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In these proceedings we present the main results of [1], where we explore the phenomenological
implications of multi-Higgs boson production through longitudinal vector boson scattering within
the framework of Effective Field Theories (EFTs). We derive compact expressions for effective
tree-level amplitudes involving up to four final-state Higgs bosons. Subsequently, we compute
total cross sections for scenarios relevant to the LHC, where we observe that the general Higgs
Effective Theory (HEFT) prediction avoids the strong suppression found in the Standard Model
Effective Field Theory (SMEFT), typically expected to be several orders of magnitude smaller.
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1. Introduction and theoretical framework

The Standard Model Effective Field Theory (SMEFT) and the Higgs Effective Field Theory
(HEFT) provide two distinct frameworks for studying new physics effects beyond the Standard
Model (SM) in the Higgs sector. While SMEFT assumes a linear realization of the Higgs, HEFT
treats the Higgs sector symmetry as a non-linear sigma model, allowing additional interactions
between the Higgs and the longitudinal components of the electroweak gauge bosons [2—6].

In Ref. [1], we derive compact expressions for tree-level leading-order (LO) amplitudes and
cross sections for multi-Higgs production via electroweak vector boson scattering (VBS). Specif-
ically, we compute the processes W; W, — n X h for n = 2,3,4. Although during the last years
we have witnessed a great improvement in the determination of the # — WW and hh — WW
couplings from one and two Higgs production analyses [7], we are aware of the difficulties of
these experimental studies. Nonetheless, although processes with three or more final-state Higgs
bosons are complicated—or simply impossible—to produce at current colliders, next runs and
future facilities [8] are expected to be able to constrain couplings that are nowadays out of reach.

We focus our analysis on the vector boson scattering Wy W, — nxh in the kinematic region well
over the production threshold (s > m%v). Hence, we will neglect the electroweak (EW) gauge and
Higgs boson masses (as my, ~ my_z). Our HEFT computation will extract the amplitudes at leading
order (LO) in the chiral expansion, O( p?), so we will need the EFT operators with two derivatives.

Mass terms and operators with a higher number of derivatives are not considered. Under the referred

2
V4

Equivalence Theorem (EqTh) [9-14] and approximate the scattering of longitudinal EW gauge
bosons with the scattering of Goldstone bosons w?, M(W Wy — nXx h) =~ — M(ww — n X h),
up to corrections which are suppressed by the gauge boson masses my,z over v/s.

kinematic approximation s > m%v , (where phenomenologically m ~ mi), we will use the

For this work [1], we have developed specific tools that are publicly available: a specific
stand-alone MATHEMATICA code for the generation of arbitrary ww — n X h amplitudes *;we
have constructed a HEFT model file" in FEyNRuLEs [15] and FEynCaLc [16] for the analytical
calculations of the VBS amplitudes. Also the HEFT model file was used in combination with
MapGrarHS_AMC [18] for a numerical test of the analytical expressions. Finally, asthe mw 2z, =0
limit is considered here, we developed a simple and efficient multiparticle phase-space numerical
integration code for massless final states, MaMuPaX$ *.

We will work at the lowest order approximation in the equivalence theorem and neglect mass
corrections. Likewise we will perform our effective theory calculation at leading order (LO), O(p?),
so we will just consider the part of LO Lagrangian [2],

1 2
Lugrr = 5@’ + %T(h)Tr{@,,UTG“U} , (1)
with the EW vacuum expectation value v ~ 246 GeV. Here we are only showing the relevant O(p?)

derivative operators that may contribute to the HEFT ww — n X h amplitude at LO, provided
by tree-level diagrams with the O(p?) derivative vertices. As the Higgs field is an EW singlet

*https://github.com/alexandresalasb/WWtonHcalculator .
Thitps://github.com/Javomar99/EWET , https://github.com/Javomar99/Multi_Higgs_HEFT [17].
ihttps://github.com/mamupaxs/mamupaxs .
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in the HEFT approach, the non-linear sigma model term containing the EW Goldstones through
U(w) = 1 +ic%w* + O(w?) can be multiplied by any arbitrary flare function, ¥ (%), and still remain
symmetry invariant. In general, this function will have an expansion in the Higgs field in the form,

Fh) =1+ a <%) + ap (%)2 + as <%)3 + ay (%)4 + .. 2)

where the effective coupling constants a,, parametrize the ww — n X h Feynman rules and are not
fixed by symmetry. Their values will need to be fixed by matching with a high-energy underlying
theory (top-down approach) or from experiment (eventually providing constraints on possible SM
extensions in bottom-up approaches). Although the labelling a,, provides a systematic naming for
these interactions, the one and two Higgs couplings are often referred as a = xy = a;/2 and
b = kay = ap, where one recovers the SM flare function (k) = (1 + h/v)? in the limit a, b — 1.

