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1 Introduction

The so-called k framework that has been put forward in parallel to the Higgs boson
discovery [1] to assist its characterisation programme has proved a helpful tool in gaining a
qualitative understanding of Higgs boson physics. The modifier for a coupling ¢ present in
the Standard Model (SM) g = gsm is defined as

Ky =~ (1.1)

The x framework traces modifications of the Lorentz structures present in the SM exclusively.
This leads to violation of gauge invariance with detrimental implications, which signifies
the need to consider a more flexible theoretical setting. A comprehensive approach based
on effective field theory (in its linear or non-linear realisations) elevates this programme to
a better-grounded framework. Theoretical consistency plays an important role when more
data becomes available at the Large Hadron Collider (LHC), thus enabling and necessitating
a more detailed study of Higgs properties beyond tree level. Yet, practical considerations
related to the LHC’s sensitivity to certain coupling modifications leave the s framework



still applicable in a range of processes. One such process is weak boson fusion (WBF) Higgs
pair production, where the x framework sees continued application. In, e.g., the recent [2],
modifications of the (trilinear) Higgs self-coupling k) and the quartic gauge-Higgs couplings
Koy have been constrained

kx € [—3.5,11.3],  kgy €[0.0,2.1], (1.2)

with similar sensitivity in other di-Higgs final state channels, e.g. [3-9]. The x framework
also successfully captures the dominant source of coupling modifications in many concrete
UV extensions.

The Higgs self-coupling corresponds to a unique operator in the dimension 6 effective
field theory expansion [10]. Modifications of k) # 1 can therefore be housed theoretically
consistently, which is also demonstrated by k) investigations beyond tree level [11-14] that
do not lead to theoretical inconsistencies.

This is vastly different for koy % 1, which breaks electroweak gauge invariance in the
SM(EFT), leading to a breakdown of renormalisability. As kgy is related to a modification
of the gauge sector, a departure from k9, = 1 requires care when moving beyond tree-level
considerations [15]. Notwithstanding these theoretical obstacles, the gauge-Higgs quartic
interactions can be strong indicators of Higgs compositeness as a consequence of dynamical
vacuum misalignment. For instance, in minimal theories of Higgs compositeness [16, 17],
the typical deviations in the Higgs-gauge sector are given by

ky =1 —&, Koy =1-2¢, (1.3)

where £ measures the electroweak vacuum expectation value v >~ 246 GeV in units of
the CCWZ [18, 19] order parameter. These relations are independent of the mechanism
responsible for vacuum misalignment; they are independent of how partial compositeness is
included in the fermion sector. In contrast, for scenarios of iso-singlet mixing [20-23], we
obtain

Ky =COSa, Koy = COS>a. (1.4)

It is immediately clear that a sufficiently precise measurement of the quartic gauge-Higgs
coupling, Koy, serves as a discriminator between these two dramatically different BSM
scenarios. While it is always possible to interpret xy < 1 in either scenario through
identifying cosa = /1 — &,

cos 2a # cos? (1.5)

away from the decoupling limit « # 0 # £ in either BSM scenario.

In this note, we provide a detailed discussion about the relevance of ko and its relation
to Ky, k) for BSM physics, spanning from traditional renormalisable scenarios to effective
theories. We will focus on the phenomenology in WBF di-Higgs production at the LHC and
its extrapolation to other future collider environments, where these three couplings enter on
an a priori equal footing. Including a viewpoint of geometry [24], we clarify the sensitivity
to BSM scenarios that can be gained in a range of models (and their deformations) at
the high-luminosity (HL-)LHC phase, as well as future colliders such as the FCC-hh or



Figure 1. Representative Feynman diagram topologies contributing to koy sensitivity via weak
boson fusion.

electron-positron machines. In passing, we include a discussion of higher-order QCD effects
at hadron machines.

This work is organised as follows: in section 2, we discuss the future sensitivity that
can be achieved in a Feynman-diagram templated analysis as performed by the experiments,
extrapolating from the current sensitivity that they report. This forms the phenomenological
backdrop of the theoretical reach of this sensitivity in section 3. There we categorise the
Ky, Koy, k) parameter space in terms of renormalisable theories and effective theories
of compositeness and their deformations. We summarise in section 4, which provides an
outlook towards monetising the BSM potential of k91 sensitivity in these experimental
environments in relation to ky and ky.

2 Present and future of scalar couplings in WBF Higgs pair production

In this section, we consider the experimental limit on xy, Koy, and k), as defined by the
tree-level lagrangian

Looive 2 17— 1 2h h> LINE
E:i(ﬁh) + miy <W#W “—FQC%/[/ZMZ“) |‘1—i—l‘€\/v—l—,‘-€2vv2 —KA%h ,(2.1)

with v = 246 GeV and cosine of the Weinberg angle cyy = cos8y. Tree-level custodial
symmetry is assumed throughout (i.e., kyy = kz = Ky and koW = Koz = Kay).

Before we turn to the relevance of the different couplings and their BSM reach, it is
instructive to clarify the anticipated shape of the ky — ko exclusion. WBF probes the
incoming weak bosons at space-like momenta in the diagrams of figure 1. However, the
analysis of Wh — Wh scattering for physical momenta (the crossed process that enters
WBF subdiagrams of figure 1) provides insight into gauge-symmetry cancellations that carry
over into qualitative phenomenological outcomes via the effective W approximation [25, 26].
In the high energy limit /s > my + myy, the polarised amplitudes scale as’

2
mTWA(WLh — Wih) ~ mTVZA(WTh — Wrh) ~ Koy — K2 . (2.2)

!This result can be straightforwardly obtained with FeynArts/FormCalc/LoopTools [27-29], which we
use throughout this work. Phase-space and polynomial suppression of the valence quark parton distribution

functions significantly modify these naive expectations.
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Figure 2. Next-to-leading order QCD corrections to WBF pp — hhjj production in the large
invariant tagging jet mass region m;; > 800 GeV at the LHC (a) and FCC-hh (b) as a function of
Koy for all other parameters chosen to be SM-like.

This shows that in the SM (as well as for direct Higgs mixing), we can expect a significant
destructive interference to maintain unitarity at high energies. The scaling with energy
in the WBF process is pdf-suppressed for massless partons (including in the effective
W approximation), however, large enough deviations from the SM correlation manifest
themselves as an enhanced cross section so that limits can be set. Note that k) does not
enter the Wh amplitude with energy enhancement, and its constraints are therefore set by
a priori perturbativity limits (see [30-32] for more model-specific considerations).

