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Di-Higgs resonance searches in weak boson fusion
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The search for di-Higgs final states is typically limited at the LHC to the dominant gluon fusion
channels, with weak boson fusion only assuming a spectator role. In this work, we demonstrate that when it
comes to searches for resonant structures that arise from isosinglet mixing in the Higgs sector, the weak
boson fusion sideline can indeed contribute to winning the discovery game. Extending existing
experimental resonance searches by including both contributions is therefore crucial.
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I. INTRODUCTION

The search for new physics beyond the Standard Model
(SM) is a key pillar of the Large Hadron Collider (LHC)
physics program. As significant deviations from the SM
expectation have remained elusive after the Higgs boson’s
discovery so far, the nature of the electroweak scale is still
fundamentally unknown. A particularly relevant process in
this context is the production of multiple Higgs bosons.
First, multi-Higgs production directly probes aspects of
spontaneous symmetry breaking that cannot be accessed
with weak boson or heavy quark physics. Second, the
inclusive production cross section of Higgs pairs of around
30 fb [1-7] is about 3 orders of magnitude smaller than
single Higgs production, thus highlighting the statistical
difficulty that experimental investigations face in this area.

Multi-Higgs production is phenomenologically limited
to Higgs pairs [8], at least in the near future [9,10], and as
with single Higgs production, gluon fusion (GF) contrib-
utes to the bulk of the production cross section. While
Higgs production via weak boson fusion (WBF) with its
distinct phenomenological properties [11-14] and large
cross section plays an important role in the investigation of
the Higgs boson’s properties, di-Higgs production from
weak boson fusion will be statistically limited at the LHC
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[15-17]. WBF-type analyses are further hampered by the
importance of the top threshold for gluon fusion production
[18] and the necessity to relax central jet vetos to retain a
reasonable WBF signal count through central 4 — bb
decays. Experimental analyses typically mitigate the non-
applicability of central jet vetos in the WBF selection by
considering stringent invariant jet pair masses; see, €.g.,
Ref. [19]. While such a selection serves to purify signal
samples toward the WBF component, forward jets will also
arise from gluon fusion samples [20-23] when biased
toward valence quark-flavored initial state processes and
the question of the size of the potential, model-dependent
GF component remains.

Resonant phenomena in weak boson fusion are less
studied from a phenomenological perspective than their GF
counterparts. A bias toward GF-like production is under-
standable as two-Higgs-doublet extensions of the SM in
particular as prototypes of supersymmetric theories lead to
gauge-phobic scalars, and WBF production of exotic states,
e.g., the additional CP-odd scalar proceeds dominantly
through GF. However, the observation of resonances in
WBF would have exciting theoretical implications.
Introducing a new resonant beyond the Standard Model
scalar in the WBF modes rests on nonalignment [24], CP
violation [25], a significant nondoublet component of the
electroweak vacuum (e.g., [26-28]), or combinations
of these.

Electroweak symmetry breaking from triplets faces a
theoretical reservation related to the fine-tuning of the rho
parameter [29]."' Phenomenologically, (tree-level) custodial
triplet extensions lead to a range of additional exotic final

"It remains as a possibility of strong electroweak symmetry
breaking in realistic UV constructions [30,31].
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states, most notably a doubly charged Higgs that is
predominantly produced through weak boson fusion
as part of a fermiophobic custodial quintet [32-36].
Electrically uncharged components of the custodial triplet
will not decay promptly to the 125 GeV state if the latter is
identified as a doubletlike state, again due to custodial
isospin. CP violation is typically a small effect in actual
scans [25] such that a competitive production through WBF
is typically suppressed.

The possibility of nonalignment (i.e., the physical
125 GeV Higgs boson not being fully aligned with fluctua-
tions around the electroweak vacuum) remains as an a priori
relevant parameter space for WBF to be relevant. The mixing
of isospin singlet states is present in any Higgs sector
extension but most transparently analyzed in the so-called
Higgs portal scenario [37]. This model also fully correlates
the exotic Higgs production with observed m;, ~ 125 GeV
Higgs boson phenomenology, which turns any sensitivity
projection for heavy Higgs states into a conservative estimate
as new, nonsinglet fields will loosen the tight correlations of
the singlet extensions.

The relevance of WBF production is further highlighted in
singlet scenarios by the fact that for SM Higgs-like states
with masses O(TeV), GF and WBF productions become
comparable [38,39]. This strongly indicates that if such a
state is realized in nature, both GF and WBF play a priori an
equally important role in the discovery of new physics. As
there is accidental destructive interference of pp — H — tf
with QCD continuum top pair production [40—46] which
particularly affects the sensitivity in the singlet-extension
scenario [47], gaining sensitivity in the H — hh decays is not
only necessary but also possibly the only phenomenological
robust avenue to successfully detect such scenarios.
Depending on the Higgs potential, these channels might
be favored over the decays into massive electroweak gauge
bosons, which are additional relevant channels.

