. This reasoning is done in
analogy to the usual Chiral Perturbation Theory (ChPT) of
low energy QCD [2-4], where the most important con-
tributions come from pion loops (the so called chiral loops
of QCD or GB loops) which naturally come with the loop
factors (1/(4xnf,))", where 4zf,~12 GeV, and the
polynomial contributions in powers of the external
momenta, p”, introduced by the derivative interactions
of the GBs in this non-linear approach. The renormalization
program of ChPT is well known and very successful and
teaches us the way to proceed in the non-linear EFTs. It
relays on the key point that the chiral dimension four
operators act as well as counterterms of the one-loop
corrections generated by the lowest chiral dimension
two operators. Thus, when computing an observable in
ChPT to O(h), like for instance the pion-pion scattering
amplitude, it is sufficient to compute loops of pions with
the lowest order chiral dimension two Lagrangian, and to
treat the chiral dimension four operators at the tree level,

acting simultaneously as counterterms to renormalize the
loop divergenges generated from those loops. The approach
followed by the HEFT is very similar to the one of ChPT. It
also organizes the ordering of the effective operators by
their increasing chiral dimension as Lygpr = L, + L4+ ...,
and the renormalization program is implemented in practice
by computing loops with just £, and treating £, to tree
level and simultaneously using it as counterterms to
renormalize the loop divergences generated by those loops.
Thus, the renormalization of the EFT coefficients in £, is
dictated by the loop divergences generated from £,. The
difference with respect to ChPT is that in the HEFT all kind
of loops participate, with gauge bosons, scalar bosons (GBs
and Higgs boson), etc., not only GB loops. This renorm-
alization program is totally different in the case of SMEFT
where the effective operators, which are ordered by their
increasing canonical dimension, four, five, six and so on, as
Lsverr = Leg + Los + Lo + ..., are treated all at both the
tree and the loop level, and the so-called Wilson coef-
ficients of those effective operators participate in the loop
contributions to a given observable. This sets important
differences also on the hierarchies of the quantum correc-
tions on both EFT approaches.

We focus here on the HEFT and more concretely on the
bosonic sector, with EW gauge bosons, GBs and the Higgs
boson, assuming that the fermion sector is as in the SM.
The corresponding effective Lagrangian of the HEFT in
that case is usually called the electroweak chiral Lagrangian
(EChL). The main focus of this work is on the one-loop
renormalization program for this EFT when applied to a
practical computation of physical scattering processes. In
particular, we focus here on the most sensitive observables
to the new physics in the case of an hypothetical underlying
strongly interacting UV theory, which are the vector boson
scattering (VBS) processes, with V = W=, Z vector bosons
in the external legs (for a recent review on VBS see, for
instance, [5]). At high energies compared to the gauge
boson masses, and by virtue of the Equivalence Theorem
(ET), the VBS amplitude for external longitudinal vector
bosons, is approximately equal to the scattering amplitude
with the vector bosons replaced by the corresponding GBs,
#*, 7, and, therefore, one expects to find in observables
like the cross section ¢(V;V; — V; V) the most promi-
nent signals of the underlying UV strongly interacting
theory. This expectation is in close analogy to the case of
the pion-pion scattering predictions from ChPT being one
of the best low energy hints of the strongly interacting
underlying QCD dynamics. In that case, it is well known
that a linear approach to the pions self-interactions (the so-
called sigma model) does not provide as good predictions
of the pion-pion scattering rates as it does the non-linear
ChPT approach.

In this work we present the computation within the
EChL of the full one-loop scattering VBS amplitudes
including all O(#) radiative corrections from the complete
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bosonic sector and the corresponding cross sections. We
use the standard Feynman diagrammatic approach and
describe the full renormalization program also in terms
of one-loop Feynman diagrams. We organize this compu-
tation in terms of the involved one-particle-irreducible
(1PI) Green functions, with two, three and four external
legs, and perform by the first time in the literature this full
one-loop computation in the generic R; gauges. This is a
crucial point of the computation since it provides a good
check of the gauge invariance of the result. For definiteness,
we will describe the details of the computation for the
particular VBS channel, WZ — WZ, and leave for future
works the details of the other VBS channels. We also
present a comparison of our renormalization program for
the non-linear EFT with previous related works in the
literature. The one-loop renormalization of the EChL has
been studied in [6—8]. These works are focused, in contrast
to our work, in the renormalization of the Lagrangian itself
and use the path integral formalism and the background
field method to compute the one-loop divergences that have
to be renormalized by the redefinition of the EChL
coefficients. They use in addition the equations of motion
to reduce the number of independent effective operators.
Our computation in contrast does not make use of the
equations of motion since our objective is to compute off-
shell renormalized 1PI Green functions. On the other hand,
the one-loop VBS amplitudes within the EChL were
computed previously in [9—11] but using the ET, namely,
taking into account only the scalar sector, with external
GBs and with pure scalar loops of GBs and Higgs bosons,
and considering massless GBs. Also the one-loop renorm-
alization program within the EChL in [12] is performed in
the pure scalar theory. In this latter reference they consider
the off-shell effects and therefore use the full set of effective
operators of the scalar sector. Our work here represents,
therefore, the first full one-loop computation of VBS with
all relevant features included: off-shell renormalized 1PI
Green functions, all effective operators up to chiral dimen-
sion four taken into account, massive gauge bosons in the
VBS amplitudes (we do not use the ET), full bosonic loops
with gauge bosons and scalar bosons and full renormaliza-
tion program using the R: gauges. Our one-loop VBS
results within the EChL are, therefore, complete and
include all finite radiative corrections from the bosonic
sector. The renormalization conditions are fixed here in the
on-shell scheme for the EW parameters, like masses and
couplings, and in the M S scheme for the effective operator
coefficients. One of the most interesting results in this work
is our finding of the MS renormalized EChL coefficients
and their running with the renormalization scale, that we
compute from the involved renormalized 1PI Green func-
tions with the generic R; gauges and that we find
independent on the £ gauge-fixing parameter.

The paper is organized as follows. The main features of
the EChL with R, gauge-fixing and the relevant operators

for VBS processes are presented in Section II. The
diagrammatic computation of VBS in terms of the 1PI
functions is described in Section III. The central part of the
work is in Section IV where the renormalization program is
presented in detail, including the prescriptions for regu-
larization and renormalization assumed and the summary of
all the results from the renormalization process. All the
divergent counterterms and the derived renormalization
group equations are also presented in this section. A
discussion on the Slavnov-Taylor identities and the pecu-
liarities of the Higgs tadpole in the non-linear EFT and the
comparison with the SM case is also included in this
section. The numerical results for the one-loop WZ
scattering process within the EChL and the SM are
presented and discussed in Section V. Finally, we conclude
in Section VI. The Appendixes summarize some technical
aspects of the computation. Appendix A collects the
relevant Feynman Rules (FRs) and the chosen conventions.
Appendix B contains the generic one-loop diagrams
involved. Appendixes C-D contain the technical details
of the comparison between the SM and the EChL compu-
tation, including the discussion on the STI and the Higgs
tadpole role.

II. THE ELECTROWEAK CHIRAL LAGRANGIAN
USING THE R; GAUGE-FIXING

In this section we shortly summarize the most relevant
pieces of the EChL for the present computation, and
introduce some necessary notation. The active fields of
the EChL are the EW gauge bosons, Wj; (e = 1, 2, 3) and
B, that are associated to SU(2), and U(1)y, respectively,
the three GBs z¢ (a = 1,2,3), and the Higgs boson H.
The GBs are introduced in a non-linear representation,
usually via the exponential parametrization, by means of
the matrix U:

U(r®) = /v, (2.1)
where, 7%, a=1,2,3, are the Pauli matrices and
v =246 GeV. Under a EW chiral transformation of
SU(2);, xSU(2)g, given by LESU(2), and R€ SU(2)p,
the field U transforms linearly as LUR", whereas the GBs
x“ transform non-linearly. This peculiarity implies multiple
GBs interactions, not just among themselves but also with
the other fields, and it is the main feature of this non-linear
EFT, which is clearly manifest in the following expansion:

? 2ntn +
U(ﬂa)212+l?Tu—T12
2 + = 3.3\ a
LG ANV

603

where [, is the unity matrix and the dots stand for terms
with four or more GBs.
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The H field is, in contrast to the GBs, a singlet of the EW
chiral symmetry and the EW gauge symmetry and, con-
sequently, there are not limitations from symmetry argu-
ments on the implementation of this field and its interactions
with itself and with the other fields. Usually, in the EChL, the
interactions of H are introduced via generic polynomials.

The EW gauge bosons are introduced in the EChL by
means of the SU(2), x U(1), gauge prescription, namely,
via the covariant derivative of the U matrix, and by the
SU(2), and U(1)y, field strength tensors, as follows:

D,U=0,U+iW,U-iUB,,
w,=0,W,-o,W,+ilW,W,], B,=0,B,-09,B,
(2.3)
where W, = gWdz%/2, and B, = ¢'B,7* /2. For the con-
struction of the EChL and in addition to these basic

building blocks, it is also customary to use the following
objects:

v, =(D,UuU", D,0=0,0+iW,0]. (24)
The physical gauge fields are given, as usual, by:
1 .
W,f = E(W}, F lWﬁ), zZ,= CWWf’, — swB,.
Aﬂ = Swwz + CwB”, (25)

where we use the short notation sy =sinfy and
cwy = cos By, with 8y, the weak angle.

For the present computation we include in the EChL all
the relevant effective operators, organized as usual by their
chiral dimension into two terms: £,, with chiral dimension
two and £, with chiral dimension four. As already said in
the introduction, for this chiral counting, we consider that
all involved masses count equally as momentum, namely,
with chiral dimension one. Consequently, 0,,, my, my, my,
gv, g'v, Av ~ O(p). Thus, for the present work, the relevant
SU(2), xU(1), gauge invariant EChL is given, in
short, by

Lecn, = Lo + Ly. (2.6)

The relevant chiral dimension two Lagrangian is as follows,

’U2

H H\?2
52:Z(1+2a—+b<—) +...)Tr[DﬂU"'D"U}
v v

1 1 A A
+ EaﬂHaﬂH — V(H) — ngTr[W”UW"”]

1 PN
- —Tr[BWB”U] + EGF + EFP’

37 (2.7)

where, Lgg, and Lgp, are the gauge-fixing Lagrangian and
Fadeev-Popov Lagrangian, respectively, and V(H) is the
Higgs potential, which we take here as,

1 A
V(H) :Emlz'lH2 +K'3/11JH3 +K41H4, (28)

with m2, = 24v%. The new physics BSM in £, is encoded
in the chiral coefficients a, b, k3 and k4. These are all
generically different from one, which is their reference SM
value. In Eq. (2.7) above, the dots stand for terms with more
than two Higgs bosons (allowed by the fact that H is a
singlet in this non-linear EFT) but we omit them here since
they do not enter in our VBS processes of interest, neither at
tree level nor at one-loop level.

The relevant chiral dimension four Lagrangian is organ-
ized here as follows:

£4 _ Ezo—Higgs +£Zne—Higgs + [’Zwo—Higgs 4o (29)

where ‘no-Higgs’ means effective operators not including
the Higgs field, ‘one-Higgs’ means effective operators
including one Higgs field, and so on, and the dots again
means operators which do not enter in the present
computation. ‘

The list of operators in £5°~¢&* were given long ago in
[13] and summarize the complete set of CP and SU(2),; x
U(1), gauge invariant effective operators, including both
custodial preserving and custodial breaking ones. We take
them from this reference, although using a different
notation:

L5718 = qo (3 —mi, ) Te[UD UV, | Tr U UV + @, TH[UB,, UT W] + ia, Tt [UB,, UT V¥ V]| = ias Te (W, [V, V]
+a,Tr[V,V, | Te VAV 4 asTr [V, V4 Te [V V] + a6 Te [V, V| Te[ U UV Tr U UT VY

+a; TV VT UB U THUB U, —%Tr[UT3 UTW,, T U U W)

_ i%Tr[U? Ut Wﬂp]Tr[U73 UtV V) +ay Tr[U UV T [US UV, T (U UV T (U U TV,

+ay Tr[D VD VY] +a,Tr[U? UTD, DV | Tr[UT UT V] +%Tr[Ur3 U'DV,TrUF U D V).

(2.10)
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The relation with the notation in [13] is: a

=p, a =

_ _ 2 _
a; = ag, dg = —g-ag, dg =

(9/9/)051, a, =
—gag, ajg = ay9/2, aj; = ayy, app = app/2 and a3 = ay;.

(9/9’)052, az = —03, Ay = Ay, d5 = As; dg = QAp,

The set of relevant chiral dimension four effective operators with one-Higgs field and two-Higgs fields are taken from

[14], but using a different notation:

e H A H N ~ OH
ﬁzne Higgs _ _aHBB_Tr[BﬂDBﬂl/] _ aHWW_Tr[W;uJW”D] + aDVV—Tr[VI‘V#]

+ClH0

CngH
T uR Ut
4 v Uz

2 2 OH
+QDO (T) TTI'[UT3 UT])”]TI'[[]‘L'3 UTV”]

YH
[VDD//,VM} + iad a

£Zwo—Higgs _

where the dots again mean operators which are not relevant
for the present computation. The relation of our EChL
coefficients in the above L4, which are refer jointly as a;
coefficients, with those in [14] is as follows: aygp <> Pp,
agww < Pw, aoyy < P7, ayy < Pr,  ay < Py,
apgg <> P1a,  apgy < Py, apiz; < Pig,  apg <> Pos,
ag <> Py, ap < Ps, agy < Py, ag <> P37, ags <> Pg
and apn < Poy.

Notice that we have used a specific notation for some of
the a;’s in £3" M that refer explicitly to those operators

that are replicas of the structures in £5°" "% but with an
extra factor given by (H/v). For instance, ag, versus daj,
ay, versus ap, etc. Alternative sets of effective operators,
with a reduced number of operators in the list by the use of
the equations of motion, can be found in the literature (see,
for instance, [8]).

Regarding the quantization of the EChL we choose here
to use the same gauge-fixing Lagrangian, Lgp, as in the SM
for the linear covariant R; gauges [15], in which the tree
level mixing between gauge bosons with their correspond-
ing GB are absent. Some features of R; gauge-fixing and
renormalization within the context of the EChL were
already studied long ago in [16,17] when the Higgs particle
was not included explicitly in the Lagrangian (see also
[18]). Generically, the quantization of the EChL requires
the insertion of appropriate gauge-fixing functions F;
involving the EW gauge bosons and the GBs. This
gauge-fixing Lagrangian can be written in terms of the
physical basis as follows:

1 1

Logp=—-F_F_
GF + 2 2

(2.12)

where the gauge-fixing functions are:

H
W) TrUT UTW’“’]—&-aHH—Tr[D WD, V] +

O"H
(U UTW,, | Tr(U7 UW/‘]+ad5

H A
(mZ m3, ) Tr[UT? U™V, | Tr[UT? U‘Vﬂ]+aH1—Tr[UBWU‘WW]

L4 s yip v mus U] +

4

P 0
[UB”DU‘V”] +iad2

Tr[WWV"]

U UTD, VT [UZUTY,],

(2.11)
|

Fi:7(aﬂwi Emynt), Fz= ﬁ(af‘z —&my ),
F, :%(amﬂ), (2.13)

and £ is the typical gauge-fixing parameter of the R, gauges.