2.1 Hadron collider constraints on ky and Koy

pp — hhjj production follows hjj production from the point of view of QCD. There-
fore, the search region that is selected by the LHC experiments exploits the usual WBF
paradigm [33-36]. Similar to the findings in single-Higgs and double-Higgs production
via WBF [37, 38|, the QCD corrections can be formidably captured through an adapted
choice of the renormalisation and factorisation scales, due to the process’ ‘double-Deep
Inelastic Scattering’ structure. In particular, in the xoy measurement region selected by the
LHC experiments then becomes extraordinarily stable: in figure 2 we show the pp — hhjj
WRBEF cross section component at next-to-leading order QCD in comparison to the leading
order estimate, employing the central scale choice u = @ (cf. figure 1) for the signal region
characterised by an invariant jet mass of m;; > 800 GeV.? This extends to the FCC-hh at
a significantly increased cross-section, figure 2. The cross-section is well-approximated by
the LO p = @ choice, and the NLO corrections are modest ~ 5% at the LHC, decreasing in

*We obtain this through a modification of the publicly available VBFNLO Monte Carlo programme [36, 39,
40]. Modifications have been cross-checked against MADGRAPH__aMC@NLO [41]. See also [42] for studies
of rescalings of the Higgs self-coupling.



relevance at the FCC-hh, running at 100 TeV [43]. The key limitation of setting constraints
on koy is then statistics and background systematics.

The ATLAS Collaboration has previously published search results for nonresonant
hh — bbbb production using 27 fb~! of early Run 2 data [44], as well as a dedicated search
for VBF hh production in 126 fb~! of data collected between 2016 and 2018 [45]. The
latest analysis [2] builds upon these earlier results by incorporating the 2016-2018 data
for both production channels and taking advantage of improvements in jet reconstruction
and b-tagging techniques. Notably, the analysis employs an entirely data-driven technique
for background estimation, utilising an artificial neural network to perform kinematic
reweighting of data to model the background in the region of interest, and it currently
restricts ko to

kov € [—0.0,2.1] ([-0.1,2.1]), observed (expected) 95% CL. (2.3)

The CMS Collaboration has also published results of a search for nonresonant hh — bbbb
with its full Run 2 dataset [46], which restricts the allowed interval for k) to [—2.3,9.4]
([-5.0,12.0]), at 95% confidence level (CL). Furthermore, a more recent CMS publication [47]
that exploits topologies arising from highly energetic Higgs boson decays into bb, restricts
the allowed interval for xoy to

kov € [0.62,1.41] ([0.66,1.37]), at observed (expected) 95% CL. (2.4)

ATLAS and CMS have conducted investigations into non-resonant hh in the bbr+7~ [3—
5, 8, 9] and bby~y [3, 6, 7] decay channels as well. In our analysis, we look at final state
topologies for the highest di-Higgs branching ratios, i.e.,

pp — hhjj — bbbbjj, (2.5a)
and,
pp — hhjj — bbr T jj. (2.5b)

We generate events for each process scanning over the space of Ky and Koy, keeping k) = 1
fixed, and perform a x? fit to obtain the limits on the corresponding couplings.

2.1.1 Event generation and selection

To investigate WBF processes, we use MADGRAPH__aMC@NLO [41] with leading order
precision at 13 TeV to generate our events and apply stringent cuts at the generator
level on the WBF jet pair’s invariant mass (m;; > 800 GeV). Additionally, we set the
pseudorapidity of the b-jets to be || < 2.5 to ensure that the b-jets produced from the
Higgs pair are centrally located. We modify the MADGRAPH source code to include the k
modifiers for event generation. Subsequently, we shower the events with PYTHIA 8.3 [48]
and use MADANALYSIS [49] that interfaces FASTJET [50, 51], to reconstruct the final state
particles with a 70% b-tagging efficiency.



Firstly, we define forward and central jets with the following selection criteria:
1. Forward jets: p]f > 30 GeV and 2.5 < |n;| < 4.5.
2. Central jets: p]f > 40 GeV and |n;| < 2.5.

To select events in the hh — bbbb channel, we utilise the methodology described in [2].
Initially, we identify the jet pair with the highest invariant mass as the WBF jets and
impose the forward-jet criteria on them. Next, we require at least 4 centrally located jets,
all of which must be b-tagged. We also apply an additional pseudorapidity separation cut
of |n;;| > 3 and an invariant mass cut of m;; > 1 TeV on the WBF-jets. To isolate the
WBEF region, we further demand that the transverse component of the momentum vector
sum of the two WBF jets and the four jets forming the Higgs boson candidates be less than
65 GeV. The Higgs pair is constructed from the 4 b-jets and a minimum invariant mass of
My, > 400 GeV is required.

For the hh — bbrt7~ channel, the WBF jet pair is chosen in the same manner as
before, and we apply the same cuts on them. However, only two centrally located b-tagged
jets are required in this case. The 7-leptons can decay either hadronically or leptonically,
with the latter being selected using the criteria outlined in the latest ATLAS analysis [9],
with a minimum pr of 15 GeV and limited to |n| < 2.47. The light jets arising from the
hadronic decay of the 7-leptons are selected with a minimum pr of 10 GeV and |n;| < 2.5.
Additionally, the leptonic decay of the 7’s results in missing energy. The di-Higgs invariant
mass is then constructed using the two b-jets and the 7-decay products, with a minimum
invariant mass requirement of Mp;, > 400 GeV.

2.1.2 Sensitivity and projections

We use the distribution of the reconstructed kinematic observable My, to obtain the
current and projected limits on the respective couplings. The x? statistic for our analysis is
computed as

(kv o) = (baswi (kv kav) — b Vi (Bhgn (v, kav) — by, (2.6a)

where biBSM(/{V, Koy ) represents the combined number of events in the ith bin of My, from
both decay channel, considering their respective cross-sections and efficiency, at a given
luminosity for a particular value of xy and koy, and b’éM corresponds to the expected
number of events solely from the SM for k1 = 1 and sy = 1. The covariance matrix V;;
is the sum-in-quadrature of two terms: 1) the statistical uncertainties computed from the
root of bin entries, i.e., the Poisson uncertainty associated with each bin, biSM, and 2) fully
correlated relative fractional uncertainties (g4, ), i.€.,

Vij = by + €2y binbly (2.6b)

To fix €1, We set ky = 1 and scan over ko such that we reproduce a 95% CL limit of
Koy € [0.2,2.0] at 126 fb~! at the LHC, comparable to the limits set by ATLAS [2] and
CMS [47].
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Figure 3. Current and projected constraints on ky and koy for various colliders. The current LHC
and projected HL-LHC limits on sy, represented by the black and blue dashed lines respectively,
have been set using Higgs data from ATLAS [55].

Once our methodology was validated through a comparison of our koy constraints
with the predictions of ATLAS (eq. (2.3)) and CMS (eq. (2.4)), we proceed to explore
the parameter space of ki and ko and obtain constraints at the 95% CL. Our results
are presented in figure 3, where we show the 95% confidence bands for the LHC with
an integrated luminosity of 126 fb™!, the constraints for the High-Luminosity (HL-LHC)
frontier with an integrated luminosity of 3 ab™!, as well as the projected constraints for
the Future Circular Collider (FCC-hh) with /s = 100 TeV and an integrated luminosity of
30 ab™!, assuming the same ey as for the LHC case. It should be added that using the x?2
calibrated to [2, 47] is a conservative extrapolation for the FCC-hh. A limiting factor in
this environment is the reduction of QCD multi-jet contributions as central jet vetoes are
not available to suppress these efficiently. This can lead to a considerable variation of the
expected sensitivity [52-54], in particular when considering the rejection of the irreducible
gluon fusion component.

