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ABSTRACT: Constraints on quartic interactions of the Higgs boson with gauge bosons
have been obtained by the experimental LHC collaborations focussing on the so-called
framework of flat rescalings of SM-like interactions in weak boson fusion (WBF) Higgs
pair production. While such approaches are admissible to obtain a qualitative picture of
consistency with the SM when the statistical yield is low, once more statistics become
available a more theoretically consistent framework of limit setting is desirable. Reviewing
the constraints provided at the Large Hadron Collider, we first show that these limits are
robust when considered in a leading order context. Turning to radiative corrections, we
demonstrate the limitations of this approach in the SM, and by adopting Higgs effective field
theory techniques, we clarify the sensitivity from single Higgs measurements to rescalings
of quartic Higgs-gauge couplings. We then discuss avenues for sensitivity improvements
of WBF analyses employing Graph Neural Networks to combat the large contributing
backgrounds.

KEYwORDS: Anomalous Higgs Couplings, Chiral Lagrangian, Electroweak Precision Phys-
ics, Higher Order Electroweak Calculations

ARX1v EPRINT: 2208.09334

OPEN AccCESS, © The Authors.

Article funded by SCOAP?, https://doi.org/10.1007/JHEP10(2022)172


mailto:anisha@glasgow.ac.uk
mailto:o.atkinson.1@research.gla.ac.uk
mailto:akanksha.bhardwaj@glasgow.ac.uk
mailto:christoph.englert@glasgow.ac.uk
mailto:p.stylianou.1@research.gla.ac.uk
https://arxiv.org/abs/2208.09334
https://doi.org/10.1007/JHEP10(2022)172

Contents

1 Introduction 1
2 Vices and virtues of Koy 3
3 Relevant HEFT interactions at NLO 6
3.1 HEFT Lagrangian 6
3.2 Amplitudes and renormalisation 8
3.3 Decay widths 13
3.4 Comments on ko — Ky interpretations 14
4 Ky — Koy correlations from Higgs data 14
5 Enhancing direct collider sensitivity with Graph Neural Networks 16
6 Summary and conclusions 20
A UV divergent parts of renormalisation constants 21

1 Introduction

Ten years into the Higgs characterisation programme at the Large Hadron Collider (LHC),
many couplings of the Higgs boson to other SM matter have been shown to largely follow
the Standard Model (SM) expectation. Given the insights from electroweak fits before
the Higgs discovery in 2012, this was perhaps anticipated for the gauge sector [1, 2]. The
observation of H — ~ with a rate in agreement with the SM prediction indicated alignment
of the fermion-Higgs interactions as part of the Higgs discovery for the top quark. Later
analyses in other fermion decay modes of the Higgs boson [3—6] have further established
the Higgs boson as SM-like.

Couplings that have received less attention, also because corresponding searches are
statistics-limited, are the quartic interactions of the Higgs boson with gauge fields. Assum-
ing a weak doublet-like character of the Higgs boson, these interactions are fully correlated
with trilinear Higgs-gauge (HWW, HZZ) interactions due to gauge invariance in the SM.
Searches for anomalous quartic interactions in the so-called k framework [7] are therefore
theoretically cumbersome, albeit instructive when the statistical sensitivity is low (similar
to k-like analyses of single Higgs observables after the Higgs boson’s discovery).

In the expansion of the Higgs boson around its vacuum expectation value (vev), the
gauge boson masses are a property of the non-linear SU(2), x U(1)y electroweak symmetry
realisation, whilst the Higgs bosons’ couplings to W and Z bosons probe the alignment
of quantum fluctuations around this vev. These interactions carry important information



as any departure from the SM expectation immediately implies perturbative unitarity
violation at a scale above the vev [8-10], which acts as a strong indicator of a new scale of
physics beyond the SM (BSM).

Quartic interactions ~ H2V?2 (V = W, Z), while being less relevant from a perturbative
unitarity perspective, still carry important information when HV'V couplings (dis)agree
with the SM: different BSM scenarios show similar alignment of single Higgs interactions
with the vev. In the gauge sector this degeneracy is only lifted by considering quartic
interactions. An example for this is custodial singlet mixing [11-14] compared to minimal
compositeness Higgs models (MCHMs). In the former case Higgs interactions are modi-
fied by a characteristic mixing angle ~ cosf whereas in, e.g., MCHM5 [15], we obtain a
modification of ~ /1 —v2/f2 [15-17] (where v ~ 246 GeV is the vev and f 2> v is the
decay constant of the Callen-Coleman-Wess-Zumino (CCWZ) [18, 19] construction). On
the sole basis of a precision analysis of the HWW, HZZ interactions, it is therefore im-
possible to discriminate between Higgs mixing and Higgs compositeness as we can always
understand cos?f = 1 — v?/f? (note that custodial symmetry is sufficiently conserved in
both models [20]). Only when we consider the curvature of the Higgs interactions is this
ambiguity lifted in the gauge sector: in the custodial singlet mixing scenario, the H2V?
vertex is modified by cos? @ # 1 — 202/ f2, where the latter is the result in MCHMS5.

Targeted analyses for flat rescalings

roy = VY (1.1)
9HHVV

in weak boson fusion (WBF') Higgs pair production show that this channel will be statistics-
limited at the high-luminosity (HL) frontier [21-25]. To some degree, this is similar to
investigations of the Higgs boson’s self-coupling; statistics is also a limiting factor at the
HL-LHC for rescalings of the trilinear coupling k3 [26]. To partially address this issue,
single Higgs probes have been suggested [27-32] to add sensitivity. The comparison of
single-Higgs probes (or even electroweak precision data [33, 34]) to rescalings of the Higgs
self-coupling x3 should, however, also be understood as a theoretical figure of merit related
to the trustworthiness of the obtained constraints as different orders in the perturbative
(effective field theory) series expansion are tensioned against each other.

Given that WBF Higgs pair production is significantly smaller than inclusive Higgs
pair production via gluon fusion [35], similar issues of koy do occur. It is the purpose of
this work to clarify these questions in the light of existing analyses pursued by the ATLAS
and CMS experiments [36-38]. We show that this is achieved by understanding the SM as
a particular parameter point of the electroweak chiral (or Higgs Effective Theory, HEFT)
Lagrangian. This enables us to consistently modify the quartic Higgs-gauge interactions
away from the SM expectation with theoretically consistent implications for single Higgs
observables. In particular, we will focus on radiative corrections to the H — V'V rates,
which we tension against direct sensitivity obtained from WBF Higgs pair analyses. To
formulate an as-good-as-possible direct search limit, we employ machine learning techniques
to the signal-background discrimination to show that significant improvements are possible
beyond the existing, more traditional techniques discussed in the literature.



