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We calculate fermion-loop corrections to high energy W*W™ scattering in the context of a Strongly
Interacting Electroweak Symmetry Breaking Sector (EWSBS) using Higgs Effective Field Theory
(HEFT). We test the assumption that these corrections are negligible when compared to the
boson-loop ones, as it is commonly taken for granted in the literature. While this is correct in
most cases, we find that, for some particular regions of the parameter space, fermion-loops can be
important: deviations in the couplings of the HEFT from their Standard Model values may lead

to fermion-loop corrections as relevant as the boson-loop ones.

40th International Conference on High Energy physics - ICHEP2020
July 28 - August 6, 2020
Prague, Czech Republic (virtual meeting)

*Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/


mailto:dobado@fis.ucm.es
mailto:cquezada@ucm.es
mailto:jjsanzcillero@ucm.es
https://pos.sissa.it/

Top quark loop corrections to WHW~ scattering in EChL Carlos Quezada-Calonge

1. Introduction

A very interesting scenario to seek for new physics (NP) is the electroweak boson scattering
at the LHC. Deviations from the Standard Model (SM) could come from a strongly interacting
EWSBS [1], giving rise to a enhancement of the longitudinal components of W and Z interactions
at high energies. In this situation the most efficient phenomenological description of the NP is the
so called Higgs Effective Field Theory (HEFT), which is a sort of Higgs-equipped (Electroweak)
Chiral Lagrangian (EChL) [2]. At high energies an important element for analysis is the Equiv-
alence Theorem (ET) [3] which relates, up to corrections O(My /+/s), longitudinal electroweak
(EW) gauge bosons and would-be Goldstone-bosons (WBGB) amplitudes thus largely simplifying
computations. In this context usually only boson-loop corrections are taken into account but, as
fermion-loop corrections formally scale like O (M, é .8), the latter are regularly ignored.

In this note we report on some of our first results concerning a systematical quantitative study
of these fermion-loop contributions to the W and Z boson scattering at the high energies relevant
for the LHC. It is well known that fermion-loops are proportional to the mass of the fermion inside
the loop and to its couplings to other particles (some of them may still have a 10 % of deviation
with respect to the SM values [4]). To start with, we will focus on the clearly dominant top-quark
corrections and we will test their relevance considering the whole range of phenomenologically
possible coupling values. We will see that for some values of the HEFT parameters space, these
contributions can be significant. The precise details of our computations cannot be described in
this short note and will be given elsewhere [5].

In order to check the relative importance of fermion-loop compared with boson-loops we will
focus on the imaginary part of the amplitudes since they enter at next-to-leading order in the chiral
counting and thus are not masked by the purely real lowest-order amplitude. In particular we will
concentrate in the ratio fermion to boson plus fermion contribution for the first two partial wave
amplitudes (PWA) (J = 0 and J = 1). In these preliminary results only longitudinal electroweak
bosons have been considered..

2. The top quark in the EChL
At leading order (LO), the relevant part of our effective Lagrangian is given by:
1 . WiWj 1
Ls = 5F (N300 w; (5ij + —vzj) + 50uhd"h =V (h) + Ly, (1)

with the Ly providing the Yukawa interactions between fermions and scalars (% is the Higgs and
w® the WBGB fields). In the limit M;, <« M, the interactions between scalars and the bottom quark
can be neglected, and the LO coupling of the top to the HEFT is given by the Lagrangian:
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where Pg 1 = %(1 + ¥5) and we introduce the Higgs functions:
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In the SM case one has @ = b = ¢; = d3 = 1 and ¢, = 0. Ultimately, for a study beyond the
ET, one must also add the EW gauge boson interactions to the EChL [2].
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3. Loop corrections to elastic W*W~ scattering

At LO, O(p?), this amplitude 7> is purely real. Next contribution 74 shows up at O(p*)
and consists of a real tree-level part 74 . and one-loop diagrams giving the 7 1, amplitude an
imaginary part. Up to the order studied in this work, O(p®*), the real part of the amplitude is
provided by the mentioned three contributions, ReT" = 75 + Tayee + ReTs 1,. This makes the study
of the full NLO one-loop corrections cumbersome. On the other hand, the imaginary part only gets
contributions from one-loop diagrams up to this order, Im7" = Im7} 1¢.

We will study the imaginary part of the PWA a;(s), provided by the decomposition 7'(s,?) =
Yy 16nK(2J+1)Py(x)ay(s), withx = cos@ and K = 1 (K = 2) for distinguishable (indistinguish-
able) final particles. In the physical energy region, Im ay (s) will be obtained from the one-loop
absorptive cuts in the s-channel, which we will use as a measure of the relative importance of the
various contributions.

For scattering amplitudes with only bosons as external legs it is possible to clearly separate
fermion and boson loop diagrams (no mixed loops appear). We use the following notation to refer
to the corresponding absorptive cuts: Fery = Im[ay],; and Bosy = Im[ajlww . zz HH -

The absorptive cuts for longitudinal W*W~ elastic scattering can be found in Ref. [6] and
for ZZ and HH in Ref. [1]. For the case of absorptive cuts with intermediate EW bosons, only
longitudinal polarizations are being considered. This is because we are interested in scenarios with
an EWSBS where longitudinal components dominate the high energy dynamics.