2.2 Lepton collider constraints on Ky and kay

The di-Higgs sector exploration at upcoming lepton colliders has garnered significant
attention due to their exceptional sensitivity range, which is attributed to significantly
lower background interference compared to hadron colliders. The works of [56-59] (see also
refs. [60, 61]) have been instrumental in investigating the di-Higgs sector and obtaining
exclusion limits on k) and xy. Building on this success, we extend the scope of this
exploration by attempting to obtain limits on xy and ko for ete™-colliders, adopting a
methodology similar to that presented in section 2.1. In this scenario, the di-Higgs decay
into four b-quarks is very attractive since the background is orders of magnitude smaller,
making it the primary focus of our analysis. The process we want to look at is, therefore,

ete™ = hheTe™ veve — bbbbe e [vee. (2.7)



The dominant contributions to the production cross-section come from the WBF process
and Higgs-strahlung. We generate our events with MADGRAPH for two benchmark collider
beam energies of 0.5 TeV and 3 TeV. To select our WBF signal region, we closely follow the
analysis in [56]. We firstly impose a strict missing energy cut greater than 30 GeV. Our
study further requires four centrally located b-tagged jets, with pp > 20 GeV and |n| < 2.5.
In order to reconstruct the Higgses individually from the b’s, we determine the labelling
of the four b-jets, b;, that minimises the quantity (m12/GeV — 125)% + (m34/GeV — 125)2,
where m;; represents the invariant mass formed by jets b; and b;. We infer that by, bo
come from one of the Higgs decay, and bs, by are the decay products of the other. We then
demand that the corresponding jets reconstruct the two Higgs bosons within the on-shell
window (90 GeV, 130 GeV).

With the selected signal events, we construct a x? as described in section 2.1.2, again,
scanning over xy and koy. The constraints for both our benchmark points are presented in
figure 3, at integrated luminosities of £ =1 ab™! and 5 ab™!. Our analysis reproduces the
CLIC projection [62],

Koy € [0.97,1.05], expected 95% CL., 3TeV, 5 ab™ L. (2.8)

However, the potential to exploit beam polarisations in [62] (which we do not, here in our
comparison) indicates that our sensitivity estimates are conservative.

In the following sections, we will treat the ky single Higgs constraints independently
from the Koy, k) constraints for presentation purposes (in our discussion below, these
limits correspond to qualitatively different phenomenological parameters). Of course, the
individual rectangular regions indicated in figure 3 are simultaneously constrained by
these (correlated) data sets. To gauge how the rectangular regions map onto the elliptical
constraints in a combination of this information for the most sensitive environments, we
show a combination of single Higgs and weak boson fusion hAh production in figure 4. This
demonstrates that in particular at the very sensitive future collider environments that enable
tight constraints on kgy, this parameter will remain less constrained compared to Ky .

Remarks on k). Weak boson fusion processes at hadron colliders play a less relevant
role in constraining Higgs self-interactions, predominantly the trilinear Higgs coupling,
as Higgs pair production from gluon fusion gg — hh is more abundant. Representative
extrapolations to the HL-LHC phase [64] indicate that this coupling could be constrained
at 50% around its SM expectation. The environment of an FCC-hh at 100 TeV will increase
the sensitivity to 3-5% [65].

Higgs self-coupling measurements at lepton colliders are dominated by Z-boson associ-
ated Higgs pair production for low centre-of-mass energies and WBF at large energies, e.g.,
at CLIC. The latter, maximising the WBF potential, has a projected sensitivity of about
kx = 17032 with some level of degeneracy between ry and kay [62]. As for hadron colliders
the constraint on x9y is stronger compared to ) which highlights the need for constraining
k) at hadron colliders such as the LHC. The sensitivity at CLIC compares to an estimated

ILC sensitivity (in the 250 GeV+500 GeV combined phase) of k) = 1 4 0.25 [66].



LHC (13 TeV, 126 fb~1) BN FCC-hh (100 TeV, 30 ab™1)
251 HL-LHC (13 TeV, 3 ab~!) ¢ SM
* | mmm ce-Collider (3 TeV, 5 ab™1)
2.0
. 154
5| A
ol e A
07 kav Z RV e e
0.5
0.0
—0.5

Figure 4. The 95% CL constraints on sy and kop parameter space resulting from the combination
of WBF di-Higgs and single Higgs production for various collider options. Single Higgs constraints
for future colliders are taken from the xky bounds in [63].

The main focus of our work is a discussion of Koy, kK7 in WBF as this channel is primarily
sensitive to these parameters due to eq. (2.2). We will include, however, details on ) and its
relevance in comparison to oy, Ky in the discussion of the next section 3. k) is known to be
relatively efficiently constrainable in gluon fusion Higgs pair production through sensitivity
in the threshold region, whose inclusive cross section [67, 68] is an order of magnitude larger
than WBF. Our discussion of k) should therefore be understood as a potential additional
constraint when considering koy measurements as performed by the experiments.

3 Ky, koy and k) in BSM models

In this section, we consider how different BSM models populate the space of ky, Koy, and
kx. We pay particular attention to those models that predict order-of-magnitude larger
deviations in either k9 or k) relative to xy; in such cases future measurements of either
Koy or k) are likely to provide significant discriminating power. As discussed recently
in [69], and as we elucidate below, a large deviation in kgy relative to ky will require
non-decoupling TeV scale new physics.

3.1 Extended scalar sectors, tree level

Consider a generic extended scalar sector, built out of a set M of electroweak multiplets ® 4.
Let @4 have an SU(2) irreducible representation (irrep) of dimension d 4, and a hypercharge
Y4, with renormalisable lagrangian

L= |DeA-V(D). (3.1)
AeM

We define the charged current part of the covariant derivative to be

1. e
D@y = ((% — ﬁng(WJTX + W Ty) —.. ) Dy, (3.2)



where the components of the generators in the SU(2) irrep of dimension d4 are given by

iy (VB @50 —an irazi=p

0 otherwise

, (3-3)

with the SU(2) indices «, 8 running between 1 (labelling the component with maximum
third component of isospin, 7°) and d4 (labelling the component with minimum 73).

The [(%) + YA}—th component is electrically neutral, and after electroweak symme-
try breaking can be decomposed into vevs, vg and vy, and vev-free fields hr and hj

[©4] (M)WA = %(UR +hg) + \;Q(vz +hg). (3.4)

These are separated into real (R) and imaginary () parts. The imaginary components are
absent from real irreps, as well as, without loss of generality, from one complex irrep due to
our freedom to gauge it away. Assuming the scalar sector contains a hypercharge—% doublet,
we gauge away its imaginary component.