Regarding the ww — n X h couplings, one has less freedom in SMEFT. Up to next-to-next-
to-leading order in the effective theory expansion, there are only two free couplings that preserve
custodial symmetry entering the Lagrangian in (1): c(g)m at O(A™?) and cg)m at O(A™*). Thus,

the contributions from the derivative dimension—6 and dimension—-8 SMEFT operators introduce
deviations in the SM flare function, with the a; provided up to O(A™) by [19, 20]:

d d* (3
a1/2:a:1+—+—<—+p>+0(d3), ay=b=1+2d+3d*(1+p)+0(d),

2 2 \4

a3:§d+d2<13—4+4p>+0(d3), a4:%d+d2<%+3p>+0(d3),
22 11

as =d2 (E-ng) +O(d3) , ae =d2 <E+§p> +O(d3) ,

. 2029 ® . . . . .
withd = = ACZHE‘ and p = 2;%):)2 , being cfm) the dimensionless Wilson coefficient for the operator
|H|P~*0|H|?/AP~*. Higher coefficients a,, with n > 7 vanish at this order in SMEFT.
In this sense, one observes the SM is a particular limit of SMEFT, and SMEFT itself is a

particular case of HEFT: the n X h couplings ay, ... ag are correlated and determined by a much

smaller amount of SMEFT parameters, namely c(Ig)D and cg)m [19, 20].

2. Multi-Higgs Production from VBS

Multi-Higgs production through VBS is particularly interesting as it probes the high-energy
behavior of the electroweak sector. At high energies, the longitudinal components of the gauge
bosons (W, Z;) dominate the scattering processes. In the SM, the scattering amplitudes for
processes like W, Wy — hh are suppressed by the Higgs self-coupling, which is small. However,
in HEFT, new interaction terms between the Higgs and the Goldstone bosons lead to enhanced
amplitudes. In this work, we compute tree-level amplitudes for processes involving up to four
Higgs bosons in the final state. In general we will be providing here the results for the amplitudes
with w™w™ initial state [1]:

ars 3dss 4s ~ ~
Tow—s2n = — 7 > Tow—s3n = — T > Tow—an = — F (304 + a% (B - 1)) E))
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Figure 1: Scan of the ww — 3h cross section predictions in terms of a3 at 4/s = 1 TeV. The inputs

a) = a?MEFT(D:G) =21land ap = aiMEFT(D:G) = 1.2 correspond to the SMEFT®=% BP. We have marked
a few especial points: a3 = a?MEFT(D:& =0.13 (empty blue square) and their 20% deviations (full orange
squares), a3 = 80% x a3 - and a3 = 120% x a3 OO,
with d; = ap —a?/4 = b—d? a3 = a3 — 3a) (ax—a3/4) = a3 — 3a(b-a®) and . 4y =
as — %alag + f—za% (a2 - a%/4) =a4— %a as + %az (b - az). The dimensionless function B(k;; p ;)
is a combination provided by one-crossed-channel-propagator topologies [1].

The phase-space integration can be readily performed for w*(ki)w™(k2) — h(p1) h(p2)

and w*(k1)w™(k2) — h(p1) h(p2) h(p3), while for w* (k1) w™(k2) — h(p1) h(p2) h(p3) h(pa)
we needed to develop a numerical integration code [1]:

B V2 R\
Cww—2h = —3 (m) ) Cww—3h = 3 (m) >
4
_ 83 s A ~2\2 ~ A2\ A2 ~d
TCww—th = Gy (16”2‘)2) [(3614 — az) +2 (3a4 - az) asx + aZ)(Z} , @

with y, = V! f dlly B" and V4 = s%/ [24(4n)°]. evaluated them numerically through our
phase-space integration code (MaMuPaXS) [1]: y1 = —0.124984 (10), y» = 0.0193760 (16) .