From the above gauge-fixing functions, F., F; and F,
one derives the corresponding Faddeev-Popov Lagrangian
[19], by:

OF; .
L = ¢l —L¢l, 2.14
P = ;Z ¢ St ¢ ( )
i.j=+,—ZA J
where ¢/ are the ghost fields and a; (j=+,—,Z,A) are

the corresponding gauge transformation parameters under
the local transformations SU(2), x U(1), given by L =
€1973.(0)/2 apd R = 197 ()/2 The corresponding gauge
field transformations are as in the SM. However, the scalar
transformations in this non-linear EFT are

O0H =0,

s 5, 9= s3)

aymt Ligs,aant
2cy,

ont = mya* :F a

nw -
+F(—aiﬂ'+ﬂ +afrtnt —atnin?)

Lz
3 = 61277371'i +..
i
o’ =myay — iq (arnt—atn™)
m 2m
+ 3—;; (afn m+antnd)— szazn*n'_ +...,

(2.15)
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which differ from the corresponding ones in the SM. In
particular, two main differences respect to the SM arise
from this ghost Lagrangian which are worth mentioning: 1)
within the EChL there are not interactions among the Higgs
boson and ghost fields, and 2) there are new interactions
with multiple GBs and two ghost fields.

As a general comment to the EChL above, notice that we
do not use the equations of motion to reduce the number of
effective operators since, as already stated in the introduc-
tion, we are interested on the computation of VBS in terms
of the off-shell renormalized 1PI Green functions, thus we
keep the track of all the involved EChL coefficients into our
computation. For the same reason, we do not apply either
any Higgs field redefinition and keep explicitly the track as
well of all the off-shell Higgs effects.

The summary of all the relevant FRs for the present
computation is presented in Appendix A. We have also
added the corresponding FRs within the SM, for a clear
comparison.

III. DIAGRAMMATIC COMPUTATION: VBS
FROM 1PI GREEN FUNCTIONS

For definiteness in the description of our computational
procedure, and to fix some convenient notation, we focus
in this section on the VBS channel WZ — WZ. The
detailed study of other VBS channels is postponed for
future works. The amplitude of our interest here is, there-
fore, A(WZ — WZ). Following the standard counting
rules of the EChL, the full one-loop scattering amplitude
can be splitted into two parts, as follows:

AWZ - WZ)EL = AO(WZ - WZ)+ AN (WZ - WZ)
= AFChLra, (3.1)

where the leading order (LO), O(p?), and the next to
leading order contributions (NLO), O(p*), are denoted as
A©® and AM respectively, and are given by:

AO(WZ - WZ) = AFMr., (3.2)

@

AD(WZ - WZ) = AFM. 4 A, (3.3)
This means, that to compute the LO amplitude in this EChL
context, one uses the Feynman rules from £, at the tree
level, and to compute the NLO correction one adds the
contribution from L, at the tree level and the contribution
from the loops using £,. This reflects the typical double
role of £, in the chiral Lagrangian approach. On the one
hand, it adds an extra tree level contribution to the
scattering amplitude, and on the other hand it also
acts as generator of new counterterms that are needed to
remove the extra divergences emerging from the loops
computed with £, and that are not removable by a simple
redefinition (counterterms) of the parameters in £,. This

renormalization procedure of the extra divergences, which
is well known in the context of ChPT, works also properly
here for the EChL and its application to the computation of
finite VBS amplitudes, as will be seen in detail in the next
section. Notice also that the previous splitting in Eq. (3.1)
of the EChL amplitude into A and .A(") can be done in a
different way, attending instead to the two parts of different
order in the quantum corrections expansion, i.e., in powers
of A. Thus, one can split the full one-loop amplitude,
alternatively, as follows:

2

AEChLgay — AECHLGTY | ABCL ooy (3.4)
where, the tree level amplitude, O(#°), is:
AECHLETY . ABCHLE), | AECHLY) (3.5)

and the one-loop correction, O(#'), is AEChL(ngOP. Since, in
our posterior analysis of the full one-loop results within the
EChL we plan to compare them with the corresponding SM
full results, which we have also computed here in parallel, it
is then convenient to also fix the notation here for the SM
case. The full one-loop SM amplitude is then defined as the
sum of the SM leading-order (LO) contribution, that, in this
case, is the tree level part of O(7°), and the SM next-to-
leading order (NLO) contribution, that is the one-loop part
of O(A!). In short, it is given by:

ASMFuII = ASMTrcc + ASMLoop' (36)
To our knowledge, the SM computation presented here is
the first full bosonic one-loop computation in the literature
of WZ — WZ scattering using the R; gauges, and, there-
fore, we believe it is interesting by itself, in addition to be
the obvious reference to compare our EChL computa-
tion with.

As already said, our purpose in this paper is to organize
the computation of the full one-loop amplitude in terms of
the basic building blocks in any QFT which are the 1PI
Green functions. Taking into account that we work in
generic R gauges, this procedure by means of 1PI
functions has the advantage of requiring a more demanding
renormalization program, since all the off-shell effects of
external legs in the 1PI functions must be considered.
Concretely, in the next section we will fix our renormaliza-
tion program in the R; gauges that makes finite all the
relevant 1PI Green functions for arbitrary external legs (oft-
shell) momenta and no transversality condition for the EW
gauge bosons is applied. The &-dependence of all the
divergences involved in these 1PI functions will be followed
explicitly and, in this sense, the extraction of the new
counterterms given by the EChL coefficients a; will be
more complicated in these R, gauges, but they will provide
an excellent check of the gauge invariance of these new
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FIG. 1.

counterterms. We continue next with the presentation of the
amplitude in terms of the 1PI functions and postpone all
these renormalization issues for the next section, Section I'V.

Generically, the full amplitude can be organized in terms
of the contributing 1PI functions as follows:

ABChLra = A(0) + Al—leg + -A2—legs + -A3—legs

+ A4—legs + -Aresv (37)

where A, _jc,, means the O(h) contribution from the n-legs
1PI function to the amplitude, and we have separated
explicitly the extra contribution from the finite residues of
the external gauge bosons A.,. Regarding the 1-leg 1PI
function (i.e., the tadpole 7 of the Higgs boson), a priori, it
enters in many parts of the different diagrams contributing
to the amplitude, but as it will be seen in the next section,
one can set this renormalized Green function equals to zero
by a convenient renormalization condition, and then A, _jc,
simply vanishes.

We next specify the particular 1PI functions
contributing to the amplitude of our interest. For defi-
nitess, here and in the following of this work, we fix the
notation for the momenta assignments and Lorentz
indexes as follows:

Wi (p+)Z,(po) = W5 (k1) Z,(ko), (3.8)
where p, o and k, o (with p, + py =k, + kj) are the
incoming and outcoming momenta of the gauge bosons,
with polarization vectors ¢€,(p.).€,(po).€,(ky) and
€c(ko), respectively. Thus, the amplitude A can be
written as:

A= A%%e)(pi)e,(po)es(ki) eclko)”,  (3.9)

w+ w+ w+
1
ki
w
Z Z Z
W+ W+ W‘
Z Z A

Full 1PI functions (black balls) contributing to the full one-loop amplitude A(WZ — WZ).

where the tensor amplitude with explicit Lorentz indexes is
defined by A%, The complete set of full 1PI functions and
full propagators that contribute to the full one-loop ampli-
tude A(WZ — WZ) are displayed graphically in Fig. 1.
These full one-loop functions are represented in this figure
by black balls and are denoted by quantities with a hat, in
order to be distinguished from the corresponding leading
order quantities (without the hat). These full functions
include: 1) the full propagators, A#H, A7 AWW AW7 and
A™ 2) the full 1PI vertex functions with three-legs, Iy,
Cowzs Cuwws Trzzs D724 and T',,,; and 3) the full 1PI
vertex function with four-legs, I wzwz- Notice, that some of
these full functions contain contributions of both orders,
O(#°) and O(h'), whereas others are pure O(A') functions.
For instance, the functions A"* A™ [,,. and I',,, get
only NLO contributions since they vanish at LO.
Consequently, when providing the amplitude to a given
order in powers of 7 one has to keep accordingly the
same powers in the involved products of full functions.

Thus, in products like F’;{,I’V’VZAWWF’;{,”‘WZ there are several

contributions inside: 1) LO contributions [y, AW
and 2) NLO contributions from the corresponding correc-
tions in each of the full functions. On the other hand, the
propagators A%, A%Z and the vertex function 'y 4, enter
just at leading order in this computation. We can then
simply read the various contributions by grouping them
together, for instance, by s, ¢, u and contact ¢ channels as
follows:

AW = AP L AP L AL AP, (3.10)
where the amplitudes by channels in terms of the full

functions that enter at one-loop level read as follows:
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FIG. 2. Diagrammatic Lorentz conventions corresponding to the self-energies of two gauge bosons (left), two scalars (middle) and
gauge boson with a scalar (right). Incoming momenta are understood.

AP = if’;é/v)vz(—i)ﬁ,%wiﬁﬁ?‘%z + ir%/vjvzﬁy "Il 2
T AL I+ A7 T

i = 0 iATH TS, T i AA TS,
+ iF’Cl//{lv)vziAfuZ Ty,

IAY ™ =il (=) AT, + T AT,
+ iFf,’;VZA’;WiF wwz + e N if%vz

AP = ilos . (3.11)

For the forthcomming section dealing with the renormal-
ization program, it is convenient to write the previous full
propagators in terms of 1PI functions with two-legs,
therefore, in terms of the self-energies. For the case of
gauge boson propators, we introduce some convenient

Lorentz tensors which are usefull to decompose them into
their transverse (7') and longitudinal (L) parts by:

~id" (q) = =AYV ()T, — ALY (¢7)Ly.  (3.12)
where,
a"q 7'q
TH = g — = s LW = el (3.13)
which fulfil the following useful properties:
Ty + Ly = Gu, T, =T}, L*L,, =L},
™L,,=0, T.q" =0, L.q" =q,. (3.14)

The full self-energies, involving gauge bosons can sim-
ilarly be decomposed as:

(@) = Ehw (@) T + 2Ly (P, (3.15)

For the mixed self-energies connecting a W with a z, we use
the following decomposition:

Syala) = —— (3.16)

and we have the corresponding one to the full propagator:

R q, -
A (q) = =AY (47). 1
1(q) = A () (3.17)
Then, the simple expressions of the full propagators in
terms of the full self-energies, %, to be used at the one-loop

level, are summarized by:

PATH (q2) = iAMH 4 i AHH (<) i AFH

iA™ (q?) = iA™ + (AT (—i)%,,iA",
—iAYY () = =AYV — iAWViSL L (=) AYV,
—iAYY(q?) = —iAPY —iAVViSh (=) ANV,

AV7(?) = AVT —iAVVE,, AT, (3.18)

where all functions on the right hand side are functions of

g* and we have used the conventions for signs, ‘i’ factors,
and Lorentz decompositions as shown in Fig. 2 for the self-

energies 3. The involved R; gauges propagators at LO are
summarized by:

—i

iAHH = —iAYY =

¢’ —miy’ @ —my’
_mngzﬁ, M:qz_lfm%v’ N
_iAf;A:;_j, _iAgA:;—"f,
—iA%Z:qz:—im%, —iA{Z:qz:ifm%. (3.19)

As commented previously, only A## AVW AVW and A™
are involved in the LO contribution to the amplitude in
Eq. (3.1). On the other hand, the relevant vertex functions at
LO are:

THYP ; 17 ToKk oK
Dywz = —ige, V7, Ty = g'samwg’™,

m

0P . Z op

Uyz, = iag—=4¢".
w

. A/) . »
iLgww = lagmwgﬂ/,

TAPOK _ - 2.2 Qlo.pk

lrJ‘L/VZWZ = —lg CWS ’ s

e = —igs, VA irees, = irves, =0 (3.20)
wwa — “l9Sw ) zza — Wzzz =Y, .

where the Lorentz structures V# and S$*°#* are summa-
rized in Eq. (A1).

Finally, for completeness, we end this section presenting
the computation of the LO amplitude using the R gauges.
This can be easily done by plugging the corresponding LO
functions of Eq. (3.19) and Eq. (3.20) in Eq. (3.11).
Namely, using I' instead of I, and A instead of A.
Then, we get the result for the LO amplitude in the R;
gauge, which corresponds to the tree level diagrams in
Fig. 3. It is given by:
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o (k) W3 (p+)

M

Zy(po) Z(ko) Z4(po)
Wi (p4) Wi (k) Wi (p4)
A
Z(po) Zx (ko) Z (o)
FIG. 3.

A(()) _ (A( )Apok +A( )Apok _l_A‘(lO)ApaK_‘r_A(CO)/lpaK)

X 61(p+)6/)(p0)€6(k+)*ek(k0)*7 (321)
with:
0)Apox 1 A
Ag oo = oy ) Vl‘%VZT WViwz
§ = My
5 Ap ol
+ 92 5 V” . ZL/le‘;V‘IfVZ
fﬁ%s 2Wﬂ
AEO)A/)GK _ _aggz My, g,wgp,(
Cy I— mH
(0)Apo 1 2
A = R VT Vil
5 A 0
+ g3, -y V/‘fVKWZL Vwwz
2.2 .2 )
g/ Swmw ém%v gjxgﬁl»
AL — _ P2 Ghovx, (3.22)

Some more comments on this LO result are in order. First,
notice that the corresponding result of the SM amplitude at
LO is simply obtained from this same formula by setting
a =1. Second, we have checked explicitly the gauge
invariance of the LO result, namely, that the dependence
on ¢ disappears in the final amplitude as expected. The
cancellation of the &-dependent terms is achieved once
the external gauge bosons are on-shell, i.e., by contracting
the tensorial amplitude with their corresponding polariza-
tion vectors in .A® of Eq. (3.21). Concretely, the cancella-
tion of the £-dependent terms occurs separately in the two
channels s and u, and it happens between the two terms in the
second lines (coming from the W and GB propagators) of the
corresponding s and u amplitudes in Eq. (3.22). More

Wi (k) Wy (p4) W (ks)
ANANANANANNANL
Hi
ANNANANANNANNL
Zy, (kO) Zp(po) Z(ko)
W (k+) Wi (p+) Wt (k+)
Z,c(ko) Z,,(po) Zn(ko)

Diagrams at LO contributing to W*Z — W*Z in the covariant R, gauges.

explicitly, using the transversality and on-shell conditions
of the external gauge bosons one gets in the s channel:

Vit 2L Vit 2€:(p )€, (po)es(ky ) e (ko)*
2
e(po)e(ky)* - e(ko)*

_ (mz —my)*
and the &-dependence from the two terms in the second
line of the s channel amplitude in Eq. (3.22) then cancels.

e(py)- (3.23)

The contribution from these two terms to Ag())
reduce to:

then finally

~e(po)e(ky)” - e(ko)™, (3.2
consequently, leading to a gauge invariant amplitude, as
expected. The cancellation in the u# channel contribution,

A,(AO) proceeds in a similar way.