Substituting egs. (3.2) and (3.4) into eq. (3.1) we see that in the broken phase the
charged current interactions of the neutral Higgses are governed by

1 1 _
L= Z 5(3}%)2 — V(U, h) + ZgIQ/VW-FW [Cij’Ui’Uj + QCijUihj + thlhj] + ..., (3.5)

where ¢, j index the neutral Higgses, and repeated indices are summed over, and the matrix
C' is diagonal with entries

1
Cij = 8ij (Q(di -1) - 2Y£) : (3.6)

da,Ya are the dimension and hypercharge of the multiplet from which the ith component
came: real and imaginary components of the same multiplet have the same entry. Cj; is
normalised to be the identity matrix in an n-Higgs doublet model.
The 125 GeV Higgs, h, is defined as a unit direction in the space of neutral Higgs
components:
hi = hﬁz, where ’fllﬁl =1. (37)

We substitute the above into eq. (3.5) and compare with eq. (2.1). Identifying the total vev as

v= (Cijvivj)% = 246 GeV (3.8)
we obtain the coupling modifiers
CZ' "Ui’ﬁ i
Ry = : ) 1o
(Cijvivj)? (3.9)

Roy = Cijﬁiﬁj .

Note that we have assumed the electroweak multiplets form complete custodial irreps, so
that Ky = kw = kz and Koy = Kaw = Kaz.

~10 -



ky and koy are therefore correlated in particular extended scalar sectors, i.e. for
particular Cj;. We give the examples of the singlet, second Higgs doublet, and Georgi-
Machacek model in table 2 and appendix A. In figure 7, we show the lines and regions that
these models can populate in the ky-k9y plane. Notably, for any tree-level model

1)2 (HQV — H%/) = Cijﬁiﬁj Cklvkvl — (Cij’l)iﬁj)z 2 O, (310)

which follows from the Cauchy-Schwartz inequality when C' is a positive definite matrix.
It is only zero in the alignment limit, when 71; o v;, or in the case of mixing with singlets,
when C is only positive semidefinite.

Thus, to obtain a large deviation in ks but not ky in an extended scalar sector, we
require electroweak triplets or higher representations, and a departure from the alignment
limit (i.e., a departure from the parabola koy = ki), see also [70]. This in turn implies
significant mixing of components of the Higgs doublet with other states that cannot be made
arbitrarily heavy. This is likely to cause some tension with direct searches. For instance, a
significant triplet component to electroweak symmetry breaking introduces resonant tell-tale
same-sign WW WBF production [71] which drives constraints on the triplet nature of the
observed Higgs boson [72] (see also [73]). Finally, we remark here that, in the decoupling
limit, both xy and k9y approach 1, and in principle do so from different directions in the
Ky-koy plane, depending on the model — compare, for instance, the singlet and 2HDM
trajectories in figure 7. However, in the decoupling limit, the deviations from the Standard
Model in WW — hh due to Ky, koy are comparable to the short-distance contributions
from heavy Higgs exchange. These latter exchange contributions are calculated for the
singlet and 2HDM model in [74], where this effect is discussed in detail. The effect of
both k91 and the short distance heavy Higgs exchange can be combined into a /igf‘f/, which
satisfies

11—k} =k — w3, (3.11)

in the decoupling limit. This corresponds to the pattern predicted by the SMEFT at
dimension 6 (see, e.g., [69]).

Turning now to k), this is generally a free parameter for renormalisable potentials
V(®) containing cubic interactions among the electroweak irreps. However, if the cubic
interactions are absent (as often happens accidentally due to the charges of the multiplets,
or is imposed by certain Zs symmetries), we can begin to understand the range of k) close
to the alignment limit. The potential among the neutral components before electroweak
symmetry breaking will have the generic form

1 1
V = iu?jrirj + 1)\”“7’1‘7’]'7’]{?“[ , (312)

where the tensors p? and \ are necessarily symmetric in their indices, and r; = 0 corresponds
to the electroweak symmetry preserving vacuum. After electroweak symmetry breaking,
substituting r; = v; + h; leads to

1
V = const. + i,u?jhihj + gz\ijklhihjvkvl + Xijrihihjhio + O(h4) (3.13)
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where we’ve used the vev condition
,u?jvj + )\ijklvjvkvl =0. (3.14)
From comparison with eq. (2.1), k) takes the form

2>\ijklﬁiﬁjﬁkvl

ka = (Cijoivy)? (3.15)

2
my

Close to the alignment limit, eq. (3.15) can be expressed in terms of mass parameters
and the degree of alignment. We work, without loss of generality, in the mass basis where
the mass matrix of eq. (3.13) satisfies

/“L%I + 3)\11klvkvl B m%
130 + 3Makivrr = 0 (3.16)

2 2
Hab + 3XabkiVkVL = Mglap

where a,b = 2,3, ... label heavy Higgs directions, each with mass m?2. In this basis, v;
satisfies
1 T
v, = (1 — 5aCas €2, €3, ) +0(é%), (3.17)

for some small parameters €, describing the amount of the vev in the heavy Higgs directions
when close to the alignment limit. Summation is implied over repeated a indices.

Expanding p3y, u3,, 42, and Aj1150;, AM1a101, Mapvr order-by-order in e,, eqs. (3.14)
and (3.16) can be expanded to solve for

20\ 1 li 2
Rx = LQHUI =1+ s€u€a — 2€a€b<lnlea+uab) + O<€3> : <318)
my, 2 my

2

¢ are large, the model is necessarily aligned and

In the decoupling limit, where m,
€q ~ O (#) are correspondingly small. The quartic couplings of the model are limited in

size by perturbative unitarity, and so from eq. (3.16) ,ugb approaches m2d,,. In this case

2
m 1
a1l —2Y & —2 - = 3.19
A za: a (m% 4> ) ( )
2
and the deviation in k) enjoys a parametric enhancement of % relative to the deviations in
h

K3 and Koy which are both O(C x €2). We note that this enhancement does not necessarily
happen in the case of alignment without decoupling.
3.2 Extended scalar sectors, loop level

We turn to the case of an arbitrary electroweak scalar multiplet, ® 4, with a Zy symmetry
that prevents it from acquiring a vev, and a cross quartic interaction A with the SM Higgs
doublet ®:

2
L=|DDy* —m2|P4l* — 2\ D4 (qﬂ@—g) : (3.20)
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If the scalar is sufficiently heavy, 2m, > my, its leading order effects are at one-loop level.
When augmented with a small amount of Zs splitting to allow charged particles to decay,
eq. (3.20) presents a minimal class of models that includes multiple viable candidates for
BSM particles of mass mi < 1TeV [75]. If the cross quartic is large, such that m?o ~ A2,
sizeable effects in the electroweak phase transition are expected [76].