This work is organised as follows: in section 2, we review the theoretical baseline of k91
analyses in the SM. We consider electroweak precision constraints from oblique corrections
and derive unitarity constraints from a partial wave analysis, clarifying the validity of the
results of [36—-38] viewed as a leading order signal analysis. We show that a koy analysis
cannot be theoretically defended when we consider quantum corrections in the SM. To
overcome this limitation, we turn to the electroweak chiral Lagrangian in section 3, which
provides the theoretically consistent playground to discuss correlations between single and
double Higgs modifiers at a given order of the amplitudes’ loop expansion. Performing
the next-to-leading order calculation of H — ZZ* WW™* alongside H — ~vv,vZ, we dis-
cuss the current and expected sensitivity of single Higgs data to koy coupling modifiers.
This highlights the direct sensitivity provided in weak boson fusion H Hjj analysis as the
sensitive tool to constrain koy in the future (for a recent discussion at ete™ machines
see ref. [39]). Any improvement beyond increasing statistics of current strategies [36-38]
will therefore be directly correlated with an improved understanding of the Higgs boson’s
TeV scale characteristics. To this end, we show that the application of state-of-the-art
Graph Neural Network (GNN) techniques [40, 41] to pp — HHjj final states can greatly
reduce the dominant backgrounds of such searches, thus leading to a significant sensitivity
enhancement to koy. We summarise and conclude in section 6.

2 Vices and virtues of koy

We consider first the effect of flatly rescaled quartic Higgs-gauge couplings to electroweak
precision constraints. Here, we particularly focus on oblique corrections [42, 43] and their
sensitivity to coupling modifications of only the physical Higgs boson (with mass My ~
125 GeV). These interactions are not associated with momentum dependencies at one-loop
order so we directly obtain

AS =AU =0, (2.1)

(we do not consider single Higgs modifiers at this point). The T' parameter is sensitive to
the custodial isospin violation for ko # Koz

2 .9 2
A = Rz = Fow My A (2.2)

L' This means that for

with A as the UV cutoff regulator for demonstration purposes.
large cutoffs of order 10 TeV we need to ensure ko ~ koz at the 1.5% level in order to
not violate present constraints [44] whilst UV engineering interactions that dominantly
source custodial isospin violation through the quartic gauge-Higgs interactions. The latter
is naively possible in the k framework, eq. (2.2), but rather unlikely when considered in
the context of more realistic SM extensions, some of which we have alluded to above. On
the other hand, by identifying ko = ksz = Koy, constraints from oblique corrections

are removed at the considered one-loop level. This is the identification we will use in the

In the following, we denote the sine and cosine of the Weinberg angle with sy ,cw. The W and Z
masses are labelled with My, Mz, respectively.
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Figure 1. Perturbative unitarity bounds on koy = 1 + (o at different scales from the VH — VH
channels. The expected 95% C.L. constraints from ATLAS [37] koy € [—0.05,2.12], and from
CMS [38] kay € [—0.6,2.8] are also overlaid. The ATLAS results are obtained from the HH — bbbb
final state probing energies in the shaded region myy < 1200 GeV, while CMS probed up to
mun ~ 720 GeV with the bbr7 final state.

following; electroweak precision results suggest that the Higgs boson should be considered
as a custodial iso-singlet state, which is the hypothesis on which the electroweak chiral
Lagrangian is built.

Next, we turn to unitarity constraints. The partial waves of i1i9 — f1fo scattering

process for angular momentum J are given by (see ref. [45])

M(s,cosb), (2.3)

1
J 51/4(57m?17m?”1)51/4(87m1217m121) d 0D’
Qfi = 3975 cos Hifbf
1

(modulo factors of 1/4/2 for identical particles in the initial or final state) where we denote
\/s as the centre-of-mass energy, the scattering angle in the centre-of-mass system is 4, and

Blx,y,z) = $2+y2+z2 —2xy — 2yz — 2xz2. (2.4)

The DI‘L_ u; are the Wigner functions of the Jacob-Wick expansion [45] related to the helic-
ities of the initial and final states p; = A\, — Ai,, ftf = Ay, — Ay,. Unitarity of the S matrix

then translates for f =i to the familiar conditions
J 1 J
Rela};| < B and Imlay| <1. (2.5)

The process relevant for k9 constraints is longitudinal HV;, — HV}, scattering, so that
the Wigner functions reduce to the Legendre polynomials, with the J = 0 partial wave
providing the dominant constraint. This is shown in figure 1, where we define

Kov =1+ Co. (2.6)



We also include the LHC results from the ATLAS and CMS experiments of refs. [36-38].
As can be seen, the unitarity constraints are relatively loose. The measurements, taken
as a leading order result, can be considered perturbatively consistent as the energy scales
explored by these analyses do not probe the unitarity cutoff of the leading order theory.

The discussion so far suggests that ka1 is indeed relatively unconstrained when naively
considered as a free parameter in SM-like analyses. However, beyond tree-level, a choice
of Koy # 1 leads to incurable shortfalls within the SM. For instance, when considering
electroweak corrections to H — ZZ* in general R¢ gauge [46], we obtain a counter term
amplitude (Mcr)-renormalised? virtual amplitude (neglecting fermion contributions and
considering My > 2My for convenience)

« e

M Moy — - (M3 + 2023, {3+ £7))

S 32 MWS%VCW

< AWV (u?, M) G [(Z1)en(Z2)]* + O(") . (2.7)

€(Z;) are the transverse polarisations of the Z bosons (related to the decay current Z — ff
for massless fermions) and

arp2\" T(1+¢e) 1 ©?
Uvy, 2 2\ —
A (M,M)—<M2> 5 —g—’yE+log(47r)+logW+(9(e), (2.8)
is the usual MS-related divergence in dimensional regularisation D = 4 — 2¢ [47]. This
result is qualitatively not surprising: as we have modified without much care only a single
part of the gauge-invariant SU(2);, x U(1)y kinetic Higgs field term

D, ' D' > g} HZV Z, — g}y, H? 212, (2.9)

(® = (vV2G*,v + H +iG"7T /\/2 being the Higgs doublet) rather than the whole term,
we have lost gauge invariance entirely. This is highlighted by the non-vanishing &z gauge
fixing parameter dependence of the H — ZZ decay. (o # 0 has also induced singularities
that are not mended by a renormalisation of the bare HZZ SM interactions (included in
eq. (2.7)).> Again this is expected; radiative (3 corrections should renormalise coupling

deviations

@:mv_lnggv_l, (2.10)
HVV

(the Lorentz structure of eq. (2.7) is linked to the HZZ interactions of eq. (2.8)). However,
even if we introduce a bare (1, its renormalisation will be gauge-dependent. Therefore, (4

cannot directly be associated with a physical observable (in contrast to, e.g., the electro-
magnetic coupling e and its behaviour under renormalisation group flow).