IV. RENORMALIZATION PROGRAM

A. Generalities

In this section we present our renormalization program to
compute the renormalized 1PI functions within the EChL
in covariant R; gauges which are the basic pieces in our
computation of the VBS amplitudes. Within a diagram-
matic approach, these renormalized 1PI functions, denoted
here generically by fn_legs, can be decomposed into three
pieces as follows:

— [Tree Loop 4 1CT

Fn—leg* n—legs n—legs n—legs* (41)

where, within the context of the EChL we are working with,
[T means contributions from tree level Lagrangian,
L, + L4, TP are the contributions from the unrenormal-
ized one-loop diagrams using the interaction vertices of £,
only, and T'“T summarizes the contributions from all the
counterterms. For the analytical computation of these
three pieces we use the codes and tools specified next.
We have implemented our model with FeynRules [20],
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generated and drawn the Feynman diagrams by FeynArts
[21], performed the main calculations with FormCalc and
LoopTools [22] and added some extra checks of the
involved one-loop divergences using FeynCalc [23] and
the code Package-X [24]. Also, a comparison with respect
to the SM has been perfomed in parallel and a summary of
the corresponding SM results are collected in Appendix C,
for completeness.

In the following of this section we describe the details of
the renormalization program. First we set the regularization
and multiplicative renormalization prescriptions, and fix
the renormalization conditions. Second, we discuss the
Slavnov-Taylor identity in these R; gauges. Third, we
present the various contributions to the 1PI functions as
well as the solutions for the counterterms involved. Finally,
we derive the values of the renormalized EChL coefficients
and set the corresponding renormalization group equations
(RGESs) describing the running of these coefficients.

B. Regularization and renormalization prescriptions

The regularization procedure of the loop contributions is
performed with dimensional regularization [25], in D =
4 — ¢ dimensions, as usual. This method has the advantage
that preserves all the relevant symmetries in the bosonic
sector of the theory, including EW chiral symmetry (remem-
ber that we do not consider the fermionic contributions and
the Dirac y5 is not involved in this work). Consequently, the
scale of dimensional regularization is set to ¢ and all the one-
loop divergencies are expressed in terms of:

A, = % —ye +log(4x). (4.2)
Regarding the renormalization procedure, the counterterms
of all the parameters and fields appearing in the tree level
Lagrangian, £, + L, are generated by the usual multipli-
cative renormalization prescription that relates the bare
quantities (here denoted by a specific sub- or super-script
with a label 0) and the renormalized ones (here with no
specific sub- or super-script labels). In our present case, the
relevant relations are summarized as follows:

Hy = /ZyH. =\/ZyB,.
W123 \/Z_WW}l’z':%, 123 \/_7[123
vo =\ Zy(v+6v), Ao =ZF(A+62),
do=25"(d +89),  90="2w"(g+59),
1, = &1+ 681,),
a® =a+éa, b’ = b+ 6b,
K2,4 = K34 + OK3 4, a) = a; + da;, (4.3)

where the Z; renormalization constants are set as usual to
Z; = 1 4+ 6Z;. Some comments on this Eq. (4.3) are in order.

Our final results for both the renormalized 1PI functions and
the VBS scattering amplitudes are expressed in terms of the
renormalized quantities, my,, mz, my, g, ¢, v, a, a;’s, etc. It
should be noticed that for the WZ — WZ case, the renorm-
alization of the b, k34 and A parameters do not enter and,
therefore, the associated counterterms will not be present in
the renormalized 1PI functions. Besides, the ghost counter-
terms do not enter either, and we omit to show them for
shortness. In contrast, the renormalization of the covariant
gauge parameters do enter and are relevant for the present
paper. Notice that in Eq. (4.3) we have set a common
renormalized & parameter for all the involved EW gauge
bosons. The associated counterterms 6& ,, introduced in
Eq. (4.26), play an important role in the renormalization of
the charged unphysical propagators. We refer here to the
charged unphysical propagators as in reference [26],
namely, formed by the charged Goldstone bosons 7z and
the gauge bosons W=, The discussion on the renormaliza-
tion of the involved functions for this charged unphysical
sector, ﬁﬁ,w, iw,, and ﬁ,m, and their relations will be
presented in the subsection IV E. Finally, one can easily
relate the corresponding counterterms for the EW param-
eters in the physical basis with the previous counterterms in
Eq. (4.3). In particular,

8Z, = cL6Zp + 5367y,
62, = 52,625 + cL6Zy,

6Zzp = syCw(0Zy — 6Zp) = ;chz (62, —6Z,),
o 26

Smiyy = m ( 0Zy + 67, +2_g+_v>

13} 20
Smy =m ( 627+ 6Z, + 2c3, g+22 gl 1)),

g/ v

6Z, oL 26
Smiy = miy <—252H T —U> : (4.4)
v

where, our conventions for the mass counterterms are:

02 _ 2 2
my~ = my + omy,

02
mz

02 _
my? = m, + omi,,

= m2 + ém3. (4.5)
Finally, regarding the renormalization conditions we adopt
here a hybrid prescription in which we choose the on-shell
(OS) scheme for the EW parameters in the lowest order
Lagrangian £, and the MS scheme for all the EChL
coefficients a and a;. These particular conditions will
provide the specific values of all the counterterms involved
in the present computation. Concretely, our renormalization
conditions read as follows:

(a) Vanishing (Higgs) tadpole:

T=0. (4.6)

075013-10



ONE-LOOP RENORMALIZATION OF VECTOR BOSON ...

PHYS. REV. D 104, 075013 (2021)

% - + -
1, Wie o W, W;
---8 v,
Vs WieS™ * Ve Vi

FIG. 4. Diagrammatic Lorentz conventions corresponding to the 3-legs (if%%, ,, il%4y) and 4-legs (i[**27 w) Green functions,

NA% VV'wW

relevant for our observables of interest. The generic scalar here, S, can be a Goldstone boson or a Higgs boson. The vector bosons V here,
refer generically to the corresponding EW gauge boson, W, Z, y. All momenta are incoming.

(b) The pole of the renormalized propagator of the Higgs
boson lies at m$ and the corresponding residue is
equal to 1:

ds

d;f (m%{)] =0. (47)

(c) Properties of the photon: residue equal one; no A — Z
mixing propagators; and the electric charge defined
like in QED, since there is a remnant U(1),,, electro-
magnetic gauge symmetry:

Re [dﬁng
dq

RelS(nf)] =0, Rel

i;A(()) =0, 1Aﬂ’;ee|os:l'67’”-

)] o,
(4.8)

(d) The poles of the transverse renormalized propagators
of the W and Z bosons lie at g> = m3, and ¢*> = m3,
respectively:

Re[fw (m3y)] = 0,

Re[2L,(m2)] =0. (4.9)

(e) The poles of the renormalized propagators in the
unphysical charged sector {W*, 7%} lie at ¢> = Em3,.
Therefore:

Re[Shy (6m3)] =0,  Re[S,,(ém},)] =0.

(f) MS scheme for all the involved EChL coefficients.

In particular for a, b, k34 in Eq. (2.7) and the a;’s in
Egs. (2.10)—(2.11).

It is important to stress that the previous renormalization
conditions on all the EChL parameters determine both the
divergent and finite parts of all the counterterms. In
particular, the physical masses my,, m; and my coincide
with the corresponding renormalized ones in the OS scheme.
On the other hand, notice that the residue for the Higgs and
photon fields are set to one in the previous conditions, but the
residues Zyy 7, for the gauge bosons W and Z, are not set to
one. These finite residues are given, respectively, by:

(4.10)

dxy, %}
ZW:1—|-RC|: d;/zw(m%v)]; ZZ:1+RC|: quZZ (m%)]
(4.11)

Therefore, they contribute via A, in Eq. (3.7) to the WZ
scattering as follows:

azh azyl
Aes = (Re[ d(‘;;w (m%V)] +Re { quZZ (m%)} >.A(0),

(4.12)

since each external W(Z) provides a factor Zi‘f(zz) to the

observable S matrix.

C. Summary of contributions to the renormalized
1PI functions

We collect here the various contributions to the renor-
malized 1PI functions, including the specific counterterms
according to our previous prescriptions especified in
subsection IV B. For the 2-legs functions and the corre-
sponding self-energies we use the conventions defined in
Fig. 2. For the 3-legs and 4-legs functions we use the
conventions defined in Fig. 4. All these functions depend
on the momenta of the external legs which are generically
off-shell. By using momentum conservation one can reduce
the independent momenta to 2 and 3 for the 3-legs and
4-legs functions respectively. For the generic 3-legs func-
tion with one external scalar S (with momentum ¢) and two
EW gauge bosons V,, V,, (with momenta k,, k,) we choose
the gauge bosons momenta as independent variables and
the generic function can be decomposed into Lorentz
structures as ¢**, khkY, K|kY, k|ky and k3k4. Notice that
the last three structures can be omitted if we impose the
transversality conditions to the gauge bosons, i.e.,
k; - e(k;) = 0. However we keep them here since we are
interested on the full vertex functions off-shell. Similarly,
we choose the momenta of the W bosons as independent

variables of the [%%,,, (middle panel of Fig. 4) resulting in
the Lorentz structures ¢**k7, ¢k, ¢"ky, ¢’k;, ¢’*k* and
g’*ks. For the case of I',,4 and I',,, we choose the Z
bosons momenta. The 4-legs vertex functions of the right
panel have Lorentz structures ¢** ¢”°, ¢’ ¢*° and ¢’ ¢*” even
at O(h) as we found explicitly.

We list in the following the various contributions to the
renormalized n-legs functions. We include not only the 1PI
functions that are needed for the present computation of
WZ — WZ scattering, already mentioned in Section III, but
also some additional ones since we wish to determine
separately the renormalization of all the involved EW
parameters and EChL coefficients in Eqgs. (2.10)—(2.11).
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1. 1-leg function (Higgs tadpole)

. 6 62
iT = iT™°r — 8T, oT = < Sm /2 + 22w ( v 2”) + 6Av? — 2/111252H> v
v

2. 2-legs functions

00 2a
—iZyy(q?) = —ZZL W (q?) +i(6Zy(q* — mfy) — 6myy) + i vDD q*,

li]vgfw(qz) = ZQL‘?/OP(CIZ) (5ZW(q _mw) 5mw)

54 (%) = 070 (P) = i6Z4q% — iP5 (a5 — 2a1) g,

i£7,(q%) = i3 (q) — i(6Z4(q* — m}) — 6m3) — i(2g°mba + 2¢*s%a, + GPchas + (& + g*)aiz) ),
i27,(g%) = iZ°%(4) — i(6Z7aq? — mEsycy(89/9 = 89 /) — i(Pswewas — g9 (¢ — s3)ay) g

& ) S 1 o )
Bl ) = ) + (= 1 - )5z o+ %8 < i,

88 — 8¢,
+ 2

A

L
Zwi(q?) = Zyy" (4°) myy + ¢*gan.

2

—i%.:(q%) = —iZ® (%) + i((g? — Em3,)6Z,, — E6mEy, — zfmwcs:z)—z I_gtay.
W

3. 3-legs functions

- . N
lFIgAA = zFI;;;;’X + ZTW (appp + agww — ag + aHs/z)((qz - k% - k%)glw - ijzlk?)»

. og o
iTyaz = irb(i;)zp +1 2750 (_g - _g’)

2¢, \g ¢
2
.g-s
+1 vcw (=s2appp + chagww + (1/2 = c&)ag + chans/2)((¢* — k} — k3) g — 2K5K)
w
2
'S
+ 14UCW (aay + ag + 2a44)((q* + kT = k3) g = 2(Kf + K5)KY),
w
~ 2 v (8 26 26 1) o7 o7
Pty = 10 L g g 4 SO (2 20 20 O T O
272 22 2 "2

2

: 2,2 4 4 2.2 4
EREI: <<4SmeaH0 + <_20WaHWW —2swappp — 255 Cyay — Cyapg — g3
w

m2
+shag — chap —2chaq — 453, U—zzamo - 2“DVV> 7
+ (2ckapww + 2swappp + 255 caay + chaps + agiz) (k3 + k%))Q’w
+ (=Swag + cxap + agy + 2050 + 2ags) (KK + Kyks) + 2(ags + 2a45 — agn ) kikS

+2(2cyapww + 25wappp + 2s5chay + chaps — syag + cagn + 2c3vad4)k’2‘k’j),
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2 2
-~ . g Loop . .ag v (ba 289 ov OZy OZ,
Tl =107 9”D+’FHWW+’T<?+7+7+T+ 2 )"

2
g v
- l%((_(zaHWW +ag +2acvy) g7 + 2apww (ki +Kk3)) g

+ (ag +ag) (KK +K5K5) 4+ 2(a s — agy ) Kk +2(2apww + an) k5 kY),

_ggvey,

- , vey (69 8¢ v 2s
i, = g irieen 9900w (90, 0 00 sy ) g 4 T () = ay - — s + a9 = 2a1) 2
g 2 2 g g v v
+(ay = ay +az —ag +ao)ki + (a) +ay — a3 — ag — ag )k3) g )
+dan Kiki +2ay Kiks +2(a) — ay + a3 — ag + ag ) khki — 2(ay — az — ag) ks k%),
- gq'vs L ggvsy (g 69 v
lF}JﬁW’Z: 2 WQMD+1FE€1?§+ 2 = <g+g/+v+6z7z g;w
2
g
—;((4szwm%a0 — (s3ay — sy + sy,a3 + cyag — cy,a9 — 2s3,a11 +2a1 +a13)q*
w
+ (syar = syay = (1+¢3))az + cyag — ey ao +aiz) ki + (s5.a; + 53,0+ (1 4¢3 )as + g ag + cyao +ai3)k3) ¢
+2(az + (52w - C%v)all - 012)k!fk7 "’2(3%«011 - d12>k114k15 +2(—S%vaz —cyaz— cyag+ay —2ap; + a13>)k!24k7
+2(sga1 = sq,ay + 55,03 + cy.ag — c5,a0 + ar3) ) KokY), (4.17)
i ey = —igs VI + Ty — 195w Vi + igs (¢ (a1 K] — (a) — ay + a5 — ag + ag — a1 )K5)
+ ¢ (anky + (a) — ay + a3 — ag + ag)k5)),
3
iy, = —igey VI + iTyay = igey VI + if— (¢“((a3 = syay + ap)k] + (sya; — sya; — cg,a3 + c3,a3 — cyag

w
—syay +ap +ap)kh) + ¢ (a3 — syan + an)k — (sya; — syas — (1 + ¢§)as + cjas — chag + ar3)ks)
+ ¢ (=2a3ky — asky)),
it = irkoop

zzA — Y zza»
ity — iro. (4.18)
4. 4-legs functions
i e = =Py S0 + TG0y, — P s3,SM0 — ighsda (¢ ¢ + 97 g”),
Iy = =GP ST + TR0, — P83, 0y M7 + igzj 2azg”g° = (=az + syay — ap)(¢¢° + ¢°¢7)).
w
i e = =i RS0 + Ty = iR "7 + if—i (22t a3 + as + a7)g ¢

w
— (2cqa3 — ag — ag + syay — 2s5,a12) (99 + 9°9°)).
4
-y = 1787 + ir;?ngpww + ig? Mo + if—z (2(=2as + a4 + ag — 2a9 + 2a,3)g9"’ g*°

w

— (=2a3 — ay = 2as + ag — 2a9 + 2a,3)(¢" 9" + ¢ g"")). (4.19)

|

Notice that, to simplify the notation, in all the previous  plus the counterterms, according to our prescription defined

equations, Eq. (4.13) through Eq. (4.19), we have dropped  in Eq. (4.3). Therefore, the a; coefficients appearing in the

the superindex 0 in all the bare a! coefficients which are the ~ previous equations, Eq. (4.13) through Eq. (4.19), really

ones entering in these equations. Remember that these bare  mean a; + da;, where a; is the rermormalized EChL
coefficients a! are the sum of the renormalized coefficients  coefficient and Ja; is the corresponding counterterm.
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Regarding the contributions from the one-loop diagrams
to the Green functions (generated by £,), we classify them
generically into four categories accordingly to the particles
in the loops: (i) loops with just scalar bosons, i.e., with H
and/or z (called ‘chiral’ loops in short), (ii) loops with both
gauge and scalar bosons (called ‘mix’ in short reference to
mixed loops), (iii) loops with only gauge bosons (called
‘gauge’ loops in short), and (iv) loops with only ghosts
(called ‘ghost’ loops in short). Then we compute the loops
contributions in the R; gauges, generically called here by

rLoop

n—legs> a8 the sum of all these loops:

[LeoP  _ prchiral 4 [mix | peauge +thost

n—legs n—legs n—legs n—legs n—legs*

(4.20)

For this purpose, we have calculated analytically the many
Feynman loop diagrams (there are more than 500 in the
computation of the WZ — WZ scattering amplitude) by
using Mathematica [27]. More precisely, we have imple-
mented our model with FeynRules [20], generated and
drawn all the Feynman diagrams by FeynArts [21], per-
formed the main calculations with FormCalc and LoopTools
[22] and incorporate some additional checks using FeynCalc
[23] and Package-X [24]. The generic loop diagrams enter-
ing in the specific 1PI functions that participate in the present
computation of the WZ — WZ scattering amplitude are
summarized in Appendix B.