In the simplest case of a Zo symmetric singlet, /204 ~ \/ﬁq); ~ S and eq. (3.20) reads

1 2 2
L= Lo+ 5(9,89) %52 —AS2 <<1>T<1> - ”2> . (3.21)

In this scenario the WW — hh subamplitudes (as any amplitude) can be renormalised.
We adopt the on-shell scheme as described in ref. [77], which is the common scheme used
for electroweak corrections (we are treating tadpoles as parameters as in ref. [78]).> The
effects of the singlet, to order O()\?), can be accounted for by substituting the following
finite expressions into figure 1

Koy — 1 = —ERe [B/(m2 m%, m2 )} ~ kK2 -1
872 0 hy 110Gy 110G 1% 5
A3yt
Ky —1= —WCO(M}%MW%,W%)
Ao 1 2 2 92 2 2 2 3.22
82 M}%h _ m}21 (BO(MhhamSa myg) — Re[Bo(my, mg, ms)]) ( )
B i) + 2Bo (M2, i, )
4872m3

- Re[GBo(m%, m%7m%) - Bm}ZLBé(m%wm%a m2 )D :

Here By, B, are the Passarino-Veltman [80] two-point function and its derivative, respec-
tively, and Cj is the 3-point function. k) becomes an M}%h—dependent form factor; this
momentum dependence is particularly useful for light scalar masses mg which do not admit
a reliable EFT description and can modify the phenomenology at threshold.

Note that, for the loop-level singlet, the correction to xy and koy is purely through the
wavefunction renormalisation of the Higgs, and therefore follows a characteristic x3, ~ koy
pattern, the corrections to both scaling as A%2. k), on the other hand, receives a A3
contribution from a 1PI singlet loop. When A is large, this generically means the k)
sensitivity to this model at HL-LHC is greater than that of xy, ko, as illustrated in figure 5.

In principle, a ® 4 with non-trivial electroweak charges can contribute 1PI corrections
to hWW and hhWW vertices; in practice, however, these states’ corrections to the s
parameters are parametrically similar to the singlet case. To see this, take ® 4 to be a
second (inert) Higgs doublet as a representative example, and work to order O(m;Q),
assuming the extra states are sufficiently heavy for their effects in WW — hh to be well
approximated by constant xs. Performing the same calculation as before in the on-shell

3Specifically, we choose {mw,mz,a} as input parameters for the electroweak sector. The Weinberg
angle is then a derived quantity [79].
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scheme we obtain, for the off-shell SM-like 1 particle irreducible vertex functions T,

FWWh g )\2,02
- — k=1 —W (9,2 2y _ 2
R P 19207%m3 (2 +m3) 2472m2’
IR - — 9?/ 2 2
Iﬂyh%[””_KW+9mﬁmﬁmw_mﬁ’
FWWhh )\2’[}2
=Koy =1 — Gy 2) - ———, 3.23
FWWhh " Row 480772m2 2 ( Z) 1271'277’% ( )
D k= Fow + LL
I P S T e
[hhh CRa=1— ngZZ _ 202 7 2M,%h n A302 i
I‘hhh SM 1920m2m2  7212m? mi 3m2m2 mj

We highlight the fact that these are no longer related to physical quantities by introducing
the bar. The physical couplings in the amplitudes are the product of both these corrections
to the xs, and the corrections to the electroweak couplings due to the non-trivial gauge
quantum numbers of the new fields. In particular, for non-vanishing hypercharge, the new
states are additional sources of custodial isospin violation as directly visible above. The
gaugeless part of the corrections mirrors those of the singlet eq. (3.22). In particular, the
O(A?) corrections to xy and kgy come exclusively from wavefunction normalisation of the
Higgs boson.*

The above results clearly show that additional gauge interactions can sculpt the sy, Koy
parameter regions, however in a phenomenologically highly suppressed way compared to new
additional inter-scalar interactions. Focussing on the gauge-independent part in practical
Kov, KV, Ky analyses, the A contributions all scale with the number of real degrees of freedom,
D. This gives approximate values for an arbitrary irrep of

_ A\2y?
Ry X Ry = 1-— W s
2?2
Ry al—D— 3.24
v = Ry 487m2m?2, (3:24)
)\3 2 UZ

kx~ky~14+D—r—.
A A 127r2m§,m%

where we have assumed Av? > m% to drop the A2 piece in k), and focused on the HL-LHC
measurement region Mp;, = 2my. The full momentum dependence for any such irrep can
be restored from eq. (3.22) by multiplying by the dimension D.

3.3 From compositeness to dilaton mixing

The k values of a composite Higgs model depend on the details of the symmetry breaking.
In the minimal composite Higgs model (MCHM), the components of the Higgs doublet

4Parametrically comparable 1PI contributions to HWW and HHWW arise from dimension-six operators
~ |®*V,V*. In cases where couplings are forbidden by gauge-invariance, eq. (1.1), the dimension-6
contributions are conventionally included to the x definition as is the case for k-, kg, Kz, see e.g. [81, 82].
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Figure 5. k)-koy plot for the aforementioned singlet mixing scenario for a representative value
of My, = 300 GeV 2 2my, which provides the region sensitive to k) investigations in Higgs pair
production from gluon fusion. The HL-LHC projected sensitivity bounds on k) is represented
by the dashed black lines [64]. The range on the sy axis comes from HL-LHC bounds on sy,
assuming Koy = k¥ as in this singlet model. We vary mg € [90,400] GeV and A € [—2,2] to obtain
the contour.

chart the coset SO(5)/SO(4) [16, 17, 83], whose relevant dynamics are readily constructed

through the linear sigma model, see [84]. The five components ¢!, ..., ¢ have kinetic terms
1< m\2 Lo 50
£=5 3 (D)) +506°), (3.25)
M=1

where the first four components have SM-like gauge couplings to the W and Z. The
components are restricted to the surface

4
Y (M) + (%) = f? (3.26)

M=1

which, in unitary gauge, can be parametrised by

(61.6%.6%.6".0") = (0.0,0.fsin 7. fcos 3 (3.27)
where h is understood to be the Higgs coordinate shifted such that h = 0 in the absence of
electroweak symmetry breaking. Substitution of eq. (3.27) into eq. (3.25) yields the unitary

gauge lagrangian

1 2 9124/f2 .o (b - L 9
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and expanding about the vacuum b = (h) + h then gives

Ry = 1_57

(3.29)
Koy =1 — 255

in terms of £ = ;—z While this pattern will change for different cosets, it was shown in [85]
that for all custodial-symmetry-preserving cosets arising from the breaking of a compact
group, it is guaranteed that

1—k% >0,

, - (3.30)

Ry — Rav Z 0.