The combination of naively weak ko1 tree-level unitarity constraints and the breaking
of gauge invariance within the SM prompts us to a practical phenomenological issue when

2We employ the on-shell renormalisation scheme here; further details are given in section 3.
3Considering off-shell Z bosons for kinematics My < 2M leads to similar issues alongside the appear-
ance of additional divergences ~ &w .



considering the analyses by ATLAS and CMS (or future experiments) within the x frame-
work: what is their phenomenological value and what is the level of (5 deviations that can
be reasonably expected?

Naturally, this question is not a sensible one in the context of the Standard Model,
as highlighted by eq. (2.7). In concrete UV extensions, some of which we alluded to
above, the answer is immediately provided by examining the H?V? operators and their
relation to the theories’ input parameters; they will not be free parameters and typically be
predictions of BSM electroweak input parameters that are more precisely determined from
other measurements.? As the analyses and measurements of [36, 38] are model-independent
in the sense that they modify certain parameters whilst keeping others entirely SM-like,
our task is to house these assumptions in a theoretically meaningful way. This requires an
approach with which correlations are not plagued by inconsistencies displayed by eq. (2.7)
to inform the reach of k9 deviations in the light of constraining single Higgs measurements.

3 Relevant HEFT interactions at NLO

The only theoretically plausible way to treat H™"V'V interactions as independent is by avoid-
ing the physical Higgs boson being part of an electroweak doublet, which also means that
Standard Model EFT (SMEFT) [48] is not applicable. This is possible by considering the
electroweak chiral Lagrangian (or HEFT) [49-54], which has received considerable atten-
tion recently, including the treatment of radiative corrections [55-61]. HEFT is intrinsically
different from the SM, which becomes clear when radiative corrections are considered in
general gauge (chiefly analysed by Herrero and Morales in [60-62]), but contains the SM as
a particular parameter point choice. This enables us to achieve a theoretically consistent
correlation of different Higgs channels including radiative corrections in the modern sense
of renormalisability (i.e. renormalisation at a given loop order).

As in any QFT, radiative corrections will source higher-dimensional operators, yet
HEFT is non-renormalisable in the classical sense. It is therefore necessary to include all
relevant operators in the renormalisation programme from the start as their renormalisation
is required for a consistent final one-loop result. The ky (ko) analysis that we would like
to achieve is then related to a particular choice of couplings for the one-loop renormalised
HEFT Lagrangian at a given renormalisation scale, as we will discuss below.

3.1 HEFT Lagrangian

Following the notations of refs. [53, 60, 61, 63], we consider first the leading order (chiral
dimension-two [64, 65]) HEFT Lagrangian. W) and B, are the SM gauge bosons associated
with the SU(2) x U(1)y gauge symmetry. Contrary to the SM, the Higgs boson is a singlet
field in HEFT and the Goldstone bosons 7% are parametrised non-linearly using the matrix
U (a [SU(2)r x SU(2)gr]/SU(2) g+, CCWZ model)

U(r®) = exp (ir®1%/v) , (3.1)

“In the SM these couplings are rather obviously determined by the choice of precisely measured elec-
troweak input parameters, e.g. guzz =eMz/(swew ), guazZZ :e2/(23€vc€‘/) with c%v = l—s%V :M‘%V/M%



where 7% are the Pauli matrices with ¢ = 1,2,3. The U matrix transforms under L €
SU(2)r,U(1)y € SU(2)gr > R as U — LUR' and is expanded as

a 7T . 2GTGT + GG
U(7r):]lg—i—277 - 52

To4..., (3.2)

where G* = (72 +in')/v/2 and G = —73. Weak gauging of SU(2);, x U(1)y is achieved
through the covariant derivative

DU = 0,U +igw(Wit*/2) U —ig UB, " /2. (3.3)

The gauge fields in the physical basis are defined as

1 Zy, cw Sw w3
WE=—wW!sFw?), = 1. 3.4
p \/5( w T u) (A#) <—5W CW) B, (3.4)

The leading order HEFT Lagrangian relevant for this study is given as follows

L= _ZWSVW(IMV - 7B/LZ/BMV + Lterm + Lyuk

2
1
n UZ}'H (D UDMU) + S8, HO"H — V(H) + Lok + Lee, (3.52)

where the interactions of Higgs with gauge and Goldstone bosons are parametrised using
the function Fp given as

fH=<1+2<1+<1>ff+<1+<2> (H)2+> (3.5)

¢1 and (o are the new physics parameters (the choice (12 = 0 corresponds to the gauge-
Higgs interactions of the SM). The ellipses denote the interaction terms with more than
two Higgs bosons which are not relevant for our work. L parametrises the fermion-
gauge boson interactions, which we take SM-like. Lgp and Lpp are the gauge-fixing and
Faddeev-Popov terms [66], respectively. V(H) is the Higgs potential

1 M3 . M?
V(H) =5 ZH? + IingHd + mngH“ : (3.6)

For our analysis, we will take the potential to be SM-like, 3 4 = 1. The gauge-fixing term
is written in terms of gauge fixing functions as

1
—F%, (3.7)

1
__FZ_
Z 9

ﬁGF - —F+F_ 9

where the gauge fixing functions are defined as linear

1
Fy= E(aﬂwj — EwMwyG*), Fy= 7(aﬂz — &7 MzGY), Fy =

(0" Au)
(3.8)

ﬁ
A-



with &w, £z and {4 denoting the gauge-fixing parameters in the R¢ gauge. Using these
above gauge-fixing functions, the Faddeev-Popov part of the effective, quantised HEFT
Lagrangian is then given as

Lrp = Z c
%,

L OF,
0% G =+, —, 2, A), (3.9)

504]'

where ¢/ are the ghost fields and a; are the corresponding gauge transformation param-
eters which are similar to that of SM. We parametrise the couplings of Higgs boson with
fermions via

w . J
) Yi;Up

yhdy

v h
EYuk:—\ﬁ (uL dL>U(1+cU+... +h.c., (3.10)

where y;; and yldj are the Yukawa couplings. In this study, we will focus on the case
¢ = 1, which after diagonalisation, directly links the Yukawa couplings to the fermion mass

u :\/imt d _\/imb

9 - 9 3 . 1 1
Y33 v Y33 v ( )

eigenstates

with top and bottom masses myy, respectively. We will neglect the light quark flavour
and lepton masses throughout this work since these do not impact our phenomenological
findings.