It is important to notice how the relevant couplings enter in each PWA. For J = 0, Ferp depends
on a, c and Bosg on a, b, d3 while, for J = 1, Bos; depends only on a and Fer; has no dependence
(only M, and v).

The goal of this note is to point out that there are regions of the parameter phase-space where
fermion loops become as important as the bosonic loops and thus they should not be neglected.
Since by unitary the imaginary parts of the PWA are always positive we will consider the ratio :

Fer;

== 0,1]. 4
I Bosj + Fery € [0.1] “)

Values close to 0 will indicate we can safely drop the top quark contribution while significant
deviations from 0 will point out their relevance.

4. Results for W*W~ scattering

We have explored the couplings in the phenomenological admissible range [4], this is: 0.9 <
a,b,cy,ds < 1.1. In the following plots we have scanned one coupling at a time while keeping
the others fixed to their SM values for reference. Concerning the center-of-mass energy we have
considered the interval 0.5 TeV< +/s < 3 TeV, which is the relevant one to look for NP at the LHC.

4.1 Ry

At this point it is important to state that, when dealing with values of the parameters close
to the SM, the ET is no longer so useful at the energies considered. This is because the SM is
a renormalizable theory where the longitudinal components of the EW bosons are not strongly
interacting and do not play a dominant role [1]. Indeed, the scattering amplitude between two
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scalars vanishes in the zero-mass limit My, My, Mz — 0. Thus one has to go beyond the ET in
this case. This has been done for the W*W~ cuts while, in these preliminary results, we have only
used the ET for the ZZ and HH cuts.

As one can see in Figure la and Figure 1b, when we scan a and b we can find order 30 %
corrections around 0.5 TeV. As the energy increases fermion corrections rapidly become irrelevant,
as expected.

In the ¢ case (Figure 1c), Rp ranges from 10 to 80 % at 0.5 TeV and, as the energy increases,
values of c¢; around the SM yield a smaller Ry. The dependence on d3 is negligible as we see in
Figure 1d but we find corrections of order 30 % at low energies. If we do a parameter scan for
all values between 0.9 and 1.1 for two benchmark energies, 1.5 TeV and 3 TeV, the maximum Ry
happens for ¢; = 0.9 and all other parameters set to the SM.

42 R,

For the J = 1 PWA, Fer; does not depend on any parameter apart of the mass of the top quark,
while the boson part Bos; depends only on a through the W*W~ cut. From Figure 2 we find a
wide range of corrections for low energies ( 80-90 % at 0.5 TeV for the full range of a) and for high
energies (10-90 % at 3 TeV in the whole range). Thus, in this case the assumption that fermion
corrections can be neglected does not hold for our study of the imaginary part of the partial waves.
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4.3 Specific Scenarios: Minimal Composite Higgs Model (MCHM)

From the previous plots we can see that, when the values of some parameters are different from
1, fermion corrections can be in fact relevant. This is the case for example of some NP scenarios
like the MCHM where the parameters depend on the NP scale f. Choosing a value for a = a* we
can find the scale of NP f viaa* = c¢] =d; = +/1 =& and b* = 1 - 2¢, with ¢ = v2/£2 7.

As seen in Figure 3a, Ry has a maximum of 45 % for a = 0.9 around 0.6 TeV and rapidly
decreases. For values closer to the SM corrections are even smaller. For R; the opposite happens;
close to the SM values, corrections are important at low and high energy. For example, for a = 0.99
fermion corrections move between 90 % and 60 %. Again, J = 1 is more sensitive to fermion loops.
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5. Conclusions

We have studied the top quark loop contribution to W*W~ — W*W~ amplitude using the
EChL and compared it with the boson ones. Though boson contributions dominate in most of the
parameter space, there are small regions where fermions become relevant. For the J = 1 partial-
wave ratio R, fermion corrections could be as important, or even greater, than the boson ones. As
we showed, the most important parameter for the J = 0 ratio Ry is c¢;. In this preliminary analysis
we find the largest correction for a = b = d3 = 1 and ¢ = 0.9 for energies between 1.5 and 3 TeV,
obtaining a 84% contribution for the latter. For R; (which only depends on a), we find that, even
for values close to the SM, fermion corrections are in fact relevant, going all the way up to 90 %.
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Regarding the MCHM, the R ratio moves from 90 % (close to the SM) to 20 % (a = 0.9). R has
a maximum of 40 % correction at low energies (0.5 GeV) when a = 0.9. Therefore R; is the most
sensitive channel to test fermion corrections.

In future work all the intermediate states and polarizations (not only longitudinal) will be in-
cluded, and we will study their relevance [5]. Finally, given the possibility of a strongly interactiong
EWSBS, one should deal with the unitarity problem of the perturbative amplitude [8].
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