By contrast, this can be violated for non-compact groups. A non-compact coset
SO(4,1)/SO(4) can be constructed via the linear sigma model lagrangian [84]

1 . m\2 1500
£=3% (D))" = (067, (331)
restricted to the surface .
(M) = (8% = —f (3.32)
M=1

which is parametrised in unitary gauge by

(¢1, o2, &3, B, ¢5) = (o, 0,0, f sinh ;1 f cosh ;) . (3.33)

(Note that trigonometric functions in eq. (3.27) become hyperbolic ones in eq. (3.33), similar
in spirit to the compactification of the Lorentz group.) This yields

Ry = 1+€7

(3.34)
koy = 1+ 257

for the hyperbolic composite Higgs model.

In composite Higgs theories, the Higgs potential can be written schematically in MCHM?5
(and MCHMS5-like theories such as ref. [86], where the 5 refers to the spurionic irrep of the
top quark) as

v (3) - ()00 (2) e o ) o

where Vj is a constant, see also [87]. The coefficients «, 8 are related to two and four-point
functions of the underlying strongly interacting theory [88, 89] responsible for partial
compositeness, and they can be replaced as a function of £ and the Higgs mass. These
coefficients can in principle be inferred from lattice computations (for recent progress
see [90, 91]) to uncover realistic UV completions. The Higgs trilinear coupling modifier is

then given by
1—2¢

1=¢

(3.36)

R) =
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The expression for the hyperbolic composite Higgs model is again obtained from the
replacement § — —¢ [84].
We note that the above expressions satisfy

KV Ky = Koy - (3.37)

Therefore figure 1(a) reproduces the behaviour of figure 1(b) at leading order in the MCHM5
scenario. This is due to the symmetry breaking potential being of the same functional form
as the interaction of the Goldstone bosons.?

Ultimately, the value of k) depends on the (spurionic) representations of the explicit
SO(4) symmetry breaking in the model. Larger representations, leading to higher order
Gegenbauer polynomials of sin (%) in the potential, can break the above correlation between
kyx and Ky, Koy, and generally lead to a parametric enhancement in the deviations of k)

from the Standard Model [93].

3.3.1 Deforming the MCHM with a dilaton

The MCHM, together with its hyperbolic counterpart, define a line in the xy-k2y plane
(shown in green and blue in figure 6) corresponding to the maximally symmetric coset spaces
of constant positive or negative curvature [94]. Reference [69] considered deformations away
from this line that can arise from deformations of the coset space. Here, we begin similarly,
and argue that a viable model for these deformations comes from mixing of the composite
Higgs with a TeV scale dilaton.

Practically, the coset space can be deformed by replacing the constant radius f in
egs. (3.26) and (3.32) with a mildly ¢° dependent function

(¢°)
7

for some f? > f3. This promotes ¢° to a modulus that is common in higher dimensional

2= P = fi + 8 (3.38)

theories of electroweak symmetry breaking.® We calculate the modifications sy, Koy to
linear order in f2/f?, after performing a field redefinition to canonically normalise the
kinetic terms. (This field redefinition necessarily introduces momentum-dependent self-
interactions of the would-be Higgs boson, to which we return below.) Scanning over f2/fZ,
we see from figure 6 that such manifolds deviate from the line of uniform curvature in the
Ky-koy plane.

The effective ¢® dependence of f can be brought about through mixing with a dilaton
direction, x, which we analyse here using the approach of [96]. x measures the departure from
conformal symmetry through its vacuum expectation value (x) [97]. In a UV completion
where the composite Higgs components are mesonic states arising from a confining gauge

°In MCHM4 the potential reads f~*Von (%) = acos (%) — Bsin? (%) leading to kx = /1 — &, see
also [92]. In this scenario, which suffers from tension with electroweak precision constraints, we also have
KVKX 7 Kav.

5The motivation of the scalar metric from which this theory derives also follows the discussion presented
in [95]. We have expanded to order ((;55)2, assuming the linear term is forbidden by symmetry, so a linear
deformation will not change our findings qualitatively.
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Figure 6. ky-koy predictions for the composite Higgs models and their deformation through
eq. (3.38) as described in the text. We scan sy € [0.5,1.5], £ = v?/f? € [0,1], and f; as a consistent
solution of the W mass given kv, €. This leaves ko determined as a function of these parameters.

group SU(N,), (x) ~ f if the dilaton is another mesonic state, (x) ~ fv/N if the dilaton is
a glueball like state [96]. Here (x) is a free parameter, which we require to be O(TeV) in
order to get sizeable mixing effects with the composite Higgs states.

Interaction terms with the composite Higgs can be constructed by multiplying operators
by (x/{x))", where n is the canonical mass dimension of the operator, in order to restore
conformal symmetry. Thus

LD Q%ZF (&)251112 <2> [W*W‘ + 2(:13/2] - (&)41/@1{ <2) ; (3.39)

in terms of the composite Higgs model operators egs. (3.28) and (3.35). Expanding this

lagrangian around the minimum (), (x) and including effects of Higgs-dilaton mixing

h _ C¢ S¢ h/
(X - <X>> - <—S¢ %) <><> ’ (340

we obtain, from the couplings of the mass eigenstate A/,
Ky = ce\/1 =& —s54\/C,

Koy = (1 —2€)ch + (s — 24/C(1 — )50, (3.41)
1—-2¢ \% 3
Ky = ciﬁ — 403)84)\/2— 8W2}28§£2 )

where ¢ = v%/{x)?, and we have taken the MCHMS5 potential for Voy from eq. (3.35).
These couplings indeed cover, a priori, a wide area in the ky-k9y plane. In particular,

through the usual isometry

the area xoy < 1 < Ky, which was not populated by the models considered in previous
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sections, can be reached if the Higgs is considered mostly as a pseudo-dilaton. This area
partially overlaps with the geometric deformations shown in figure 6 (eq. (3.38) can be
thought of as approximating the leading order effects of dilaton mixing).

k) can also accommodate large deviations from 1 in the case of significant Higgs-dilaton
mixing. In addition, the dilaton x has additional x? terms from explicit sources of conformal
symmetry violation as described in [97, 98]. This means that trilinear interactions will
receive momentum-dependent interactions as a consequence of the a-theorem [99] leading to

4 Aa
ED@@XPDX*‘--- (3.42)

where the ellipses denote higher order terms in the dilaton and Aa = O(%) (see [99, 100]).
This leads to an additional momentum-dependent modifications of k) of

2 2 2
Am:sfﬁag {Mh"] [M"h} (1 4mh>, (3.43)

) mp - Mi%h

with My denoting the invariant di-Higgs mass. Modifications vanish close to the thresh-
old, but can lead to a large modification of the invariant di-Higgs mass spectrum for
considerable mixing.

The examples discussed so far exhaust the phenomenological possibilities in the Ky -koy
plane, and therefore provide a theoretical avenue to interpret the results of associated
analyses. Of course, ky constraints are also informed by single Higgs measurements and
therefore there are significant constraints on these scenarios from a range of experimental
findings. Similarly, both momentum-dependent and momentum-independent modifications
to k) are best constrained in measurements of gluon fusion Higgs pair production, given
the larger rate and the generic sensitivity of WBF to (multi-) gauge boson interactions.