When considering radiative corrections in the effective theory described by eq. (3.5),
ultraviolet divergences will source new operator structures at one-loop level. This re-
quires the introduction of bare terms to the Lagrangian ab initio for a consistent, one-loop
renormalisation programme [61, 62]. The terms relevant at NLO one-loop level (chiral
dimension 4) are

Li=) a0, (3.12)
i
with operators that require UV regularisation listed in table 1.

3.2 Amplitudes and renormalisation

Throughout, we will work in dimensional regularisation D = 4 — 2¢ [47] and adopt the
on-shell scheme for propagating degrees of freedom [67]. Expanding out the non-linear
sigma model of eq. (3.5), we understand the electroweak vev as a derived quantity

SIWEW (3.13)

with

2

sty=1—cly=1- (3.14)

MZ’
following Sirlin [68, 69]. These can be parametrically fixed through choices of e = v/4rma,
My and Myz. As we identify these quantities as the input parameters for the gauge
part of the Lagrangian (coupling constants of SU(2)y, x U(1)y are parametrised as gy =



0o ao(M3 — M) Te[UrU Y, T [UrUTY,]

O a1 g'gwTr {U 'y U WSV%}
OuBB —QHBB 9/2%Tr {BWBW]
Onww —AHWW 9W v s [Wa Wa!w}
Oy acyy 2 Ty [Vuvu]

Omo | amo(M3 — M3) AT [UTUTY, | e [Ur3 U1V, ]

Om am ¢ gwETr [UBWE Utwe, % }
O apn 2Te (D, VD, V|

Oun 1aq1 g’a—HTr[UBW%SUTV“}
Oo iago gWGVTHTr [Wﬁ,, TVH }
Ous ags S T [ VD, V|

Ooo apn 2HEE

Table 1. HEFT operators O; required for the cancellations of divergences, a; are the corresponding

HEFT coefficients. V,, = (D, U)UT and D, V" = 9, V" + i [gw WoT-, V¥].

po20

e/sw,g = e/cw, respectively), we have to supply counter terms §Z., M3, sM% for the

bare Lagrangian quantities (we indicate unrenormalised quantities with a subscript ‘0’ in

eq. (3.5), (3.12) after £ — L)
e = Zee = (14 6Z¢)e,
Mg w = M, + 0Mjy
Mg ;= Mz + 6M3.
The renormalisation of the Weinberg angle
swo = sw +0dsw, cwo=cw +dcw,

is then given by

Sw
dew = e — —Osw .
cw

Ssyy = e, [ OM3Z B SME,
25 \ M2 ME, )

The field renormalisations of the bare Lagrangian quantities are
Wi, = VZwWi = (1462w [2)W;;
Hy=+/ZyH = (1 + 5ZH/2)H

(3.15)

(3.16)

(3.17)

(3.18)



and

Ap _ VZar NZaz (A) _ 14+90Zaa 0Zay <A> (3.19)
Zo ) VZzaNZzz) \Z), 6Zza 1406754 Zu’ '

for the photon-Z sector. Tadpoles are renormalised by requiring that they fully cancel
against the tadpole counter term. They are treated as part of the parameter renormali-
sation [67, 70, 71] so that the tadpole counter term only enters the unphysical Goldstone
sector and we can ignore associated contributions in the following. The HEFT coefficients
are renormalised through

o, =G +0Gi, ao; =a;+da;. (3.20)

We choose on-shell (OS) renormalisation conditions for the gauge and Higgs sectors, i.e.
the wave function renormalisations are chosen to yield unit residues for the propagators
at the physical masses M%V,M%,M%I; we remove Z — ~ mixing for on-shell kinematics,
¥4, (¢ =0) =2L ,(¢> = M2) = 0 (where X7 denotes the transverse part of the self-energy
in case of the vector bosons). Alongside on-shell renormalisation in the fermion-sector f
(the form of which is not relevant for our work), this reduces the renormalisation condition
for the electromagnetic coupling constant to the condition of the amputated three-point
function F’Jf = —iey" for on-shell legs and zero momentum transfer. The renormalisation
constants can then be worked out as functions of the self-energies and their derivatives and

are tabled in, e.g., [67, 72]. From this follows in particular
1
0Ly = —— <5ZAA + SW(SZZA> . (3.21)
2 Cw

For the coefficients of eq. (3.20), we choose the MS scheme.

Expanding the Lagrangian of eq. (3.5) into a format compatible with FEYNRULES [73,
74], we perform our calculations using FEYNARTS, FORMCALC, and LoopPToOLS [75-78]
alongside PACKAGEX [79] for numerical evaluations and analytical cross-checks. Calcu-
lating in general gauges ~ &4, &w, &z, we have verified gauge independence at the level
of divergent parts as well as finite parts (see below). Further checks include comparisons
against existing results: in particular ref. [61] provides a comprehensive overview of the
HEFT Lagrangian at one-loop. Given that we find agreement with the results quoted there,
we limit ourselves to a summary of the findings relevant for our analysis in section 4.