One can observe that the 24 and 34 amplitudes in (3) are pure J = 0, s—wave. They only
depend on the total CM energy, not on the scattering angles. This is roughly the angular distribution
observed in analyses beyond the equivalence theorem for WW — 2k [21] —up to mass corrections
in the forward and backward directions—, very different to SM prediction. The 4/ production case
is a bit more complicated: the kinematic function B introduces a non-trivial angular distribution for
the differential ww — 4h cross section, which is no longer a pure s—wave. However, we observe a
numerical suppression |y2| < |x1| < 1. Hence, in a first approximation, one finds a J = 0 wave
numerical dominance. These distinct angular s-wave distributions should serve as an important
discriminating factor in current and future experimental analyses for the VBS production of 24 [7],
3h [8], and even 4h final states in some future. This result is in agreement with previous effective
theory WW — 2h studies [21-26] at high energies, where the Equivalence Theorem approximation
is applicable. Some other works that have analyzed the WW — 3k scattering in the context of
effective theories can be found in [27, 28].

3. Amplitude suppression in SMEFT

We have observed that the ww — n X h amplitude showed a very simple dependence on the
HEFT parameters: ww — 2h only depends on the combination d»; ww — 3h only depends on
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the combination d3; ww — 4h only depends on the effective combinations d4 and d;. From the
SMEFT predictions for the Higgs couplings [19, 20] one can extract these combinations:

dr=d +2d*(1 +p) + Od®), a3= gdz(l +p) + O, as4= %d2(2+p) + 0, ()

20266 ®)
with, d = —% and p = Z(Cf’—ﬁ)“)z ,
explicitly observe that SMEF%Dintroduces alarger 1/A™ cross-section suppression for an increasing
number of final Higgs bosons: o w—2n ~ s/A*, and T ww—3h,4h ~ s3/A3. The next possible

processes follow this trend (0w w—5n. 610 ~ S°/A'2, Tww—7n. 80 ~ 57 /A6, etc.), as proved in [1].

Note that all the d», d3, d4... vanish in the SM limit. Thus, we

This high suppression pattern is not due to the size of the deviations Aa; = a; — a?M from the
SM couplings a?M =2, agM =1, ail\zg = 0. In principle for small Aa; ~ v2/A? the pure-HEFT
amplitudes T, ,—nxn Will be suppressed by Ad; ~ v2/A?. However, SMEFT-type theories have
very important correlations and cancellations between the a ;. Thus, although in general the relevant
de combinations for ww — n X h would be expected to be of the order d, ~ Aa; ~ v2 /A2, they are
fine-tuned in SMEFT to be suppressed by more and more powers of (v2/A?) as one has more and
more Higgs bosons in the final state.

This SMEFT fine tuning will be illustrated here with the ww — 3/ cross section. We will be
using the D = 6 coupling values at the benchmark point (BP) with d = 0.1 [1]: a = 5 = 1.05,
b=ay,=1.20, a3 = 0.13, as = 0.0§, with ag>5 = 0. This SMEFT prediction is then compared in
that plot with a pure-HEFT scenarios. In particular one might think that a “mild” modification such
as setting as to its SM value agM = 0, while leaving all the other a3 unchanged, should introduce
an important variation of the cross section. However this is not true: SMEFT correlations between
ay must be very precisely tuned. A small independent deviation in just one of them can lead to a
variation of the cross section by several orders of magnitude. Fig. 1 presents a scan of the ww — 3h
cross-section at y/s = 1 TeV in terms of a3, analogous to that performed in Ref. [29] for ww — 2k
with a>. We have plotted the SMEFT(®=% BP (empty blue square). one can easily observe how
fine-tuned this value is: for a; and a, fixed to the BP values, a +20% variation in a3 w.r.t. the
SMEFT®=9 value leads to an increase in the cross section of orders of magnitude. Taking a3 to its
SM value agM = (0 does not improve the situation; it actually makes it worse, increasing the cross
section by roughly three orders of magnitude. Due to the general scaling of the amplitude with
s in the regime where our EqTh approximation applies, this result holds generally for any energy
range within the validity of the EFT (either SMEFT or HEFT). Indeed, one cannot extend our cross

section predictions for arbitrary high energies as eventually they exceed the unitarity bound [30].

4. Conclusions

We have shown that the ww — 2h, 3h, 4h cross sections at LO show a very simple structure in
the kinematic region of the EqTh considered in this work [1]. Moreover, very specific combinations
of couplings, d», d3 and dy, rule these cross sections. Other dependencies appear only as higher
order effects, either in the chiral expansion in powers of momenta or masses, or corrections to the
naive EqTh approximation. We conclude that, as expected, from general arguments the SMEFT
cross sections are suppressed by several orders of magnitude with respect to those of non-SMEFT
theories. Our outcomes show that pure-HEFT scenarios predict significantly larger cross sections for
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processes involving three or more Higgs bosons compared to SMEFT. This enhancement provides a
potential signature for BSM physics, to be probed in future LHC runs or at next-generation colliders.
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