On the other hand, the loop diagrams contributing to the
1-leg funtion (EChL Higgs tadpole), not explicitly drawn,
are the loops with just scalars (H and x), and the loops with
just gauge bosons (W and Z). The analytical result for these
loop contributions to the Higgs tadpole in the R gauges is:
|

iTHooP =

1
2D (BrsmiAg(miy) + 2a(6myAq(m3y)

—4m3; + 3m2A(m2) — 2m3)), (4.21)
where Ag(m?) = (A, + log(u?/m?) + 1)m?.

At this point, it is important to remark that the Higgs
tadpole in the EChL is £-independent, in contrast to the SM
case. Therefore, the tadpole is a gauge invariant quantity
within the EChL. This interesting feature is a consequence
of the Higgs boson being a singlet field in this non-linear
EFT approach, in contrast to the SM (and SMEFT) case
where the Higgs is a component of a doublet field.
Furthermore, the Higgs field does not couple to the ghost
fields in the EChL (in contrast to the linear realization of
SM and SMEFT where the Higgs does couple to the
ghosts), as we have seen in the presentation of the EChL
Feynman rules in Section II. Therefore, the ghosts loops do
not participate in this 1-leg function and also decouple from
other 1PI functions with external H fields. The comparison
with the SM case is summarized in the Appendixes C-D.

D. Divergences of the one-loop contributions

Due to the lengthy full analytical results of all the
involved 1PI functions to one-loop in the R: gauge, we

do not include the explicit formulas for these I'J,:ocl’fgb here,

and instead we present just their corresponding analytical
divergent (singular) contributions. The list with these
O(A,) results is shown in the following.

The loops divergencies in 1- and 2-legs 1PI functions are:

TP g = 12255 (ym + 2a(2miy + ),

S () = 23 (g = 2022y + M) + (3 + i)l + (4a? + 26) 2y + m).
(@l = i % (51 = a® = 128) + 3(a? — bym, + 3(9 — 3a> + 4&)m2y — 9m3),
S () = i 24 - E)g?
277 (@)l = i 1?;2% ((4 1 Jcrwa +12¢3,(4 - §>>q2+3(a2 - )Q + 12m3, (3 + &) — 18m} — 92 mf)
L (@)lay = g (1/3+ 264 (4= )+ my (3 +)
i (@) = i (@ + (@ = b)m}y + (9 = 3a% +4E)m}y = 3m).

Sy = o5 (a — (@ = by, — (3= 3 + 8/ 3wy + (3 - 2/3m.
~iZen® (g% |y = (“—2 q—2 (a® = b)ym} — (3 +3a®> — 4&/3)my, — (3 — 4«:/3)m§)>. (4.22)
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The loops divergencies in the S(q)V,(k;)V,(k,) 1PI functions are:

rJfl(;;)£|div =0,
;B TSw
6
A ¢
i
162% 12vc
+ 24am}y,c3, (& + 3) — 36am3,) ¢ + 2a(a® + 2b) (KK + K5k5) + 128K KS),
A 2
TP e = 6 12 ~—((3a(2 + a®)g* + a(a® = b) (k2 + k3) — 3(a® — b)(2a — 3k3)m3; — 18abm?,
+ 6ami, (4 +9) — 18am) ¢ + 2a(a* + 2b) (K{ kY + Kok5) + 12a3KKS),

00 A w
lFI,;WX|dW T 92s (g”"(3a + (1 = a®)k3 +3(a® = b)m + 9(1 — a®)m3, — 9mZ + 2(4m, + m2)&)

+ 6a2k’fk? +3akiky — (1 — a®)K5KS),
A ¢
1672 12vc,,
—9a’m2 +2(4m}, + m2)&)) + (=1 + Ta® — 12c3a® Kk + 652,02 KK, + (=1 +2¢2 + Ta? — 2¢3,a° ) K5 KS).

(4.23)

irJfl(fzphiv = = amymy (&4 3)g",

TP = : ((3a(2 + a*)q* + a(a* = b) (k3 + k3) — 3(a* — b)(2a — 3k3)m¥ — 18abm’

iF]ZOW0§|div =

(¢*(653,0%¢* + (1 — ) = (1 = a®)(c — 53)K3 + 253, (3(a* = b)m; +9(1 — @)y

The loops divergencies in the W, (k; )W, (k,)V, 1PI functions are:

00 A Sw
Tyl = i = 2932 (9 (K(33 — 4a> — 188) — k5(33 + 24> — 18%))

+ g””(k"(33 — 4a% — 188) — 2K (=33 + a® + 188)) + (=33 + a® + 188) g (2k¥ + k).

L
ZFW;);/pZ|d1v - 16 224

+ g”/’(k”(l +5a% + (66 — 8a® — 36¢)) — 2k5(—1 + a® + ¢2,(—66 + 24> + 36¢£)))
+ (=14 a® + c2,(—66 + 2a® + 36¢)) g (2K, + k5)). (4.24)

(K(1 + 56 + 2,(66 — 8a> — 36¢)) — K5(1 = Ta> + c2(66 + 4> — 36£)))

The Z,(ky)Z,(k,)V, 1PI functions are finite.
The loops divergencies in the V,V, W, W/ 1PI functions are:

00] H Ae g S v,p0 Vo o
il = ~i g3 15 (246 + a2 = 15)507 = 3a2(¢7 g + g'7g)).

0 . AG wxw
TSl = —1 o SO (482 - 33 4 268 (a2 4+ 1)+ 02) 997 4 B2 = 3)a(# g + f7g)).

A 4
i Zwwlaw = = "Tox 224 : ((48c4& —32¢h — a* + 3a2b — 2a%s2, (2 + ) — 3b%/2 — 1 4 4s%.c2) SHre

— (a* + 3a2b —3a%s2,(1 4 2¢2) —3b*/2 + 3s2,¢) (¢ ¢° + ¢ ")),

00] . A
Pyl = 15 T (48 + 2% = 30)5037 - 3(<2a* 1 267 — 17 ~2) (" + #°g”)). (4.25)

All these divergent contributions will set the values of the O(A,) counterterms, both for the EW parameters and the «;
coefficients, that are relevant for our computation of the VBS amplitudes. These will be presented in Section IV F.
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E. Slavnov-Taylor identity in the unphysical
charged sector

Before presenting our main results on the renormalization
of the £, parameters and a; coefficients in Section IV F, it is
illustrative to discuss first an important aspect related to the
gauge invariance of the EChL: the Slavnov-Taylor Identity
(STI) corresponding to the unphysical charged sector, in
particular the equation relating the two-legs functions of the
W and # fields. The validity of this relation among the self-
energies in this unphysical sector at the renormalized level
and for arbitrary external momentum is one of the key points
for the &-invariance of the NLO EChL predictions. Setting
properly this equation at the renormalized level also guar-
antees the same poles structure at the NLO as in the LO for
all the unphysical propagators as reflected in Eq. (4.10),
which is very convenient from the practical computational
aspects. The corresponding Slavnov-Taylor relations among
the self-energies in the unphysical neutral sector, i.e., for
{A,Z,n*}, can also be set in a similar way. However, the
details in this sector are more involved and we do not present
them here since they are not needed for the present
computation of WZ scattering. We then focus next in the
charged unphyical sector and summarize the basic points of
the STL

After the introduction of Lgp and Lgp in Eq. (2.7), the
original SU(2), x U(1), gauge invariance of the classical
Lagrangian is lost. However, the EChL is invariant under
the BRS transformations [28] that involve the ghost fields.
The BRS symmetry induces relations among the various
Green functions involved, called the Slavnov-Taylor iden-
tities (STIs) [29,30]. A special case of interest here is the
relation between the propagators of the unphysical charged
sector, {W=, z*} which then leads to the corresponding
relations among self-energies.

In oder to get these relations and to understand how are
they written in terms of renormalized quantities let us first
consider the corresponding gauge-fixing Lagrangian of the
charged sector in terms of the bare quantities. This can be
written as follows:

0 _
£GF*_

1 90”0
L 20 +>
<\/§ ’

1 _ 090V _
X(—@@"Wor A% )
1

where two independent gauge-fixing bare parameters &) and
&) have been used (for this presentation we follow closely
[26,18]). Then we use the prescription in Eq. (4.3), to write
this Lagragian in terms of renormalized quantities. In
particular, remember that we have chosen just one common
renormalized gauge parameter £ with 51 , = E(1+6&1,).
Then, the leading order GF Lagrangian in terms of the
renormalized quantities corresponds to the first term on the
Lhs. of Eq. (2.12), i.e., to:

(4.26)

1 1
o= (Wi = VG ) (50w - VES ).
(4.27)

One can use Eq. (4.26) to get the relevant STI in terms of the
undressed propagators in momentum-space. This reads as

follows:
+ 2 /§0§0q2AWﬂ

ZAWW

- QE8m\FA™ (¢7) = &.
(4.28)

We then write the above propagators in terms of the
undressed 2-leg functions at one-loop precision and arrive
to the following relation among undressed self-energies:

2 LLoop, 2 2<Loop/ 2 2 sLoop, 2
Iy (4%) +2¢°Zy; (¢°) —myZar (¢7) =0. (4.29)
Finally, by adding the corresponding counterterms, given
explicitly in Eq. (4.16), one arrives to the wanted STI in
terms of the renormalized quantities at the one-loop level.
This reads as follows:

A

Phw(@%) + 2¢°Zw(q%) — myZan (%)

7 _gmwf ().

: (4.30)

where the ¢* dependent function fgr(g?) on the r.h.s of this
STI, which is finite, has been defined as:

—(8Zyw — 8E1)q* + Ebmyy, + Emyy (6Z, + 6,).
(4.31)

fsr(q?) =

Some comments about the previous Eq. (4.30) are in order.
First, this STI and the renormalization conditions of
Eq. (4.10) ensure that £, (ém3,) =0, or equivalently,
the poles of the renormalized charged propagators are
located at ¢*> = &m3, at the one-loop level. Second, it is
important to notice that the new physics effects encoded in
the a;; coefficient, which enters separately in each self-
energy, cancel in this particular combination of renormal-
ized self-energies. Then, interestingly, this STIin Eq. (4.30),
using the R; gauges, has the same formal expression in the
EChL as in the SM [26]. However, it is also important to
notice that the role played by the tadpole in the SM is
different than in the EChL, as it is shown in Appendix D.
Again, the fact that the H field is a singlet in the EChL case
introduces some peculiarities respect to the linear realiza-
tions like the SM and the SMEFT. For a verification and
discussion of the STIs in the SM and SMEFT using the
background field method see also [31].

Finally, due to the relevance of the STIs in the con-
sistency of the theory, we will impose the validity of
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Eq. (4.29) at the renormalized level. Namely, we set in
Eq. (4.30):

fst(@®) =0 Vg (4.32)
This is equivalent to set an additional renormalization
condition in the unphysical sector valid for all external
momenta (i.e., not only at ¢> = ém%,), and implies that
each coefficient of this linear function of q2 vanishes,
resulting in:

S 2
88 = —57, — W
m

551 = 5ZWa 7
w

(4.33)

These conditions in Eq. (4.32) (or, equivalently, in
Eq. (4.33)) and Eq. (4.10) fix then the four counterterms
of the unphysical charged sector (6&;, 6&,, 6Z, and day ).
It is important to stress that the particular gauge-
fixing and renormalization conditions in the unphysical
sector do not affect the physical S-matrix elements.
However, the simplifications induced by the use of the
STIs and the consequent specific cancellations among
the £-dependent terms of the various contributions in the
different channel diagrams do depend on the concrete
formulation of the unphysical sector. In this sense, among
the many arbitrary prescriptions for this unphysical
sector, we choose a particular one via the renormalization
conditions given by Eq. (4.10) and Eq. (4.33). This is
mainly motivated by the interplay between the unphysical
self-energies invloved in the s- and u-channels of the WZ
scattering process of our interest in Fig. 1 and the
cancellations of the £-dependent terms that we have seen
occur in both channels of the LO amplitude. Our
prescription then replicates these cancellations also at
the NLO.

F. Renormalization of the EFT parameters

In this section we present the results for the renormal-
ization of the EFT parameters. These include the EW
parameters entering in £,, like g, ¢, etc., and the EChL
coefficients, namely, the ones entering in £,, like a, etc,
and the ones entering in Ly, i.e., the a; coefficients.

With our previously described diagrammatic procedure
of renormalization of all the 1PI functions we can derive
the divergent parts, i.e., of O(A,), for all the involved
counterterms. These are called here in short J,.
Alternatively, these divergent parts can also be derived
by using the renormalization conditions introduced in
Section IV B which allow to write the parameter counter-
terms in terms of the undressed 1PI functions. In fact,
we have used this second procedure as a check of our
results that we obtain with the first procedure. Regarding
the finite contributions to all these counterterms, they
are also determined by these renormalization conditions
and, indeed, we use them in the final numerical

computation of the WZ scattering in the next section.
Therefore, we postpone the introduction of the finite
contributions for the next section and focus here in
the derivation of the divergent parts of the EChL
counterterms.