H — WW* amplitude renormalisation. The (off-shell) H(q)W*(k1)W"(kz) one-
loop three-point function is pictorially represented by the Feynman diagrams of figure 2.
We limit ourselves to transverse polarisations. The counter term vertex (in a convenient
phase convention) follows from the procedure described in section 3.2, see also appendix A,
w
My (1 M3, b § §Z
_eMw(1+ () <5Ze+ W 0Sw G H

§Zw | "
- oMZ  sw itra 2 W>g

W

w
+ 6 |----p- : (3.22)
w

~10 -



Figure 2. Representative Feynman diagram topologies contributing to H — WW. We use abbre-
viations V = {W, Z, A} for the vector bosons and G = {G", G*} for the would-be Goldstone bosons.
Note that we only consider the third family of fermions f = {¢,b} as massive for the purpose of

this work.
with ¢[...] summarising the renormalisation contributions from eq. (3.12). Contributions
proportional to the matrix element ~ (HW#"W,,) are UV-finite, which imposes a cancel-
lation® 1 1
_ _ 2
Sapww|\ = —§5ad2|A = m(l +C)(¢ + 20— ¢2)- (3.23)

The remaining singularity ~ ¢* (HW*W,,) then allows us to read off

1 2
bacvy]y =~ (1+¢) (2+ 1+ 0)%) . (3.24)
The precise form of these additional terms is not relevant for the analysis of section 4, but
we quote these here to highlight the agreement with [61]. The singularity related to the

bare momentum-independent HW W vertex, on the other hand, fixes

3o

m@(m? + m?)(l + M%(Bsfv -G +G)2+¢G)

51|, =
- ME(1— ks + )2 +C) = G) +2M(1+C)G) s (3.25)

after entering the renormalisation constants of appendix A.

H — ZZ* amplitude renormalisation. Similar to the discussion above, the (off-shell)
H(q)Z(k1)Z(k2) one-loop three-point function is summarised in figure 3. The counter term

®The notation |a refers to the part proportional to the MS factor of eq. (2.8), i.e. daja = da/AVY.

- 11 -



Figure 3. Representative Feynman diagram topologies contributing to H — ZZ, similar to figure 2.
Note that due to the structure of the HEFT Lagrangian, we obtain 5-point interactions in the
H — ZZ channel (i).

vertex is

Z
,,,,,,,, — M 5Z + 5M% _ 687W_|_
H 7 SWCW c 2M% SW

) é 6Z
Cw + Cl + H +5ZZZ> g,uzz+6

v 1+G 2

and there are similar cancellations for the counter terms 4. .. ] leading to eq. (3.23), which
are not relevant for the analysis of section 4. Entering eq. (3.25) then fixes the remaining

3
daro|, = @(1 +¢1)¢2 s (3.27)

when including the renormalisation constants of appendix A.

H — ~Z amplitude renormalisation. The H — ~Z counter term amplitude is

A
H{i} : (3.28)
Z

which renders the off-shell amplitude UV finite (we do not show the Feynman diagram

given by

topologies as they are similar to figure 3). Again the terms §]...] enforce non-trivial
identities among the one-loop counter terms of the operators of eq. (3.12), which are again
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not relevant for our Koy — Ky analysis. Entering the wave-function renormalisation constant
of appendix A, we obtain a UV-finite on-shell H — ~Z amplitude which is manifestly
gauge-independent. Our result agrees with the findings of [60] and the unitary gauge
calculation of [80].

H — ~~ amplitude renormalisation. The H — v amplitude has been first com-
puted in general R, gauge in [60] after unitary gauge results have been used in [80]. The
H — ~v is free of singularities (see also [81, 82]) and therefore only imposes one-loop
counter term relations among the coefficients of eq. (3.12). Again these are not relevant
for the analysis below, but we have cross-checked our findings against the existing results
in the literature.

3.3 Decay widths

The amplitudes H — ~7v,vZ of the previous section can be converted into decay widths
I'(H — vv),I'(H — ~vZ) straightforwardly; they are only sensitive to ;. For the cases of
H — ZZ* and H - WW* we follow the SMEFT analysis of refs. [83, 84]. To this end, we
write the decay width H(pg) — f(p1)f(p2)V (ps3) as

Mp—My)? m3 2
T(H = VV*) = /O( 1 2, /m; dm, (27r)?/l3zj\4,?; ) (3.29)
with m?j = (pi + pj)z. The invariant masses satisfy the relation
m3s +m3s +miy = Mfj + M. (3.30)
With the Kallén lambda function denoted as
Amag, My, My) = mily — 2miy (M + M) + (Mf; — M{)?, (3.31)
the limits of the m3; integration are
My = % (M%I T ME = m2y T \/Mmaz, M, Mv)) . (3.32)

The amplitudes are constructed by considering the eq. (3.29) expanded to one-loop level
M? = Mo +2Re {MLoM] 100} - (3.33)
and both the leading order (LO) and one-loop parts can be written as
M = Me, = M‘;IVVVAl"/pVM?fVeZ , (3.34)

where the polarisation vector of the on-shell boson is denoted with ¢,,. Mfc v 1s the frv
vertex arising from V-current and includes the on-shell spinors, while A'(/pv is the vector
boson propagator. We do not include higher order corrections for these parts and only
consider them for the HV'V part of the amplitude, M“HVVV. In the case of H — ZZ* we
also do not include the H — vZ contribution (similar to [84]).
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The renormalised HV'V vertices described above can be decomposed into three dif-
ferent Lorentz structures using the metric tensor g" and the Levi-Civita antisymmetric
tensor eVP7 as

Mgy = (FFO + FYYO) g+ FFYO (p1 + po)'ph + F3M0e opl(p1 +p2)7 . (3.35)

The last two terms only contribute at one-loop order for the SM and HEF'T for the choices
detailed in section 3.2. F§\ILO is zero for the H — ffZ channel, while the longitudinal-like
second term does not contribute as we consider massless fermions. The non-trivial form
factors are directly related to the one-loop calculation detailed above. By considering the
unpolarised amplitude and performing the integrations of eq. (3.29) we verify that our
calculations reproduce the expressions supplied by refs. [83-85] for the SM case at LO (see
also [86, 87]). For HEFT with NLO corrections, the integrations are performed numerically
to obtain the decay widths I'(H — WW*) and I'(H — ZZ*) and subsequently the relevant
ky = 1+ (q for a scale choice ugr = M. For an efficient evaluation of the amplitudes, we
furthermore choose Feynman Gauge £y = €7 = £4 = 1 and rescale our results to the values
reported by the Higgs Cross section Working Group [88] for the SM point (; = {2 = 0 for
ease of comparison.