3.4 Running of coupling modifiers

Going beyond tree level, the correlations of kv, Koy, and k) become scale and scheme
dependent. In the Higgs effective field theory, the leading-order operators that modify sy,
kov, and k) (free, uncorrelated parameters in HEFT) not only run into each other, but
also into higher derivative, next-to-leading-order operators that modify the measured xs, as
shown in table 1. To encapsulate these effects, we define an effective xy from the coeflicient
of g" in the effective vertex for h(WW (as defined in [15, 101]))

ESN
Zprm (3.44)

with all legs on shell. The wavefunction normalisation of the Higgs is

m2
Zyt=1+ 472%@5 (3.45)

in terms of the operator coefficient ap defined in table 1 [101]. We obtain that

2 2
m mW
ST = gy + U—Qh (2agww + age + 2anyy — apgyy — 2kvann) — ?40«HWW (3.46)
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Onww | —2agww g% 2Tr [WWWW] Oy {VHV“]
Oovy apyy ST [VMV“] Onoo agon & HAFh
Ouaz iag> gw LTy [Wwyu} O addDa hduh
Oog ano Dhm Ordd aHddiﬁaﬂha h

Table 1. HEFT operators O; relevant for the RGE analysis, a; are the corresponding HEFT
coefficients. V,, = (D, U)UT and D, V* = 9, V" + i[gwW,,, V*]. W, B are the standard gauge field
and field strengths. The non-linear sigma model parametrising the Goldstone fields is U(n%) =
exp (i1 /v).

Similarly, from the value of
3.
ZTmm (3.47)
with all legs on shell we define an effective coupling

2
m
RST = g\ + T}Qh (—2apon + agdn — ardd — 6kAaoD) - (3.48)

These effective couplings serve the purpose of effectively field-redefining the redundant
higher derivative operators generated by the running back into ky and k) respectively.
We do not define an analogous on-shell H%%, as this would be a complicated function of
components of the hhAWW effective vertex and components of diagrams containing, e.g.,
hWW and hhh vertices.

Using the results of [101, 102] (see also [15, 103-107]), the couplings run according to

T m”v 2 5("%2\/—"?\/)(@—%\/)—/@\/( —Ky)

mi, 20 5
T2 (3*0\/(1 Hv)+3ﬁv(fﬁ2v—/€v)>
2

+27Z3 V(l_’%%/)a

d m?
167 o [y = O8] = 5 (20mav =P (1)
— (koy — k¥ (4koy — 16K+ 18Kk —3/@4))

m2

20
—I—Tgv (3(/@2\/—%%/)24- (3—3/-£%/> (Hgv—/i%/)>
2
m
I 212,

d m?
167T2d10gu2 Hiﬁ: 2—@2 (9(/46)\—Hv)lﬂ?iﬁ-(H)\—Fglﬁv)(lﬁgv—H%/)+6I€)\I€4—6Fc%/>
3(miy +m3)

+ 202

3ka(1—r3). (3.49)
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k4 is the multiplicative modifier of the h* vertex, and is set to one in the following. We
have chosen to present the running of koy in terms of that of the combination oy — (K "a/ﬁ) ,
which controls the energy growth of the WW — hh process.

The Standard Model is a fixed point of the running, as the RHSs of eq. (3.49) vanish

when ky = Koy = k) = 1.7 Linearising the RGEs about this point by defining

Sry = ST — 1,
SKoy = Koy — (k§1)?2, (3.50)

Oky = kST —1,

we find
d mi  3(m¥, +m> 3my,
16729 sy — oy (22— Mt my) 5Ky
om dlog p? v = oy ( v2 202 +0Ray v2
d m; 3 40
167'('2@5}(2‘/ = 5/€V ( 4 Q}h> + (SKQV < mh m > (351)
d 27Tm2  9(m¥, +m?2 15m?
1 2 = — _ h w Z K h
67 dlog 12 0ky = 0Ky ( 292 902 + Koy + 0Ky 902

up to O((6k)?) corrections. Note that, to expand the r.h.s. of eq. (3.49), we have assumed
we are running from a point where all higher order a coefficients are zero.

We note from eq. (3.51) that dxy, which is experimentally the least constrained of the
three parameters, self-renormalises significantly stronger than the other two. Also, the
negative coefficient for the self-renormalisation of § K5 means that a positive d Koy, as is the
case for all renormalisable models, grows in the IR, away from the d Koy = 0 alignment limit.

4 Conclusions

Analyses employing Feynman diagrams as templates are established approaches in the
experimental community [2, 47] in situations where data is expected to be limited, even
at the high-luminosity phase of the LHC or stretches of future collider runs. What can
be learned from them? To answer this question and provide an ab initio motivation for
these analyses, we have performed such a templated analysis of future sensitivity in the
WRBEF di-Higgs channel to the coupling modifiers kov, Ky, k), and we have scanned a range
of BSM models to understand their pattern of effects in the same three coupling modifiers.

Figure 7 shows projected future constraints on the ky-k9y plane from the WBF di-Higgs
process. This translates into approximate 20 bounds on deviations in the single parameter
ko of order 30% for HL-LHC, and order 5% for future colliders. These are to be contrasted
with bounds on xy from single Higgs measurements that are approximately an order of
magnitude smaller.

On the theoretical side, deviations in ko and ky are highly correlated in all models of
heavy, decoupling new physics. This can be understood through their SMEFT parametrisa-
tion, where, due to the doublet nature of the Higgs field, Koy = 2/{%, — 1 at dimension 6. In

"Without defining 5T to take account of the effect of the higher derivative operators, xx would appear
to run even at the Standard Model point.
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Figure 7. ky-koy correlation for different 95% CL collider sensitivity extrapolations, assuming
kx = 1. We overlay the BSM model discussion of section 3 to highlight regions for which xoy
can provide information beyond sy . In particular, the fourth quadrant (where koy < 1 < Ky) is
populated by scenarios of large dilaton-Higgs mixing (we scan —1 < kay < 2, |sg| < 1 with a physical
solution of ¢ > 0; again we assume Mj;, = 300 GeV as before). Note that the dilaton includes effects
beyond the deformation truncated in eq. (3.38). Hence, the covered area is comparably larger. The
black dashed line represents li%/ = Koy and all BSM renormalisable models lie in the region above
this line, i.e., Ii%/ < Koy .

the broader HEFT parametrisation, xoy and xy are independent free parameters due to the
custodial iso-singlet parameterisation of the Higgs boson. Any models of non-decoupling
new physics where the deviation in k91 is an order of magnitude larger than that in sy
would highly motivate WBF di-Higgs production as an indirect probe of new physics.