The determination of the divergent parts of all the
counterterms for the EChL parameters follows immediately
from the requirement of getting finite all the renormalized
1PI functions at arbitrary values of the external leg
momenta, i.e., off-shell 1PI functions. This means that
the cancellation of the O(A,) contributions must occur at
all external momenta, and it proceeds between the loop
contributions in all these 1PI functions and the involved
counterterms. One then requires that these cancellations
occur in each involved Lorentz structure and in each term
in the momentum powers expansion and all these lead to a
system of equations with a number of unknowns, the d,’s,
than one solves globally. In practice, one can conven-
iently solve this system in a sequential form, first solving
the 1-leg function, then the 2-legs functions, with the
previous solutions then solving the 3-legs and finally the
4-legs functions. This provides the solution for all &, of
both the EW parameters and the EChL coefficients
jointly. For instance, the case of the Higgs self-energy
illustrates clearly this procedure. Setting the cancellation
of the O(A,) contributions in all the terms of 3, (¢?) of
Eq. (4.14), namely, in the terms of order ¢*, ¢ and ¢°, and
using our result for Zyo° (¢?)| 4, in Eq. (4.22) one derives
easily 8.ar, 6.Zy and 5,m?. One can proceed similarly
with the other self-energies of the gauge bosons and
the 7 bosons in Eq. (4.15) and the other 1PI functions. At
this point, it is worth remarking that the divergencies of
the CTs for the EW parameters are determined by just the
1- and 2-legs 1PI functions whereas the divergencies of
the CTs for the EChL coefficients are determined by all
the 1PI functions. These new CTs in the EChL coef-
ficients cancel the extra divergencies arising in the loop
diagramas (generated by £,) of all the 1PI functions and
for arbitrary (off-shell) external momenta.

The summary of the sequential settings regarding the
EW parameters can be read as follows: 1) £, sets 8.Zy
and 6,m3;, 2) 1,y sets 6,2y and 8,m3y;, 3) 2., sets 6,2,
(and 8,&,), 4) Zyy, and iy set 5.&; and 8,8, 5) U(1)p,
gauge invariance sets 5¢' /¢ = 0, 6) £Z, then sets 5,9/, 7)
with the previous §.Z,, 5.Zy, 5.m3% and 3,g/g, then one
derives 8.v/v, 8) the tadpole T then sets 6,4/, or it
can also be derived alternatively from 8.Zy, 6.m¥, 5.9/9
and 6.v/v, 9) finally, the CTs in the neutral gauge sector
8.Z4, 6.m% and 8.Z, are derived from £L,, $1, and 31,
jointly.

Regarding the EChL coefficients, the o,.’s are fixed, in
summary, as follows: 1) iHH sets d.apm, 2) ﬁ,m sets 8.a;
(it is also set by 35, and 2,,), 3) £%,, 31, and £1, jointly
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set S.ag, S.(a; + ay3) and S.(ag+ ay), 4) Dyww sets checks in the 4-legs functions, and the relations in
) Eq. (4.33) regarding the two-legs functions in the unphys-

ical sector.

We list in the following the results for all these divergent
counterterms for the EFT parameters. We collect together
2 the CTs for the EW parameters, and separately those for the
sets 8.ay and S.as and I'zzww sets 6.(aq+ ag) and  ECHL coefficients.
6.(as + a;). Therefore, the two together also set J.aq
and S6.a;. 7) Finally, one can use extra functions and .
relations among them as a check of the previous findings. 1. Divergent CTs for the EW parameters

For instance, one can use Iy 4w and Iy zww regarding the The results are the following:
|

s.aja, 5) Cywws Cyzz, Thaz and Tya, jointly set all the
Sear’s in £3"7MEE 6y P Dywas Tawz and Ty set
jointly é.a,, é.as3, 6.ag, d.a9, O.a1, and S.a,3 [and using
this latter one then solves a; separately from 3)], 6) Cywwww

A, 3
167220

A, 3a
82y = —Ssme 2md +m2), 6T =

T (ko + 2a(2miy + ),

oy = 0 3 (368 + iy — 20 (2 + ) + (4 + 20) 2y + ).
JT
A, g7 A,
6.2 = — é—1 6.7 ¢ 51 —a“—12
c~B 16 12( ta ) elW — 167 212( a 5)
2 A, ¢ a2 2 2y,,2 2
Semyy = _6—E(S( — b)my + (78 — 10a*)m3, — 9m3),
A 2
6.3 = 1515 (=3(a% = D)y + (T(1 4 @%) 4 2(=43 + a>)§ Jmy + (10 + a?)m3).
72 12¢%
59/9 =0 8c9/9 = 92( 3+¢)
¢ v %99 T T e 2 ’
A,
. 1—a-—-12
6551 167 212(5 (l 5)
A1
0.6, = —éz—z (6((12 — b)mzH + (69 — 194% + 4§)m\2,v - (18 - 4§)m%),
167~ 3v
A1
0.2, = — 1662—2((a2 —b)ym} — (3 + 3a* —4&/3)md, — (3 —4&/3)m3),
72 v
A, 2(my + m3)
6, = . 4.34
A TR A (4.34)

Some comments about these results are in order. First of all, we notice that the & parameter enters in these
counterterms, as it is expected in renormalization with R gauges. This also happens in the SM case,
which we have also analyzed for completeness and comparison and whose results are collected in Eq. (C5). Concretely,
we find in both the EChL and the SM, that the £ parameter enters in the divergencies of the CTs corresponding to g, Zy,
12, Z, and v. As we can see by an explicit comparison, only 6.4/ ¢, 6.9/ g coincide in both theories. §,Zp, 6, Zy, and §.&;
coincide for a = 1. In general all the other EW CTs are different in both theories. One of the new features of this non-
linear EFT is that .7, 6.my, 6,m% and 5.m> are é-independent separately. In contrast, in the SM case, only the proper
contributions of both tadpole and mass counterterms to the pole of the propagators (5Ar/n2) are £-independent, as we show
in Eq. (D11). Finally, notice also that the divergent part of the combination (6v/v + 6Z,/2) is &-independent in the
EChL.

2. Divergent CTs for the EChL coefficients
The results are the following
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A, 3
S.a = 16”22—02(((12 —b)(a—x3)m¥ + a((1 =3a> +2b)m¥, + (1 — a*)m32)),
A 3 A A 1—a?
b= —C2(1—a?), Sy =—5—(1—a?), Sy = —Boay = —C
e =g L~ ) = Ter 12 ) @2 =70 = e 0y
A, (1-a2)? A 1 3
1) -~ 7 ) = — —(a*+4a*> =3a2b+=b*+ 1),
T e2 T 12 €5 = T lepioa \ @ T oAb
&2
Bote = 8.a7 = S,a = S,y = 6,10 = epy = 6oayy =0, Soayy = L
ed6 ed7 edg ed9 ed10 ed12 @13 apy 1622 4
A, a(a*-b) A, a2+ a%)
Ocappp = Scapww = o2 12 Seamyy = e 4
A, 3a(l->b) A, a(a®>—b) A, a(a®>-b)
Suapp = =270 s g =2 RN D) s == B T 0)
CAHO = e 4 0 Am T g T g CAHN =62 2
A, a(a®*-b) A, a(a® +b)
Soag = —dagy — —c N0 s ,
et = T0lar = Je 0 g BT 162 2
Ocyg = 0cay13 = 64y = gy = Seags = 0,
A, 3a?
5. P 4.35
«d00 1622 4 ( )

Some comments about these results are in order. First of all,
we wish to remark that we have found no -dependent piece
in any of all these results for the CTs in the EChL
coefficients, in contrast to the previous results for the
CTs of the EW parameters. This &-independence in the
results for the §.a;’s is not trivial at all, since its derivation
involves é-dependent terms from the loop diagrams every-
where. Obviously, this result is welcome, and on the other
hand, it is also expected since by construction all the
operators in L, are separately SU(2), x U(1), gauge
invariant. Therefore, they do not mix under gauge trans-
formations. Secondly, we see that just a subset of these
coefficients get divergent CTs, concretely: aq, a;, a,, as,
as, das, a1, a (remember that the renormalization of b, k3
and x4 do not enter here), ayww, aupp, aoyvys Auos Ay,
agos Agi1s Aq1> Agns Agz and aqo. The remaining a;’s do not
get divergent counterterms and, therefore, the correspond-
ing operators in £, are not needed to cancel the extra
divergencies generated by £,. We also see in these results
that some of these CTs vanish for the choice
a=b=kx3 =k4 =1, and some others do not, like as,
ajy, apyy and ap. The particular choice b = a? also
produces some simplifications and fewer divergent CTs are
found. Concretely, we find vanishing o,’s for agww, auypgp.
amg, ag1, dg; and ap in that case.

At this point, we believe it is worth comparing our results
in Eq. (4.35) with some previous results of the EChL one-
loop divergencies and counterterms in the literature. This
comparison is a partial one in any case, since our results are
the only ones that apply to the most general and complete

|

case of off-shell one-loop 1PI functions, including 1-, 2-, 3-
and 4-legs functions, and including all types of loop
diagrams in the R; gauges.

The closest comparison of our results in the present work
is with our own previous results in [32]. In that paper we
also worked with the EChL in the R; gauges but focused
exclusively on the one-loop decay amplitudes of the Higgs
boson into yy and yZ. There we found that some particular
combinations of EChL coefficients enter in those ampli-
tudes and they turned out to be finite, RGE invariant and,
therefore, not needed for the cancellation of the one-loop
divergences involved in these Higgs decays. Using the
notation in the present paper, these combinations are:

CHyy = Aupp T dgww — A1, (4.36)

1 1
_ 2 2 2 _ 2
Chyz = 3 \ T4HBBSW + agwwew — 5 a1 (cw —sw) |-
w

(4.37)

for H - yy and H — yZ respectively. This result is in
agreement with Eq. (4.35) since we also get here the same
cancellation in those combinations of the correspond-
ing o.a;’s.

Another example of observable where there appear
cancellations of divergences in the involved combination
of EChL coefficients is in yy - WW and yy — ZZ scatter-
ing. This was studied in [11] where the one-loop amplitude
for the scattering processes with final longitudinal gauge
bosons V;V; (with VV = WW, ZZ) was computed using
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the equivalence theorem, i.e., using A(yy - V, V)=~
A(yy — nz) and within the approximation of considering
only chiral loops, i.e., loops with Higgs and GBs. The
masses of GBs were set to cero (as in the Landau gauge,
i.e., for £ =0). The combinations of EChL coefficients
found in [11] for A(yy — =x), which are finite and RGE
invariant, using the notation of the present paper, are:

and 7°7°, (4.38)

— 3 + =
cy—aHBB—i-aHWW—aHl mm

and also

(a; —ar+az) inztn. (4.39)
Again this result is in agreement with Eq. (4.35), as can be
checked by the cancellation of the corresponding combi-
nations of 6,.a;’s. Also in [11] the EW precision ‘oblique’ S
parameter was related with the coefficient a;. The divergent
CT 6.a; in Eq. (4.35) is also in agreement with the
corresponding divergence involved in the computation of
Sin [11].

The VBS processes with W; and Z; in the external legs
were studied to one-loop within the EChL previously in
[9,10]. It was done by means of the ET, i.e., replacing the
external V;’s by the corresponding z’s, considering just
chiral loops and assuming massless GBs (as in Landau
gauge again, i.e., for £ = 0). In those works only inter-
actions among scalars were involved, and only a, b, a, and
as appeared in the VBS amplitudes, since they assumed the
so-called isospin limit where no custodial breaking oper-
ators appear. Comparing the divergences for a, a4 and as
(the renormalization of b does not enter in VBS) found in
[9,10] with our results in Eq. (4.35), we find agreement for
a and ay. The case of as is more tricky. We have checked
that when taking the isospin limit in the VBS amplitudes
with physical on-shell external gauge bosons (this limit
implies: m; - my, ¢ -0, ¢y > 1 and no custodial
breaking operators) and considering the full set of operators
in L4, it turns out that a5 allways appears combined with
others. Concretely, it appears in the following combination
of EChL coefficients:

a 612

Gs = as — 5 dgyy + - dgo- (4.40)

From our results in Eq. (4.35), our prediction for the
divergence in this as is:

A 1 1
Spltis = ——5 = (b—a?)> +—=(1-a*)? |, (4.41
which is in agreement with the result for a5 in [9,10], where
these two coefficients, aqy), and apH, were not considered.
At this point, it is interesting to remark that this combi-
nation in Eq. (4.41) indeed vanishes for a = b = 1.

The renormalization of the EChL coefficients was also
studied in [12]. In this case, they considered the pure scalar
theory, i.e., only the Higgs and GBs sector of the EChL and
worked with massless GBs (as in Landau gauge, with
£=0.). No gauge or ghost fields were included and,
therefore, no gauge-fixing. The considered operators were
custodial preserving. The renormalization of one-loop 1PI
functions, for 1-leg, 2-legs, 3-legs and 4-legs, was per-
formed for off-shell external legs. We find agreement in the
divergences found for the subset of a;’s involved in the
scalar sector (the coefficients in the notation of [12] are
specified inside the parentheses). Concretely, we agree in: a
(ac), aq (c11), as (ce), ayy (co), apyy (¢7), agz (¢19), and

apn (con)-

The renormalization of the EChL was studied in the path
integral formalism, using the background field method, in
[6-8]. The most complete comparison of our results should
be done with the bosonic loop results of [7,8] since they
also included all loops of scalar and gauge particles.
However, the comparison with the path integral results is
tricky since they use the equations of motion to reduce the
number of operators in the Lagrangian. Therefore, some
off-shell divergences do not appear in their results and
some others are redefined by the use of the equations of
motion. They also use redefinitions of the fields (in
particular the Higgs field) to reach the canonical kinetic
term in the Lagrangian. On the other hand, the para-
metrization used in [7,8] is also very different than here
and not straightforward to compare with. In any case,
solving these differences of parametrizations and doing
some algebra, we have found agreement in the divergences
of the following subset of coefficients (the coefficients in
the notation of [7,8] are specified inside the parentheses):
ao (ﬂl), a (XUI), a) (XU7), as (XUS), ay (Dz) and
as (D).

3. RGEs and running EChL coefficients

Finally, to close the renormalization section we include
here the results for the RGEs and running EChL coeffi-
cients. These are easily derived from the previous results in
Eq. (4.35) and taking into account the relation between the
renormalized and bare coefficients given in Eq. (4.3) by
a? = a; + a;. In the MS scheme (recall that 4 is the scale
of dimensional regularization in D = 4 — ¢ dimensions),
the running a;(u) can be written as follows:

Y
a;(u) = ‘l? —ba;(u), da;(n) = dea; — 1622 log .
A
S.a; = —= , 4.42
ed; ]671'2 ya,» ( )

where we have written the divergent 6.a; in terms of the
anomalous dimension y, of the corresponding effective
operator. The running and renormalized a;’s can then be
related, in practice, by:
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Y

= (4.43)

a;(n) = a; + —log >,

The set of RGEs for all the a;’s then immediately follow:

1 u?
a;(u) = a;(u') + o2 log </7>’ (4.44)

where the specific value of y, for each coefficient can be
read from Eq. (4.35). The RGEs can also be written,
alternatively, as:

da, .
ai) _ Yo (4.45)
dlogu 8z

Notice that the coefficients (or combination of coefficients)
with vanishing 6, do not run, therefore, they are RGE
invariants. Finally, notice also that, in the scattering
amplitude of our interest in this work, A(WZ — WZ)
only the following reduced list of running coefficients

enter: a(u), ao(u), ai(u), ax(u), as(u), as(u), as(u),
ay (), agww(), aupp(), am(u), an(p), agn(p),
apyy(u) and ap(u).