3.4 Comments on key — Ky interpretations

The cancellation of gauge fixing parameters {7 4 in the amplitude calculations detailed
above is highly non-trivial. Indeed, individual Feynman diagrams of figures 2 and 3 contain
singularities ~ &24,7 7,&w.z,4, which cancel when we sum over the contributing diagrams.
For instance, the vanishing 5124/’ ,AYY dependence of H(q) — W (ki)W (k2) results from a
cancellation between the gauge boson insertions of diagrams figure 2(g) and 2(h) like in the
SM. A zero ~ &y, zAYY coefficient results from cancellations between diagrams figure 2(b),
2(c), 2(d), 2(i) and 2(j), and ~ £4AYV is due to destructive interference between 2(c), 2(g),
2(j). Similar cancellations take place for H — ZZ (there is dependence on £4).

As can be seen from eqgs. (3.23) and (3.24) (see also appendix A), terms of eq. (3.12)
are sourced even for (; = (o = 0. Although we must include all relevant HEFT coefficient
renormalisation factors in the calculation, we can obtain a consistent koy — Ky correlation
at our scale choice ur = My by projecting all amplitudes to a; = 0 after renormalisation.
Concretely this means that we will limit our attention to (;2 in the following and choose
all other a;(Mpy) = 0 as MS parameters. In particular, this means that operator matrix
elements (HV*'V,,) (V = A,W, Z) are absent, which would otherwise impact the Higgs
boson production and decay phenomenology. These should be included in a comprehensive
fit of the HEFT Lagrangian that we do not attempt here.

4 Ky — Kqy correlations from Higgs data

Equipped with the findings of the previous sections, we are now ready to turn to results.
For the current status of the Higgs programme, we construct a y? test from the & results
provided in ref. [89]. The x? statistic defined from the s data at an integrated luminosity
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Parameters | ATLAS Run 2 data [89] | HL-LHC uncertainties | Correlation Matrix [89]
Kz 0.9910-68 +0.012 1 040 044 0.09
K 1.0575:00 +0.013 1047  0.08
For 1.0110:58 +0.013 1 012
K7y 1.381051 +0.073 1

Table 2. Constraints used for figure 4, based on [89]. Columns 2 and 4 show the ATLAS Run-2
results along with the correlation matrix. In column 3, the HL-LHC projected uncertainties are
listed.

0.10F gt T q
ATLAS 139 b [ 68% C.L. 0.08¢ TTATLAS 139 fh™t ]
R t 195% C.L. 0.06;
0.05 y "3~ x Best Fit :
0.04
- 0.02
5 0.00f 1 3 :
0.00}
_0.05 -0.02}
-0.041
~0.10%, ‘ ‘ ‘ : -0.061, ‘ ‘ ‘ ;
-0.2 -0.1 0.0 0.1 0.2 -0.10 -0.05 000 005  0.10
2 2
G/ (1677) Co/(1677)
(a) (b)

Figure 4. The (; vs. (o parameter space obtained from the y? analysis of the « parameters from
ATLAS Run-2 data [89]. The solid (dashed) contour denotes the Ax? = 2.28 (Ax? = 5.99) which
corresponds to confidence level of 68% (95%). Figure 4(b) shows the similar regions in blue obtained
with the HL-LHC projected data.

of 139fb~1 is given by

data

X2(C17 CZ) = Z (Ki,exp - Hi,th(Ch CQ))(‘/ij)_l(/ij,exp - Kj,th(CL CZ)) s (41)

1,7=1

where K; exp are the central values and Vj; is the covariance matrix, the elements of which
are given as p;;0;0; with o; as uncertainties and p;; as correlations. The details of the
experimental data are provided in table 2. Using the four x parameters detailed above in
eq. (4.1), we perform a 2 fit for ¢; and (2.5 The allowed regions are shown in figure 4(a).

To gauge the improvements that can be expected at the high luminosity (HL) LHC
phase, we extrapolate these contours to an integrated luminosity of 3000 fb~!. To achieve

For 68% (95%) confidence level (C.L.), Ax? = 2.28 (Ax? = 5.99) for two degrees of freedom (d.o.f.).

~15 —



Figure 5. Representative Feynman diagrams contributing to WBF p(f)p(f') — HHjj. We
consider H — bb final states, but do not include the decays to the diagrams.

this, we scale the ATLAS uncertainties for the current luminosity (Lumiaryas) of 139 b1
by a naive scaling factor

1

7
= . . TATLAS - (4.2)
v/Lumiyy, /Lumiapas

OHL

The projected HL-LHC uncertainties are tabulated in column 3 of table 2 for an unchanged
correlation matrix (column 4). We stress that we use this extrapolation purely to obtain a
qualitative outlook for the HL-LHC, but note that this rescaling provides a good approx-
imation of the comprehensive investigation of [90]. The resulting constraints at 68% and
95% confidence, assuming consistency with the SM, are shown in figure 4(b).

As is visible from figure 4, we have rescaled the (5 axes to account for the loop sup-
pression. Given that the correlation sy (k2y) is related to a weak radiative correction,
the bounds on koy = 1 4 (o from single Higgs data are loose, even when we consider the
direct sensitivity of the early stage LHC programme shown in figure 1. Extrapolations to
3/ab show that single Higgs physics will greatly collapse the current limits along the (i
direction, however the loop suppression implies a sensitivity |(a| ~ 4.

A coupling modifier of this size is already in tension with the current measurement
results detailed in section 2. This shows that the oy and ky are largely independent
parameters at the LHC as is naively suggested by eq. (3.5). This highlights the need to
increase the sensitivity coverage to (o through direct searches further, which we will turn
to in section 5.

5 Enhancing direct collider sensitivity with Graph Neural Networks

Higgs pair production via WBF has been discussed in refs. [21-25] (see also [91] for a
recent dimension 8 SMEFT study). The process shares the properties of single Higgs WBF
production [92-96] especially when we consider LHC-relevant QCD corrections [97-99]. To
select the events for the WBF topology, figure 5, we choose two forwarded jets in opposite
detector hemispheres (opposite signs of pseudorapidity 7;1 - 72 < 1) with the invariant
mass m;; larger than 500 GeV. For the minimum transverse momentum pr of WBF jets,
we choose 50 GeV. We select events with four b-jets in the central region |y jets| < 2.5 with

"We have ignored the individual scaling factors of the statistical and systematic uncertainties.
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Figure 6. A representative diagram of an event as a fully connected graph is shown on the left.
The network performance is shown on the right with a receiver operating characteristic (ROC)
curve along with the corresponding AUC = 0.995.

minimum p7 > 20 GeV.® Events are generated in proton-proton collisions at /s = 13 TeV
using MADGRAPH5__aMC@NLO [100] at leading order precision using the standard setting
scale choices.” The main SM background for the 4b+2; final state comes from multijet QCD
processes [21-25]. After the given VBF selection cuts, the QCD multijet background cross-
section is 4.41 pb, while the signal cross-section is 0.086 fb, which highlights the necessity
to efficiently reduce the background.