To this end, we surveyed many BSM models in section 3, and summarise their patterns
of effects in Koy and ky in table 2. In sum, to achieve an enhancement in k9 within
an extended scalar sector requires tree-level mixing with triplets or higher electroweak
representations. This cannot be done at loop level, where extra scalars give a characteristic
Koy = ki pattern from wavefunction renormalisation of the Higgs. We note in passing,
however, that we have identified a large class of scalar extensions of the SM for which a
Feynman-templated analysis extends to one-loop BSM precision in the weak sector.

We find that all renormalisable extended scalar sectors satisfy koy — ﬁ%/ > 0, with
this quantity growing in the IR due to running effects. As koy — n%/ also controls the
energy growth of longitudinal W-Higgs scattering, it is possible that a sum rule type
argument could yield further insight into this sign. koy — H%/ < 0 is achievable, however,
in non-renormalisable models of the scalar sector. The archetype of such a model — the
minimal composite Higgs model — follows the SMEFT pattern, as it smoothly decouples
in the f — oo limit. However, it is possible to obtain a large (and negative) deviation in
Koy in composite Higgs models which contain a TeV scale dilaton.
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Model H KV Koy Ref.

Singlet COs & cos? o Section A.1

2HDM sin(a — ) 1 Section A.2

Georgi-Machacek cosacos 5+ Q@Sin asinf | cos®a + g sin? o Section A.3

Tree-level scalar M Cijnin; Section 3.1

(Cijuivg)?
Loop-level scalar 292 292
P 1-p 2 1-p- 20 Section 3.2

(large )\) 967r2m¢ 487r2m¢

SMEFT free ~2k% — 1 e.g. [10, 108]

MCHM Vv1—¢ 1—-2¢ Section 3.3

MCHM + Dilaton cov/1 — & — 54/C (1-28)cs+¢s5—24/C(1 — €)sas | Section 3.3

HEFT free free e.g. [102]
Table 2. A collection of Ky, Koy values of the simplified models described in section 3 and
appendix A.

Our investigation therefore shows that the Feynman diagram-based explorations of
the WBF channel add important value to the phenomenology programme, at the LHC
and beyond. kay can significantly depart from the SM correlation with sy, and the loose
constraints on k9 probe parameter regions of BSM scenario that are not accessible by a
precision study of sy alone. This is assisted by considerable stability of the WBF' cross
sections from the point of view of QCD. However, measurable deviations in k9 come at the
price of significant tree-level mixing at the TeV scale in either perturbative (extended scalar
sectors containing higher electroweak irreps) or non-perturbative (composite Higgs with
dilaton) scenarios. The size of tree-level mixing highlights the relevance of direct searches.
To compare the power of direct searches, let us briefly consider the prospects at the LHC
for the Georgi-Machacek and composite Higgs with dilaton models.

For the Georgi-Machacek model, tell-tale and experimentally clean signatures arise
from the doubly charged, gauge-philic Higgs boson, whose interactions are sensitive to the
triplets’ contribution to the electroweak vacuum. Recent constraints [109] limit |sin 5] < 0.2
for masses below 1 TeV. A luminosity-based extrapolation should further decrease this by
a factor of two for HL-LHC. Using the expressions in table 2 with |sin 8| < 0.2(0.1) and
ky = 1 gives a possible range of 1 < koy < 1.5(1.15) from current (future) LHC resonance
searches, which is comparable to the koy constraints from di-Higgs measurements.

For the composite Higgs models, including those which mix with a dilaton, one expects
other composite resonances to appear at a scale below 47 f > 5TeV, assuming f 2 500 GeV.
Arguably, the most model independent predictions of the composite Higgs do not yet meet
this threshold: the pair production of top partners is currently bounded up to masses of
around 1.5 TeV [110], and the electroweak production and decay of a heavy vector triplet
— analogous to 7 — p — 7w in QCD — is currently bounded up to masses of around
4TeV [111]. This latter bound is limited by the collision energy of the LHC, and is unlikely
to improve significantly with increased luminosity. Therefore, using the expressions in
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table 2 with f, (x) 2 500 GeV and ky = 1 gives a possible range of 0.0 < ko < 1.3. We
note that, if the dilaton has (model dependently) a coupling to gluons, a direct search for
the dilaton in gg — x — WW/ZZ could rule out a significant amount of this parameter
space [96].

Finally, although k) plays a subdominant phenomenological role in WBF hh production
in a hadron collider, in many of the scenarios that we have considered in this work, k) more
susceptible to deviations from the SM compared to koy, ky. Examples include tree-level
extended scalar sectors in the alignment with decoupling limit, loop-level scalars with
sizeable cross-quartic interactions with the Higgs doublet, and composite Higgs models
containing explicit symmetry breaking terms in higher spurionic irreps. As k) can be
dominantly extracted from gg — hh analyses, correlations observed in the WBF mode will
add further exclusion potential.
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A Ky and Kqy in specific scalar models

Here we give the xy and koy values at tree level in specific extended scalar sectors, using
the master formulae egs. (3.6) and (3.9).

A.1 Higgs + singlet

In unitary gauge, there is one neutral component of the Higgs doublet and one from the

C = <é 8) . (A1)

o T . o NT
Writing v; = (v1,v2)" and f; = (cos, sina)” , we have

singlet, with C' matrix

Ky = cosa, (A.2)

Koy = cos® o, (A.3)

as expected.

A.2 2HDM

In unitary gauge there are two scalar neutral components, which both generically contain
vevs and mix among each other, and a pseudoscalar neutral component which, when
custodial symmetry is imposed, obtains no vev and does not mix with the other neutral
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components [70] (see the recent [112] for the 2HDMs relation to HEFT). The C' matrix is
the identity matrix,

100
Cy=l010]. (A.4)
001
Writing
f; = (sin o, cos a, 0)7 (A.5)
v; = v (cos 8, sin 3, 0)7 (A.6)

where the third entry is associated with the pseudoscalar component, we obtain

ky = sin(a — ), (A.7)
Roy — 1. (AS)

A.3 Georgi-Machacek

Ordering the neutral components respectively as that of the Higgs doublet, the two compo-
nents of the complex Y = 1 triplet and the one component of the real Y = 0 triplet, the C
matrix is

1000
0200
Cyi = A9
J 0020 (A-9)

0004

Custodial symmetry implies that vs = v3 = v4 among the triplet components, and also that
the mass matrix is invariant under permutations among the 2, 3 and 4 indices, meaning
ny = ng = ny in the light Higgs eigenvector [113]. Thus we can write

( 1.1.1.)T (A.10)
fi; = | cos a, —= sin a, —= sin a,, — sin & )
‘ V3 V3 V3
(61'51'61'6)T (A11)
v; = v | cos 3, sin 3, sin 3, sin .
‘ 2v/2 2v/2 2v/2
which implies that
2 .
Ky = cos 3 cos o + 2\/gsmﬁsma, (A.12)
8
/ﬁQV:cosQa—i—gsinQa. (A.13)

We have also reproduced this result using the mass matrices of [113], see also [69].
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