V. NUMERICAL RESULTS FOR WZ SCATTERING

In this section we present the numerical results of the
one-loop radiative corrections to the VBS cross section for
the particular channel WZ — WZ and postpone the other
VBS channels for future works. This WZ channel illustrates
the main features of the complex NLO cross section
computation within the EChL and also serves as a good
reference case to compare with the SM case. For the
numerical estimation of the cross section we use LoopTools
[22]. Due to the lengthy and time consuming computation
with many one-loop diagrams involved (more than 500),
we have chosen in this numerical computation the Feynman
’t Hooft gauge (£ = 1), and we have restricted ourselves to
the custodial preserving operators that are needed as
counterterms. Furthermore, we have assumed the relation
b = a® and taken the values k3 =k, = 1 in the EChL
coefficients of £,. With these simplifying assumptions, the
EChL coefficients participating in our computation of
6(WZ — WZ) are reduced to the following ones: a, aj,
a,, as, dy, ds, dqy, dryy and aqn. Regarding the EW input
parameters, for the numerical estimates we have chosen
myy, mz and Gp.

Before presenting the numerical results, we comment
briefly on three preliminar checks that we have done on the
computing procedure.

Firstly, in addition to the previously commented ana-
lytical checks of cancellations of the divergent O(A,)
contributions, we have also checked numerically that with
this subset of EChL coefficients the full one-loop cross
section 6(WZ — WZ) is finite. For this check, we use an
indirect method: Concretely, we have checked numerically

the independence of the full one-loop cross section with the
value of the u parameter of dimensional regularization,
which is a high precision test since this y parameter enters
in the very many loops participating in the radiative
corrections.

Secondly, we have also checked analytically that when
using the so-called isospin limit, which implies taking
my = my, the tree level amplitude from £, depends on
an even more reduced subset of coefficients: a, as, ay, as,
amyy and apm. Then, taking the high energy limit
in this amplitude, /s > my, my, the involved parameters
are finally reduced to: a, as, a4, and as, with as = as—
(a/2)acyy + (a/4)arn, already mentioned in Eq. (4.40).
Here, we do not use those approximations of taking the
isosplin limit nor the high energy limit, but it is worth
knowing these analytical results for the interpretation of the
final complete numerical results presented in this section.

Thirdly, we have also checked the already known results
for 6(WZ — WZ) at the tree level in [33] that showed that
under the hypothesis of similar size for all the a; coef-
ficients, the ones that contribute the most to the cross
section are a4 and as (and as to a milder level), specially at
the high energies of O(1 TeV). In this reference (and
others, see for instance [34]) it was also shown the
dominance, at large energies, of the polarized cross section
with longitudinal external gauge bosons.

Considering all these features summarized above, we
have restricted our numerical analysis of the NLO cross-
section to the longitudinal polarization state W;Z; —
W, Z; channel, studied the effects from the most relevant
EChL renormalized coefficients, a, a, and as, and fixed
b = a® and a; = 0 for the rest of renormalized coefficients
in all our plots in this section. In that case, notice that a5 and
ads coincide. Then, we analyze in the following the results
for the six chosen benchmark cases:

1) a=1,a,#0,a5s=0

2)a=1,a,=0,as#0

3)a=09,a,#0,a;=0

4) a=09,a,=0,a5s#0

S)a=1,a,#0,as#0

©6) a=09,a, #0,a;#0
In these benchmark cases we have considered two different
values of the a parameter: the case of a = 1 that connects
with the SM results, and the BSM case of a =0.9
(compatible with present data, see for instance [35]).
The choice of non-vanishing a, and as have been set, to
both positive and negative values, with modulus within the
interval (1073, 10~%) which are compatible with present
data (see, for instance [36]). However, it should be noticed
that the concrete constraints on these parameters depend, in
fact, on the unitarization method used (for a recent study
see, for instance, [33]). On the other hand, notice also that
the special choice a = 1 reduces considerably the number
of involved divergences and therefore the number of
divergent counterterms in the EChL coefficients.
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One — loop EChL versus SM : a4 effect
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One — loop EChL versus SM : gs effect

FIG.5. Cross-section predictions for W} Z, — W Z, within the EChL corresponding to a = 1, b = a?, k3 = k4 = 1 and varying a,
(left) and a5 (right). The rest of a;’s are set to zero. The u scale is set to 4 = 1 TeV. Dashed lines are the tree level predictions. Solid lines
are the full one-loop predictions. The solid red (pink) lines correspond to the full (tree) SM prediction. The relative size of the one-loop
prediction respect to the tree level one defined by means of 6;_j,,p is also shown (lower plots in the upper panels). The predictions for the
lowest partial wave a; with J = 0 are also displayed (lower panels). The unitarity violating regions in these plots are indicated by the
shadowed areas.

The results for the benchmark cases 1) and 2) are shown
in Fig. 5, left and right panels, respectively. Those for 3)
and 4) are shown in Fig. 6, left and right panels, respec-
tively. Finally, the cases 5) and 6) are shown in Fig. 7, left

Concretely, for a = 1, there only remain non vanishing J,’s
for as, ay, amyy and ap, whereas a4 and the combination
defining ds give vanishing §, therefore leading to RGE
invariant coefficients.
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FIG. 6. Cross-section predictions for W} Z, — W} Z; within the EChL corresponding to a = 0.9, b = a?, k3 = k4 = 1 and varying
ay (left) and as (right). The rest of a;’s are set to zero. The u scale is set to 4 = 1 TeV. Dashed lines are the tree level predictions. Solid
lines are the full one-loop predictions. The solid red (pink) lines correspond to the full (tree) SM prediction. The relative size of the one-
loop prediction respect to the tree level one defined by means of &,_,op, is also shown (lower plots in the upper pannels). The predictions
for the lowest partial wave a; with J = 0 are also displayed (lower pannels). The unitarity violating regions in these plots are indicated
by the shadowed areas.

and right panels, respectively. In all cases we have
computed: a) the total cross section (upper panels), b)
the lowest partial wave amplitude |a;| with J = 0 (lower
panels) and c) the quantity &,_j,,, that provides the relative

size of the one-loop correction in the full one-loop results
respect to the tree level prediction. It is defined by:
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FIG. 7. Cross-section predictions for W} Z; — W} Z; within the EChL corresponding to a = 1 (upper-left), a = 0.9 (upper-right),
b = a®, k3 = k4 = 1 and varying a, and a5 simultaneously. The rest of a;’s are set to zero. The u scale is setto u = 1 TeV. Dashed lines
are the tree level predictions. Solid lines are the full one-loop predictions. The solid red (pink) lines correspond to the full (tree) SM
prediction. The relative size of the one-loop prediction respect to the tree level one defined by means of 6;_j,qp is also shown (lower plots
in the upper panels). The predictions for the lowest partial wave a; with J = 0 are also displayed (lower panels). The unitarity violating

regions in these plots are indicated by the shadowed areas.

All these evaluated quantities are displayed as functions of
the center of mass energy /s of the WZ — WZ scattering
process, in the interval 300 GeV < /s < 3000 GeV.
The disallowed areas by the partial wave unitarity bound

|ag| > 1 are also displayed (in grey) in the b) plots. The
corresponding predictions for the SM case are also shown
in all the plots, for comparison. Specifically, using
our notation introduced in Section III, we include the
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predictions for: SMgy;, SMpees EChLgys EChL<T2re+e4) and

the corresponding 6 _jqop-

Let us first discuss the results in Fig. 5. Looking at these
plots we learn the following features. Since a = 1 in these
plots, there is a connection between the EChL predictions
and the SM ones. Indeed the matching of the EChL and SM
predictions occur for a; = 0, as expected, both at the tree
and one-loop level. Similarly, all the lines in this figure
converge to the SM line at low energies, both at the tree
level and at the one-loop level.

The (EW) one-loop prediction within the SM is by itself
interesting. To our knowledge, the analytical EW one-loop
SM result in the R: gauge has not been provided in the
literature for this particular WZ — WZ channel. The
previous full one-loop evaluations of the EW radiative
corrections affecting the VBS processes are numerical and
have been done in the context of the LHC. These numerical
estimates therefore involve many more diagrams than those
considered here, since the relevant subprocesses for the
production of two EW gauge bosons at the LHC include
the initial quarks in the protons and not all of them have the
VBS configuration. In addition, final state fermions from
the final EW gauge boson decays are also usually consid-
ered. In particular, the EW one-loop corrections at the LHC
for the doubly charged channel, W W™, were computed in
[37] and for the WZ channel in [38]. The EW one-loop
corrections in the polarized case for WZ have been studied
in [39]. Although the comparison of our SM numerical
results with those commented LHC works is not immediate
nor can be done with high precision for the reasons
explained above, it is however possible to make a rough
comparison of the relative size of the correction, 6;_jqqp- For
WTWT, it was found in [37] a large and negative one-loop
radiative correction of up to 8_jpop ~ —16% in the VBS
energy range of O(1 TeV) typically reached at the LHC.
For WZ, it was found in [38] a similar size of the EW one-
loop correction of up t0 ;_joep ~ —16% at the relevant
LHC energies. Our SM numerical results for the EW one-
loop radiative corrections in WZ — WZ scattering, shown
in Fig. 5, are clearly compatible with those LHC results.
First, Fig. 5 shows that the SM tree level cross-section for
the WZ channel (pink line) is nearly flat with /s (reaching
about ~55 pb), whereas the SM full one-loop cross-section
(red line) is slightly decreasing with energy and it lays
below the tree level one in the whole studied energy
interval. Therefore the interference effect from the one-
loop contribution is destructive. The size of the one-loop
correction relative to the tree level prediction (red line in the
O1-100p PlOU) reaches the maximum negative value of about
O1-100p ~ —16% at the upper part of the studied interval

V/s ~ 3000 GeV which is similar to the previous one-loop
results, in [37,38], commented above.

Next we comment on the EChL results in this Fig. 5.
Regarding the tree level estimates, first we see that the

EChL predictions at the LO, i.e., from £,, coincide with the
SM predictions at LO (pink line), i.e., EChL{?

ee|a:1 =
SMr., as expected. Second, we see that the tree level

EChL predictions including both £, and L4, given by
EChLZ (dashed lines), display a different behaviour

Tree
with /s than EChL(Tzrle. This is due to the effect from the
involved a; which can be summarized, at the amplitude
level, as (f| + f»a;), where at high energies f; and for
a = 1 tends to a constant value (like in the SM), whereas f>
goes as s2, giving the polynomial O(p*) dependence in
powers of the external momentum, typical in the chiral
expansion. These chiral Lagrangian features can also be
seen in the predictions of the partial wave amplitudes in the
lower plots. When squaring the amplitude, the tree level
cross section receives a linear contribution in the EChL
coefficient, of O(a;), and a quadratic contribution of
O(a?). The effect beyond the SM from the a; coefficient
then comes from the competition of these two contributions
and their comparison with the LO one. The sign of a; also
matters. It turns out that the contribution from the linear
term is destructive for positive a; and constructive for
negative a;. The quadratic contribution is always construc-
tive. And this is true for both coefficients, a, (left panel)
and as (right panel). For the lowest |ay| (|as|) values of
10~* the linear term dominates up to about 2000 GeV
(2500 GeV) and explains the behaviour with energy from
threshold up around this energy, giving a tree level
prediction below (above) the LO one for positive (negative)
coefficient, as the dashed orange (brown) lines indicate
compared with the pink lines. Above that energies (i.e.,
above about 2000 GeV for a4 and 2500 GeV for as) the

quadratic term starts dominating the a; effect and all the
(2+4)
Tree

tree level predictions EChL grow faster with energy,

crossing above the LO prediction, EChL<T2r)ee. For larger

lay 5| values of 1073 this crossing above the LO prediction
occurs at lower energies and produces the pattern shown in
the dashed light green lines in these plots, corresponding to
the positive coefficients. The tree level prediction first
decreases with energy, producing a minimum (at about
900 GeV in the a4 case and at about 1200 GeV in the as
case) and then increases with energy. The tree level
predictions reach the highest values at the highest studied
energies, leading to very large cross sections (generically
larger for a, than for as) which indeed enter into the
unitarity violating region (see the corresponding plot
for the partial wave below) for the largest 1073 values at
around 2400 GeV for a; and 2800 GeV for as. The
predictions for the lower values of 107 lay all in the
unitarity preserving region.

Regarding the NLO predictions within the EChL in
Fig. 5, they can be generically and jointly summarized by
noticing that all the EChLg; lines (solid lines other than
the red and pink ones) follow approximately the same
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pattern with energy as the corresponding tree level ones,
EChL™ (dashed lines). This is in clear concordance with

Tree

the typical behaviour in ChPT where both the a; contri-
butions from £, and the loop contributions from £, count
equally in the chiral counting, and provide together the
NLO term in the chiral expansion (i.e., in the expansion in
powers of the external momentum). Furthermore, we also
see in these plots that all these EChL one-loop predictions
for the cross-section lay below the EChL tree level ones
and, therefore, they provide a negative one-loop correction
81_100p» as it happens in the SM case. For |a,] (or |as|) of
10~ it reaches a maximum of about O1-1oop ~ —15%, and
for |a| (Jas|) of 1073 the maximum decreases slightly to
around 6;_jo0p ~ —10% (—12%). For the high energy region
the relative size of the one-loop correction in general
decreases due to the dominance of the quadratic terms
already mentioned above.