Going beyond ‘traditional’ techniques, utilising Graph Neural Networks (GNNs) is a
motivated avenue. These strategies are tailored to accessing the graph structure of differ-
ential cross section data under realistic conditions that we typically parametrise through
Feynman diagram calculations in theoretical reference calculations. Hence, recent applica-
tions to particle physics data in a range of areas stretching from QCD [101], over anomaly
detection [102] (including IR safe formulations [103, 104]), to SMEFT parameter fits [105]
have highlighted GNNs as versatile and highly sensitive tools for BSM discrimination.
Given the special phenomenological properties of WBF processes, we can therefore expect
similar performance improvements in this channel.

To construct a GNN for the present signal vs. background discrimination task, we use a
fully-connected bi-directional graph to represent the 4b+ 25 event (figure 6(a)). Each jet is
represented by a node, which is associated with a node feature vector [pr,n, ¢, E, m, PID]

8We use a flat tagging efficiency of 70% and ignore mistagging. For the EdgeConv GNN strategy we
employ below, mistagging will predominantly change the background normalisation, which can be compen-
sated through a tuned working point of the classifier. We comment on uncertainties from the background
normalisation further below.

Tt is known that the NLO QCD corrections are relatively mild (e.g. [93, 98]) and can be largely captured
through adapted weak-boson fusion factorisation scale choices inspired by the “double-DIS” structure of
WBF [94, 95]. We will see below that the used approach reproduces the current experimental outcome
reasonably well to warrant a high-luminosity extrapolation.
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(representing transverse momentum, pseudorapidity, azimuthal angle, energy, mass and
particle identification number, respectively). To implement the graph structure, we use
the DEEP GRAPH LIBRARY [106] and PYToORCH [107] and choose an Edge Convolution
(EdgeConv) network to classify signal and background. Edge convolution is known to be
particularly suited for extracting high-level variable information as edge features from given
low-level node features [108]. The message passing function for the Edge convolution is
defined as

g = L > RrerU(e- (7" ")+ o (7). (5.1)
VO, 2z, )

Here, :z_:'i(l) represents the input node features of node ¢ in the [-th message passing layer,
with [ = 0 denoting the input node features of the graph. The neighbourhood set N (%)
consists of all nodes in the graph connected to node 7. The linear layers © and ® take the
vectors ¥; — ¥; and Z;, respectively, and map them to the same vector space. We apply
a single message passing step producing 40-dimensional node features.! Since we aim to
classify graphs, we apply a mean graph readout operation to these node features. A classi-
fier multilayer perceptron with single layers having 40 nodes, with ReLLU activation, takes
these features and outputs a vector of two dimensions (after being properly normalised
with a SoftMax activation function). We minimise the cross-entropy loss function using
the ADAM optimiser [109] with a learning rate of 1073. Given the distinct phenomenolog-
ical properties, we also find that already a shallow network is well-suited to obtain good
discrimination.

The network is trained for 100 epochs with batch sizes of 124 for a oy -enriched
parameter point sample (koy, Ky = 2,1). We split the total data into 80%, 10% and 10% for
training, validation and testing, respectively. We verify that the validation and the training
accuracies are comparable to avoid overtraining. The receiver operating characteristic curve
of the network is shown in figure 6(b) with an area under curve (AUC) of 0.995, implying
a very high classifier performance.!!

With the classifier optimised as described above, we can obtain the limit on koy by
fixing ky = 1 (we do not include modified trilinear Higgs interactions as in the previous
sections) to compare the performance of the GNN with ATLAS analysis of ref. [37]. For
the optimal working point on the ROC curve, the QCD multijet background cross-section
drops to is 0.88 fb, while the signal cross-section remains 0.037fb. The exclusion limits
are calculated using the significance o = N, //Ns + Ny, where N; is the number of signal
events and NV, is the number of background events at a particular luminosity. This is shown
in figure 7(a), where we show the ATLAS constraint as a horizontal (cyan) line. Firstly,
this agreement acts as a good validation of our procedure in comparison to the realistic
experimental measurement, which gives us confidence for the HL extrapolation that we will

Further details on GNNs, EdgeConv and architecture design can be found in ref. [105].

"The AUC is slightly reduced to 0.941 when considering parton-showering and underlying event; this
reduction can be compensated by a choice of working point, highlighting the phenomenological distinction
of the signal and QCD background. Electroweak backgrounds that are not considered here, might require
additional improvements.
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Figure 7. Exclusion limits on ko and ky parameter space obtained from the GNN output trained
for the Koy enriched sample (koy, Ky = 2,1) are shown in figure 7(a). The cyan line represents the
limits obtained from the ATLAS analysis for the fixed value of ky = 1 [37]. The dot-dashed contour
shows the effect of increasing the background by 25%. In figure 7(b), HL-LHC projected constraints
are overlaid on the 95% C.L. region shown in figure 4(b) for 2y and ky parameter space.

perform next. The relative improvement suggested in figure 7(a) might be optimistic. Given
the necessity to overcome large backgrounds, the choice of working points and the accuracy
of the background simulation are factors that can impact the discrimination, in particular
when we deal with the large statistics of the HL phase. The competitiveness of our idealised
GNN analysis, however, demonstrates that such techniques deserve consideration as part of
realistic experimental analyses. We will also comment on a range of potential architecture
improvements that we have not included in our analysis below.