Let us now move on to the results in Fig. 6 that summarize
our findings for a # 1. Firstof all, we see that fora = 0.9 the
equivalence between the LO prediction within the EChL and

the SM is lost. Specifically, the EChL(Tzrle|a:0.9 prediction
(light blue lines) clearly separates from the SM one (pink
lines), growing with /s and reaching values of up to
~350 pb at the highest studied energies of 3000 GeV.
Then all the other EChL predictions shown in these plots
converge at the lowest energies to this LO-EChL result and
not to the LO-SM one. When looking at the pattern with
growing energy, the qualitative behaviour of all the lines
basically replicate those of the previous figure, but now the
departures and interference effects occur respect to this LO-
EChL prediction (light blue lines). Again, the effects from
the a, 5 coefficients show a similar pattern as before with
constructive (destructive) contributions for the negative
(positive) cases. The main difference respect to previous
figure for @ = 1, is in the size of the full one-loop cross
section which gets larger for a = 0.9 and also the relative
one-loop contribution respect the tree level one gets larger
and it to happens to change the sign for the largest studied
values of the a; coefficients at the high energies. For |a, 5| of
10~* we get a maximum negative value of about O1-1oop™
—20%, and for |ay| (|as|) of 1073 we get a maximum
negative value of around &,_jop ~ —12% (—20%) and a
maximum positive value of around &;_jo0p ~ 8% (20%).
We next move to Fig. 7, where the effects from both a,
and as are considered together for the two cases a = 1 (left
panels) and a = 0.9 (right panels). In general, these two
coefficients lead to combined effects that provide larger
cross sections when they are of same sign than when they
are of opposite sign. The pattern of the EChL tree level
cross section predictions as a function of these two
parameters for fixed /s, provides the typical contours
with elliptical shape in the (a4, as) plane. For high energies
in the O(TeV) range, and for relative large values of these
parameters of (0(0.01) the ellipsis has the longer axis

within the quadrants with opposite sign a4 5 and the shorter
axis within the quadrants with same sign a5, leading to
stronger constraints from experimental data in this later
case (see for instance, [33] and[40]). These same features of
the EChL tree level prediction for the two cases with same/
opposite signs for a4 and a5 can be seen in Fig. 7, but now
as a function of /s. As we can see in this figure, the
dominance of the cross section for the same sign case over
the opposite sign case occurs for the a = 1 case (left panel)
and for very large energies, above 2400 GeV, due to the
small values |a; ~ 10~*| assumed here. The most important
results in this figure are the EChL one-loop predictions that
again lay below the corresponding tree level ones for all the
ay s values considered in the case a = 1 (left plots) and they
are above the tree level predictions only at the highest
energies for a = 0.9 (purple lines in the right plots). This
implies that the one-loop corrections get negative and the
maximum reached values for ;_j,,, are around ~—15% for
a = 1 and around ~—20% for a = 0.9. It should be noticed
that in this figure, in addition to +10~* we have chosen
another different value for |a, s|. Then the predictions in grey
in this Fig. 7 correspond to those specific values taken in [34]
to which we wish to compare with. In this reference an
approximation to compute the EChL one-loop corrections in
W, Z;, - W;Z, was done, consisting in taking just the
loop-corrections from scalars (i.e., the chiral loops) to
evaluate the real part of the amplitude, whereas the imagi-
nary part was not computed but instead was replaced by the
LO squared (by means of the Optical Theorem). Our full
results for a = 0.9 (solid grey lines in the right panel),
including all loops give interestingly very similar numerical
predictions for high energies, say above 1 TeV, than those in
figure 2 of [34], indicating that these chiral loops are indeed
the dominant ones at these high energies. This was indeed
expected from the general features of ChPT but getting this
result from the complex one-loop computation within the R
gauges is not a trivial task at all.

Finally, to end this section, we have analyzed further the
issue of perturbative unitarity within the EChL and com-
pare with the SM case. To perform such analysis one must
use the full one-loop results for the partial wave amplitudes
and check the validity of the unitarity condition involving
the real and imaginary parts of the partial wave, namely,
checking the validity of the equation Im[a;] = |a,|? that is
derived from the elastic unitarity condition of the scattering
matrix, according to the Optical Theorem. We have
checked in Fig. 8 that this condition for J = 0 is fullfiled
perturbatively at all the studied energies in both the full
one-loop SM (dots in red) and full one-loop EChL
predictions (dots in blue). Obviously the tree level pre-
dictions fail this relation since they are real for both the SM
and EChL. The interesting finding is that, in the EChL case,
this unitarity condition is fulfilled perturbatively in the

sense of ChPT, namely, Im[af)l)] = |a(<)0) . In other words,
the NLO correction unitarizes the LO prediction. In our
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Perturbative Unitarity : NLO versus LO
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FIG. 8. Check of perturbative unitarity in the one-loop pre-

dictions for the lowest partial wave a, in both the EChL with
a = 0.9 and the SM. The 10 blue (red) points are the EChL (SM)
predictions for the ten chosen energies, 1/s[GeV] = 300, 600,
900, 1200, 1500, 1800, 2100, 2400, 2700, 3000, from left to right
along the diagonal line in this plot.

opinion, this a valuable result given the complexity of the
full one-loop computation involving many loop diagrams
of all types (more than 500), that generate finally this
imaginary part. The unitarity condition is then fullfiled
perturbatively but it is not accomplished, however, with the
full quantities in both the imaginary and real part. Namely,
the values of Im[af"!] and |af"!|> differ in the EChL,
mainly for large a,s EChL coefficients and at high
energies, and this leads to the crossing over the unitary
bound, |ag| > 1, as can be seen for instance in some the
lines in the previous figures of this section.

VI. CONCLUSIONS

In this paper we have computed the one-loop corrections
to WZ — WZ scattering within the context of the non-
linear EFT determined by the bosonic sector of the EChL.
This is a novel and full (EW) one-loop computation of the
VBS amplitude within the covariant R; gauges that
accounts for all kind of bosonic loop diagrams including:
EW gauge bosons, Goldstone bosons, the Higgs boson and
the ghost fields. For this computation we have used a
diagrammatic method where the renormalization of the full
one-loop amplitude is performed by first computing the
involved renormalized 1PI Green functions which is a more
demanding computation since it requires the renormaliza-
tion to be implemented at the off-shell Green functions

level, i.e., for arbitrary external legs momenta. We have
then established the systematics for the renormalization
program of all the off-shell 1PI one-loop functions. The
regularization method that we have used through this work
is dimensional regularization in D =4 —¢ dimensions
where all the divergences are given in terms of A, =
2/e —yp +log(4r) and the associated energy scale u
appears typically in logarithms. As renormalization pre-
scription we use multiplicative renormalization and fix the
renormalization parameters and associated counterterms in
a hybrid way: for the EW parameters involved (EW wave
functions, masses and couplings) we use the OS scheme,
whereas for all the EChL coefficients denoted generically
by a; we chose the MS scheme.

After computing the very many loop diagrams involved
in the renormalization of the 1-leg, 2-legs, 3-legs and 4-legs
IPI functions we extract all the divergences in the R,
gauges and present here all the needed counterterms to
renormalize these divergences. We summarize in
Egs. (4.34)—(4.35) the analytical results that we have found
for all of the divergent counterterms, both for the EW
parameters and the EChL coefficients, respectively.
Whereas the & appears in the analytical results of the
EW parameters counterterms, we find in contrast, that all
the da;’ s counterterms are £-independent. This implies that
the EChL coefficients are gauge invariant. Within this non-
linear EFT, the EChL coefficients of the effective operators
in the Lagrangian with chiral dimension four act as
countertems of the extra divergencies generated by the
Lagrangian with chiral dimension two. Thus our results for
the da;’s, which are &-independent, together with the ones
for the EW parameters, summarize all the needed counter-
terms to find finite off-shell 1PI and, therefore, also to
arrive to a finite prediction for the VBS amplitude at one-
loop. We have also presented the derived results for the
running coefficients a;(u) and their corresponding RGEs.
Out of the full set of a;’s only, a subset of them have non-
vanishing divergent counterterms ., and therefore, only the
corresponding subset of running coefficients a;(u) do run
indeed with the scale. Saying this in different manner, the
remaining coefficients or combination of coefficients with
0, = 0 are RGE invariants. On the other hand, the fact that
the RGEs found are written separately for each coefficient
a;(u) and not as a coupled system of differential equations
implies that these coefficients do not mix under RGEs. In
addition, we have also discussed in this work, the relevance
of the STI and the role played by the Higgs tadpole which
we also find different in the EChL than in the SM.

We have also presented the results in parallel for the one-
loop computation for the SM VBS amplitude and the
corresponding 1PI Green functions involved within the R;
gauges which we believe are also novel results. Our SM
results are interesting by themselves and deserve some
discussion to them, but we have focused on the SM
comparison with our EChL results.
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In the last part of this work we have presented the
numerical results for the full one-loop cross section of the
longitudinal polarized gauge bosons ¢(W,;Z; — W;Z;).
For this numerical computation we have set the Feynman
’t Hooft gauge and considered only the subset of EChL
coefficients of the custodial preserving effective operators
that are needed as counterterms. We have further assumed
the simplifying relation b = a> among the most relevant
coefficients, a and b of the lowest order Lagrangian and set
k3 = k4 = 1 in the Higgs boson potential, as in the SM. The
full one-loop cross section o(W Z; — W;Z;) is then
analyzed as a function of the most relevant renormalized
EChL coefficients, a, a, and as and as a function of the
energy of the VBS process. To cover different scenarios for
these coefficients we have explored six benchmark cases,
which address the study of the effects from a, and as
varying their modulus in the interval (107> — 107*) and
considering the two cases of positive and negative coef-
ficients. The a parameter is fixed to either 1, the SM
reference value, or to the BSM value of 0.9. From our
systematic study of the size of the one-loop corrections in
the cross section respect the tree level one by means of the

TABLE L.

O1-100p quantity we conclude that the one-loop corrections
within the EChL are of comparable size to the SM ones
which has also been computed and presented here. For
the SM one-loop corrections in the explored energy
interval of (300 GeV, 3000 GeV) we find negative values
reaching a maximum size of 8, _jqop ~ —16%. For the EChL
case and varying the EChL coefficients in the benchmark
cases mentioned above, we find in this same energy
interval negative values reaching a maximum size of
O1-100p ~ —20%, and we also find positive values reaching
a maximum size of &_jpop ~ +20%. These numerical
results are just for the WZ — WZ channel but we expect
similar sizeable corrections in other VBS and VBF proc-
esses. These other processes are left for future works.
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TABLE II. Additional relevant EChL Feynman rules from £,, in the scalar sector, participating in the loops contributions to VBS
processes. All momenta are incoming. The corresponding SM rules are included for comparison.
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APPENDIX A: RELEVANT FEYNMAN RULES

In this Appendix we summarize all the relevant Feynman
rules participating in the computation using the R; gauges.
In Tables I-V we collect those relevant Feynman rules for
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TABLEIIl.  Additional relevant EChL Feynman rules from £,, with one gauge boson, participating in the loops contributions to VBS
processes. In the rules with ‘{, }’, the first and second arguments correspond to the photon and Z boson, respectively. All momenta are
incoming. The corresponding SM rules are included for comparison.

Interaction EChL SM
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WA F39(p5 — po)” F59(p+ — po)
<Po
N
/71-_
Z L o e (e sk
o ZuVWK ig{sw. 52 (p- — po ) ig{sw, S} (p- = py
St
3
s /Z;) g LM 1
ZunNNVK atpy 3= 9(po — Pr)"
S PH
~H
JH
+ -7 g K
WA - - - -7 F bypx 0
SVH
LT
. . P
7 g !
WEAWEE - 5 - - F 30 2P+ — p= — P! 0
N N ;
PES gt
3
P 7
+ . -~ PO g , u
WiEn el - - 3 (Po+ 1o = 2p%) 0
p{)\ S o3
T
7 ;’— B 2
. -9 A=s
’YuaZu’\/\/\/\/‘é\-—---H ZIaf{sw,ﬂ}(p,—pQ” 0
<os
> \7T+

the EChL interaction vertices coming from £, of Eq. (2.7) VP (p_, prypo) = ¢ (p- — pi) + ¢ (P — Po)*
and the corresponding SM Feynman rules for a clear

comparison between them. We use the following short + ¢*(po— p-)"
notation for the standard Lorentz tensors of the gauge o - ) v o v
boson self couplings: ST =2¢"9" — g9 = 9797, (A1)
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TABLEIV. Additional relevant EChL Feynman rules from £,, with two gauge bosons, participating in the loops contributions to VBS
processes. All momenta are incoming. The corresponding SM rules are included for comparison.

Interaction EChL SM
fﬁ‘ 0701 1) {2041
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2
Fag’ > g o v g
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Wj oS \7r+(7r3)
Zp o (n%)
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and, to shorten the tables, we present together the photon
and Z boson interaction vertices in most of the Feynman
rules. In that cases, the first coupling corresponds to the
photon and the second one to the Z.

APPENDIX B: RELEVANT ONE-LOOP
DIAGRAMS

Here we present the relevant one-loop diagrams entering
in the computation of the 1PI functions within the EChL. In
order to shorten the number of diagrams in the full list that

is generated with FeynArts [21], we have grouped them by
different topologies and used a generic notation for the
internal propagators: dashed lines refer to all possible scalar
particles S, namely, Higgs boson and Goldstone bosons;
wavy lines refer to all possible EW gauge bosons; and
dotted lines refer to the ghost fields.

The generic loop diagrams entering in the specific 1PI
functions that participate in the present computation of the
WZ — WZ scattering amplitude are then summarized in
the following figures: Fig. 9 (self-energies), Fig. 10 (VVV),
Fig. 11 (zWZ), Fig. 12 (HVV), and Fig. 13 (WZW2Z).
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TABLE V. Additional relevant EChL Feynman rules from £,, involving ghosts, participating in the loops contributions to VBS
processes. All momenta are incoming (except for the c¢’s, given by the arrows). The corresponding SM rules are included for

comparison.

Interaction
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As we have remarked in Appendix A, the Feynman rules
in the EChL from £, and the SM are different, and in
consequence the loop-diagrams contributions are also
different in both theories. These differences can be sum-
marized in 5 categories: (i) the self interactions among GBs
have momentum dependence in the EChL (this is a typical
feature of the non-linear EFTs), in contrast to the SM case,
(ii) In the EChL there are new interactions of the Higgs with
gauge bosons interactions given by the a and b coefficients,

and these coincide with the SM ones only fora =b =1,
(iii) interactions of gauge bosons with multiple (more than
2) scalars are present in the EChL but not in the SM (these
are also typical in the non-linear EFTs), (iv) there are not
Higgs-ghosts interactions in the EChL (since H is a
singlet), in contrast to the SM, (v) there are interactions
of ghosts with multiple GBs in the EChL (due to the non-
linear GBs transformations under SU(2); x U(1),) that
are not present in the SM. Other differences due to k3 4 # 1

075013-32



ONE-LOOP RENORMALIZATION OF VECTOR BOSON ...

PHYS. REV. D 104, 075013 (2021)

YHH

AN

/ \

\\ /
——— it L .
H H

~ T~

/ N\

- ——{ ) p——
H B ,
~_ -
~_ -
H H

T
x

z:7I’7I’

Eﬂ'W
/"\\
f \
\ /
\ 7/
= = = =AY
|7 w
oo == A
/ N\
)———" o=={ )'\/V\/‘W
\ /
~_

41
Al

Cww

N / i

~_-
w w
w w

FIG. 9. Generic loop diagrams for the self-energies in the EChL. Dashed lines represent the Higgs boson and the GB bosons, wavy
lines represent the EW gauge bosons, and dotted lines are the ghost fields. The same notation is used in the loop diagrams of all the

figures.

do not affect the present computation of the one-loop WZ
scattering amplitude. The previous remarked differences
give rise to different results for the loops computation in the
EChL and the SM: (i)—(ii) derive in different results for the
same topological diagrams in both theories; (iii)—(v) pro-
duce different (presence or absence) diagrams depending
on the theory. We comment these issues in more detail for
each relevant 1PI in our computation, in the following.
We start with Fig. 9 corresponding to the self-energies. In
the Higgs boson self-energy (first column) the ghosts do
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not participate in the EChL case but they are present in the
SM computation. All the results in the EChL depend on a
or b and the resulting momentum dependence in the self-
energy is quite different due to the different behaviour of
the scalar loop diagrams (chiral loops) in the EChL and the
SM. The second column corresponds to X, in which the
momentum dependence from the chiral loop diagrams is
also quite different and there is an additional topology (the
last one) coming from the two GB with two ghosts
interactions proper of the EChL. The main difference in
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FIG. 10. Generic loop diagrams for the WWZ, ZZA and ZZZ Green functions in the EChL.

the self-energy connecting a W with its corresponding GB
(third column) arises from the first topology since it is not
present in the SM. The Xy, topologies are the same in both
theories, but the results involving scalars differ. Notice that
the pure gauge and ghost loops give the same contributions
in both theories.

The 1PI Green functions corresponding to three gauge
bosons within the EChL are collected in Fig. 10. The

generic topologies are the same as in the SM. However the
corresponding results differ only for the loop diagrams with
scalars. The contributions from pure gauge and ghost loops
coincide in the EChL and the SM.

Regarding the z7WZ Green function of Fig. 11, the first
three topologies are genuine of the EChL and are not
present in the SM since they involve interactions of three
scalars with two or one gauge bosons. The remaining
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diagrams with scalars in the loop give different results in
both theories. However, the pure gauge and ghost loops
coincide again.

The one-loop diagrams for the 3-legs 1PI involving the
Higgs and two gauge bosons (WW and ZZ) are showed in
Fig. 12. The first (first and second) topologies of HWW
(HZZ) are present in the EChL, but they are not present in
the SM, since they involve interactions of three scalars
with one gauge boson. As before, the remaining diagrams
with scalars in the loops also differ, but the loops with
only gauge bosons coincide in both theories. However,
there are no diagrams with ghost in the loops within
the EChL.

The observations for the WZWZ 1PI function (in
Fig. 13) are the same than in the three gauge bosons ones.
In particular, all the generic topologies coincide in the
EChL and the SM (also the pure gauge and ghost loops
predictions) while the corresponding results differ for the
diagrams with scalars.

Generic loop diagrams for the zZWZ Green functions in the EChL.

APPENDIX C: THE SM CASE:
ONE-LOOP DIVERGENCES AND
CTs IN THE R; GAUGES

The renormalized 1PI functions within the SM are
obtained, as it is usual, by adding the tree part, the loop
contributions and the CTs, like in Eq. (4.1). In this
Appendix, we collect the results for the one-loop diver-
gences of the 1PI functions, as well as the corresponding
CTs for the SM case. To our knowledge, these have not
been provided in the literature in the R: gauges yet and,
therefore, they are worth to be considered by themselves.
Besides, we believe they are interesting to be compared
with the results within the EChL, which is our main
motivation in the present paper. For illustrative purposes
and to differentiate EChL and SM results clearly, we use
the ‘bar’ notation for all the 1PI functions in the SM, i.e.,
T, %, and T'; denote the SM tadpole, self-energies and
n-legs functions, respectively.
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FIG. 12. Generic loop diagrams for the HWW and HZZ Green functions in the EChL.
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FIG. 13. Generic loop diagrams for the WZWZ Green functions in the EChL.
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After the computation of all the relevant one-loop diagrams in the SM, already mentioned in the Appendix B, we find the
following SM results for the divergencies in 1- and 2-legs 1PI functions that should be compared with the EChL results

in Eq. (4.22):
iTo®| g = .16 5 (3mH +6(2my +m3) +
_ A, 1
_-ZLoop 2\ — 1 e )
gy (q )|d1v ll6 22 2(

2

212

= TL .
leV(ljop(q2)|div = l

= TL
’ZAAOOP(CIZ) laiv =

(4-9q’

&TL .
’ZZZOOP(42)|div = 1

71'

. TLoop
2z, (

€

.iLLoop

2y (q7)|aiv (34 &) (2myy, — m3),

2

9_
167% 4
.5~Loop A g 2 2
ZZWIT ( )|d1v = —_( ngw +3mZ)’

16722 4

_ A, g
Sy = i1

! (61 )|d1v 6 2

We find the following SM results for the loop divergen-
cies in the S(q)V,(k;)V, (k) 1PI functions that should be
compared with the EChL results in Eq. (4.23):

fJfl(fmdiv =0,

A, ¢’s
Loo w v
iUy = —16 2_1} mymz(E+3)g",
L00 . AG v
lr‘]ﬁzzp|div:ll6 e (4Cwmw(3 + &) —6mg, —3mz)g",
00 AP
ler%V div =1 _( (3+2§) Sm%)gﬂy»
167220
=Loo A, g*s
iCohlan = =13 5, (2mé=3m)g™.
.=Loo As gzs\zv v
lr;ng div = 16722 21)CW (2m%&/§_3m%)g# . (C2)

We find the following SM results for the loop divergen-
cies in the W (k; )W,/ (k,)V, 1PI functions that should be
compared with the EChL results in Eq. (4.24):

FLoop _ A g3 16 — V(1P k/}
l WWA|d1V - 16 6 ( 95)(9” (k 2)
+ g7 (K] + 2k5) — g™ (2K + k3)),

00] . AS g3CW v 2 0
’FtLVsz div =1 1622 6 (16 = 9¢) (g™ (K} — Kk3)

+ g7 (K + 2K5) — (2K + k3)). (C3)

(3 = &)(2md, 4+ md)g® + 15mf; + 18(2md, + m3) +

(=2(3 = &) (2my + m3)q* + 3miy + 12m3; + 6my, + my(2my, + m3)E).

miy(2my + m7)E),

m¥ (2m3, + m3)E),

((50 = 128)g> + 3(3 + &) (2my — m3)),

7 2 2 2 2 2 my
A G 2 +12¢5,(4 = &) | q°+12myy (3 + &) — 6(3 + &)mz —3(3 + &) =2 )

Plae = i1 550 (1/3+ 2634 = )@ + i (3 + &)

(C1)

As in the EChL, the SM Z,, (k)
are finite.

Finally, we find the following SM results for the loop
divergencies in the V,V;, W, W/ 1PI functions that should
be compared with the EChL results in Eq. (4.25):

Z,(ky)V, 1PI functions

Tl = —i o T (12 7y,
TSl = i1y T2 (12 7)50m,
Syl = oy T (12 - 7y,
T somwwlay = l%% (12 —7)SHore. (C4)

Overall, the main difference of these SM results respect
to our previous EChL results is that all the SM divergences
found have the tree level Lorentz structure, or in other
words, the off-shell contributions in the SM are finite. This
fact can be understood since the SM is a fully renormaliz-
able theory while the EChL is renormalizable perturba-
tively in the chiral expansion. Namely, as we have
repeatedly said, the new operators and coefficients in Ly
act as extra CTs and are the responsible for the cancelation
of the extra divergencies arising in the loop diagrams that
are generated by £,. This way, one obtains finite 1PI Green
functions in the EChL at all off-shell momenta.
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Eq. (4.34). From the previous findings in this Appendix
we get the following SM results for the counterterms of the

Finally, we summarize in the following the resulting
divergencies of the SM counterterms using the R; gauges

that should be compared with the EChL results in
|

A, 3-¢
1672 02

- A,
(2m}y + m3), 5.1 =

(=2 + &)m{(2miy, +

¢ g
167 6

= (9+38)m3).

5€W

(68 65)my

0, 0e9/9 = —

Opverall, we see that all the CTs, except 6.4 /¢ and 5.9/ g,
are different in the SM and the EChL. The results for 6,73,
6.2y and 6.&, coincide in the EChL and the SM for a = 1.
The tadpole and the mass CTs in the SM, contain an
explicit dependence on the & parameter, in contrast to the
EChL result. Since there is just one wave function
renormalization in the SM case, corresponding to the
whole doublet, the value for 6.Z, is different than 5.Zy
and 6.Z, of the EChL. The results for §.&, and §.v/v are
also different in the SM and the EChL (they only coincide
for a =b =1 in the Landau gauge). One of the most
important differences among the SM and EChL results
comes from the different role played by the Higgs tadpole
in both theories. In fact, it implies that within the SM, only

the proper contribution sm* of both tadpole 6T and mass
counterterms 6m> to the pole of the propagators are
£-independent. In contrast to the EChL case, where due
to the genuine character of H being a singlet, the tadpole
and the mass counterterms are £-independent, separately, as
we have already said. We discuss these tadpole related
issues in more detail in the next Appendix.

APPENDIX D: TADPOLE RELATED ISSUES

Within the SM the Higgs tadpole appears due to the
linear H term in the potential once the doublet field is
expanded in terms of their component fields:

1672 20
myz) +

(25 - 6¢).

EW parameters:

(3mH +6(2m3y + my) + m¥H(2m3, + m3)E),

6(2my; + m3)),

md, + (11 + 3&)m3),

1
Vem(®) = — 5 m{® @ + A(P'D)?

2
= TH—F%HZ +T(ntn +n3/2)/v

+ Av(H? + Hr'n~ + Hx3)
H* % H?7?
) )2 =73
+ (4+4+(7zﬂ)+ 5

+Hntn + ﬂ%ﬂ+ﬂ_> ; (DI1)

where the @ doublet is defined as:

@ (i )

Notice that the tadpole T is also present in the quadratic
terms of the GBs. At the leading order, the tadpole is absent
since T o = (—m#/2+ Av*)v =0 (due to the relation
among the tree level quantities setting m¥ = 21v?). At
the next to leading order, the tadpole is present and it must
be renormalized, starting with the bare tadpole given
by Ty = (=myy?/2 + Aovg) v

Regarding the multiplicative renormalization prescrip-
tion in the SM, we use the usual choice for the scalar sector
given by:

int
v+H—iny

V2

(D2)
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@0:\/Z¢¢) = HOIw/Z{/,H, 71'(1)23 \/Z(/)ﬂl’zﬁ,
vo=/Zy(v+6v), d=Zz(A+5),

02 _
my = mH + 5mH,

(D3)
where Z; = 1 + 6Z,. Notice the difference in the SM with
respect to the EChL in Eq. (4.3) where we had two
renormalization constants Zy and Z,. The use of just
one Z, in the scalar sector of the SM is convenient to
preserve the SU(2) invariance in the renormalization
procedure.

In the OS scheme, where the renormalized Higgs
boson mass is the physical mass, my, and it is related
to the renormalized coupling 4 and the renormalized v
by m¥ = 2Av?, the counterterm associated to the SM
tadpole is:

5T = ( Sm2 /2 + m <5U” 5§¢> + 8w ) (D4)

and the resulting counterterms for the linear and quadratic
contributions in the SM Higgs potential are:

1
6TH + = (5mH +m{dZy)H? + 8T (ntn + 73/2)/v.
(D5)

Therefore, the self-energies of the Higgs and charged GBs
in the SM are

—iZyy(q?) = _iib(};)p( 2+ 1(5Z¢(q — mf) — 6my).
—i20(q?) = —iZE® () + (% — Emdy)5Z,

— E6m3y — Emy6E, — 6T /v), (D6)
and the main difference with the EChL result is the
presence of 57 in the SM GB self-energy. All the remaining
1Pl Green functions in the SM have formally equal

|

TLoop
2 b
My
TLoop
2 b
My
g q2 TLoop
a2

2 9
My mH

L L L L
r oop Z oop + agmy

rLoop ZLoop

- agmy

Loo! Loo,
F;m P = Z;m P

With these definitions in Eq. (D7) we arrive to Eq. (4.29) in
the EChL, in which the tadpole contribution cancel out. The
analog expression in the SM is, in contrast:

22+ 2478y - B - (D9)

contributions from the CTs to the corresponding ones of
the EChL by setting a=b =1 and da = da; =0 in
Eqgs. (4.15)—(4.19).

Since we impose the same OS renormalization condi-
tions of Egs. (4.6)—(4.10) in both the SM and the EChL, but
there are less counterterms to be fixed in the SM than in the
EChL, then it is clear that a reduced number of 1PI
functions need to be renormalized in the SM respect to
the EChL case. Concretely, for the present computation
it is sufficient to renormalize the 1-leg and 2-legs functions
in the SM case. All the remaining 1PI will be finite in the
SM as it happens in any fully renormalizable theory.
Consequently, in the SM one can determine the renorm-
alization constant 6Z,, from the residue of the Higgs boson
propagator in Eq. (4.7) and the counterterms of the
unphysical charged sector (only 6&; and 6&,) by the pole
structure of the renormalized propagators in Eq. (4.10).

Finally, the tadpole has also implications in the STI for
the SM case, since it enters in all the reducible 2-legs Green
functions of the unhysical sector and its contribution
(contrary to the EChL case) do not cancel in the particular
combination of self-energies defining the STI. Let us see
this feature on more detail next.

Since we implement a (linear) covariant R gauges as in
Eq. (2.12) within both EChL and SM, the STI in terms of
the undressed propagators in momentum-space is the same
as in Eq. (4.28). Once the undressed propagators are written
in terms of the reducible 2-legs Green functions, the
resulting STI at the one-loop level is:
2Tl 1 2Tl -

Loop -0

q miTrn (D7)

However these reducible 2-legs functions differ within the
SM and EChL when they are written in terms of the 1PI
contributions, i.e., in terms of the self-energies and tadpole.
The difference comes from the non-linearity of the scalar
sector interactions and the a-dependence:

7L
IﬁLLoop zLLoop + gmy TP
my
Loop Loop ng TLOOP
[hoor — She —.
2 my
m TLoop
I—‘}T,gop_ L00p+g H —. (DS)
2my my

|

where the presence of the tadpole is manifest. Adding the
corresponding counterterms and using the tadpole renorm-
alization OS condition, we have the same formal expres-
sion, corresponding to Eq. (4.30), at renormalized level in
the SM [26]:
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ar 2 2
PEww(a?) +2¢°Zw.(q%) — myZ,a(q?)

2 2
g~ —émyy -
:waST(qz)’ (D10)
with the finite function given by fsr(q?) =

—(8Zyw — 8&,)q* + E6my + Em3y(8Z, + 5&,). Notice that
all the involved counterterms are already determined by the
conditions in Egs. (4.6)—(4.10).

|

2
~2 o 5 3kzmy 6T
Omig|gcn. = Omyg — m’
—~> - 5 oT
Smiy e, = dmiyy — agmy e
H
—2 o, myéT
omz|gcn, = omz — ag e
w My

As we already anticipated in Section IVF1 and

Appendix C, only these 577112{ 671%\, and 5;1% combinations
of mass and tadpole counterterms are &-independent in
the SM [41]. Whereas in the EChL, each contribution
is £&-independent separately. This is one of the implications

The last difference on the tadpole role in both theories
resides in its contribution to the poles of the physical
propagators. If we consider the counterterm contribution
independent of the momentum to the reducible 2-legs
Green functions (I'yy, T'hy and T'Z,), we arrive to the
following combination (3;12) of both tadpole and mass’

counterterms to these reducible functions in both EChL
and SM

—~ 3m3 6T
5m12-I|SM = 5’"124 -—H__,
v mlz{
— 6T
2

Smiy|sm = dmy — gy~

my
mZ 5T

—~, o,
dmz|sy = omy _gc——m2 .
w

(D11)

I
of the Higgs boson being a singlet in the EChL where the
role of the tadpole is different than in the SM, and ends up
in the &-independence of some quantities in the EChL
respect to the SM.
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