Using the ko = 2 as a reference point also for a more general scan, we choose a fixed
working point of the classifier which maximises the significance to obtain exclusion contours
in the Koy, Ky parameter space also shown in figure 7(a) (this includes the changes to the
H — bb branching ratio as a function of Ky ). To compare the level of sensitivity, we overlay
these, projected to 3/ab HL-LHC target with the expected sensitivity from single Higgs
measurements detailed in section 4 in figure 7(b). Note that in this exploratory comparison,
we have not included subdominant background from weak multi-boson processes or top
production, which will additionally degrade the sensitivity (see e.g. [22]). These processes
are, however, also characterised by different kinematic and QCD radiation properties, and
we can expect significant discrimination when considering these additional contributions
in the GNN classification. To get an estimate of how additional backgrounds modify the
direct search sensitivity, we modify the considered dominant QCD through a naive shifting
by 25% in normalisation. Including these to figure 7(a), we see that there is minor change
in the sensitivity, and good sensitivity to koy can be achieved.
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The GNN could be further improved through a more dedicated inclusion of ks — Ky
correlations to the classification, e.g., through a multi-class network architecture discussed
in ref. [105], which could also be extended to subdominant background contributions to
specifically combat those when the QCD contribution has been removed sufficiently. A
more robust graph embedding could help in such an approach as well. While the QCD
background phenomenology is very different from the WBF signal (highlighted by the fact
that a shallow network is sufficient for very good discrimination), different electroweak
correlation structures such as top and weak boson decays impart a more tree-like structure
that could be further exploited when these become relevant. Insensitivity to differential
distributions of the node features, as well as overall normalisations, could be achievable
using adversarial networks [110]. We leave more detailed investigations for future work.

6 Summary and conclusions

In this work, we have presented a comprehensive and theoretically consistent discussion
of Ky — Koy correlations by employing Higgs Effective Field Theory, which puts related
analyses at the LHC [36-38] on a theoretically firm footing. We show that single Higgs
constraints can be formulated for koy analyses, however, given that these effects arise
as a weak radiative correction, the single-Higgs xy constraints are relatively loose and
not competitive when compared to the LHC’s sensitivity to koy already at this stage of
the programme. Indeed, the LHC’s sensitivity pattern when mapped onto the HEFT
Lagrangian eq. (3.5) and its weak corrections allows us to treat different Higgs interactions
in the gauge sector as largely independent parameters.

As koy analyses are mainly driven by the direct investigation of weak HHjj pro-
duction, an enhanced direct sensitivity of future LHC runs provides the best motivated
avenue to obtain a more fine-grained picture of the Higgs boson’s gauge interactions along
these lines. To this end, we employ Graph Neural Network techniques to demonstrate that
the direct sensitivity to xoy can be enhanced as GNNs formidably exploit the particular
structure of the decay, colour and kinematical correlations of the H Hjj signal compared
to the dominant QCD backgrounds. Improvements to xoy ~ 14+40% could then be within
the reach of the HL-LHC, in particular as improvements through multi-class GNNs and
additional architecture improvements are likely to add further sensitivity.
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A UV divergent parts of renormalisation constants

In this section, we provide the explicit form of the UV divergent parts renormalisation
constants used to renormalise the Lagrangian of section 3.1 required in this work. The field
strength renormalisations are obtained by evaluating all relevant (off-shell, one-particle
irreducible) two-point function X — Y contributions derived from eq. (3.5), which we

represent as

x 5 (A-1)
to be contrasted with 2-point insertions from eq. (3.12) represented by
407
X Yy - (A.2)

The counter terms are then pictorially determined from the renormalisation conditions
(RCs) through

—@— . —O——— — X =
[( X y T X Y )+ X % ]RCS 0. (A.3)
The counter term diagrams will typically contain terms from eq. (3.12) which we high-
light via

x| (A4)

In the conventions detailed above, the contribution to the off-shell Higgs boson two-
point function H(q) — H(q) that needs to be included is

62

,,,,,,,,,, _ 4

The counter term, including the £4 contributions, can then be written as
X = 82y (q% — ME) MG+ [ O3] (A.6)

with divergent parts given by

3o 3a m?+m?
6Zg|\ = 5 (3 —2s%)(1 2_ o T T
H|A 16%0124/5%,[,( SW)( +C1) 871'.9%,[/ MI%V ’
3a 3o
SM#| = ——— (3K M+ ——— M?%(2s% — 3)(1 2
il Sam g5, O TR M+ e M (2siy = 3)(1+G)
3o
t oo Miv(3 = sy + 2s1) (3 4+ 2G(2+ Q1) + G2) (A7)
WCWSW
b g ) 2 Gt
M2, s, 1\ T ) T g g2, T
3
5QDD|A = — @(1+C1)2

Note that the Higgs renormalisation is manifestly gauge-independent as the Higgs is a
singlet field in HEFT [61] (this also applies to the tadpole). The transverse part of the
W (q) — W(q) boson polarisation function receives no contributions from eq. (3.12)

[M]T:O, (A.8)
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leading to a counter term insertion

[ ] = —0Zw(e? - M) + M7,
with
(6%
N (66w + 65 (64 — €2) + 662 + 2+ G) = 2) |
[0
OMiy| 5 = o= (3cly (6(mjy +my) + Mi(Gi(CGi+2) — &)+

48770%,sz
— 10M ey Ci (¢ +2) + ME, (11 — 20s3)) -

Similarly, we find for transverse Z boson polarisation from Z(q) — Z(q)

2
[ 7 VA }T C%/V zao qat,
and

{W}T = —0Z72(¢> — M%) + Mz + 6 [W]T ’

the expressions

(A.10)

(A.11)

(A.12)

«
+ G2+ G1)) — 2€%bay,
«
M|, = i8rct 5% (_3012/1/(M1%1(C1(2 + (1) — G2) + 6(mj +my))
4 e?
+ My (445l + 58sh +10G(2+ G) — 11) ) + 25~ Mj(8aq + ciydar)
w
9 2
5a0|A = - 12872 (Cl - 2(1)7
1
dar|y = = 553 (C —2G).

For the v — v polarisation, we obtain

O =2,

providing

[~y ], = —0Zaadt + 5[0y

leading to
o
5ZAA‘A = — m(?@ + 3fw) .

Finally, the Z(q) — v(q) mixing is

[ O] = (e — st
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leading to

[y, = 02 +02an8 + ZEAM v 6 [~ O] L (As)

Z A Z A
with
2
« e
0Zazly = — 5 (10 = 3&w + s} (31 + 3&w) ) - 2 (s} — chy)dar ,
12mew sw cwsw (A.19)
a cw
0Zz4l\ = 55(3 +&w)-

These results agree with ref. [61] when mapped onto the conventions used there. In par-
ticular, the bare quantities agree, as do the relevant unrenormalised three-point functions
of section 3.2. It is worth highlighting that the mass renormalisation constants are gauge-
independent
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