In this work, we perform a detailed investigation of WBF
production of exotic Higgs bosons pp — Hjj arising from
isosinglet mixing, in particular in their decay H — hh. We
include the gluon fusion component keeping the full m,
dependence and highlight the interplay of both production
modes and their relevance to hone the discovery potential at
the LHC. In particular, we show that gluon fusion remains
phenomenologically relevant and should therefore be
reflected as an appropriate signal contribution in any analysis
that seeks to inform further theoretical investigations.

We organize this paper as follows: In Sec. II, we provide
a short summary of the key phenomenological aspects of
the singlet-extension scenario, which acts as the vehicle of
this work. We stress that our findings readily generalize to
more complex scenarios. Section II is devoted to the WBF
di-Higgs resonance analysis. We conclude in Sec. IV.

II. THE MODEL

We consider the extension of the SM with Higgs doublet
@, by an additional singlet ®;, under the SM gauge group

V:/"?lq)s|2 +AS|®S|4+”%|®}I|2 +’1h|q)h|4+n|q)s|2|q)h|2'
(2.1)

Expanding around the vacuum expectation values of the
respective fields

1
dep (=) imsn @2)

via ®; = (v; + Hi)/\/i leads to a mixing of Lagrangian
eigenstates in the mass basis

h =cosOH + sinfH),,

H = —sin@H, + cos OH,. (2.3)
We will implicitly identify /4 with the observed lighter m;, ~
125 GeV boson aligned with the SM expectation; i.e.,
we will be particularly interested in the region cosd < 1.
The masses are given by

m g = (102 4+ 203) F /(o2 = 40l Hodel (2.4)
and
tan20 = — st (2.5)
AS/US - Ahvh

while v, ~ 246 GeV from electroweak symmetry breaking
in the SM.

We assume no additional decay channels, which means
that signal strengths of the SM-like Higgs are modified
U = cos® @. H boson production cross sections as a function
of my can be obtained from the SM ones [38] by rescaling
with sin? @; branching ratios are unmodified for my < 2my,.
We are particularly interested in the region my > 2my,
where cascade decays H — hh are open. In this case, the
heavy Higgs partner receives a leading order additional
contribution to its decay width

2 2
CHhn _ 4m,
2

T(H — hh) = 2myrn m
o

(2.6)

with
Crnn =35in20(A,v,c080 — A, v;,8in6) — tan20(A,v? — A2 v7)
sind

0
x | (1=3c0s20) 27 — (1 —3sin20) > ]
Up Uy

(2.7)

The potential measurement of I'(H — hh) together with
the masses m,, ; and SM signal strength and weak boson
masses allows us to fully reconstruct the singlet-extended
Higgs potential. A range of precision computations from a
QCD and electroweak point of view have become available
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recently [48—52] with strongest constraints typically arising
from the W mass measurement [51,53].

III. ANALYSIS

We derive the LHC sensitivity to di-Higgs resonances in
the vector boson fusion (VBF) channel pp — Hjj, with
H — hh — 4b. The signal is characterized by four bottom
tagged jets in association with two light-flavor jets. The
leading backgrounds for this process are pp — 4b + 2],
2b +4j, and 7bb.

We generate the WBF and QCD pp — (H — hh)jj
signal samples with VBFNLO [54], which we have modified
to include the H — hh decay. The backgrounds are
generated with MADGRAPHS5AMC@NLO [55]. All samples
are generated at leading order with center-of-mass energy
of \/E = 13 TeV. Parton shower, hadronization, and under-
lying event effects are accounted for with PYTHIAS [56]. Jets
are defined through the anti-k; algorithm with R = 0.4,
prj > 30 GeV, and [5;| < 4.5 via Fastlet [57]. We assume
70% b-tagging efficiency and a 1% mistag rate.

We start our analysis demanding at least six jets in the
final state, where four of those are b tagged. We impose a
minimum threshold for the invariant mass for the four b jets
of my;, > 350 GeV and veto leptons with pr, > 12 GeV
and || <2.5. The two light-flavor jets with highest
rapidity j, satisfy the VBF topology falling in different
hemispheres of the detector 7, x5, <0, with large
rapidity separation |17;; —#;,| > 4.2, and sizable invariant
mass m;; > 1 TeV.

While the WBF signal displays suppressed extra jet
emissions in the central region of the detector, the bulk of
the QCD background radiation is centered around this
regime [58-61]. In Fig. 1, we illustrate this property
displaying two mass scenarios for the WBF signal samples,
my =05 and 1 TeV. The more massive the signal
resonance is, the further forward the tagging jets hit the

1 1 1
4b background s |
My = 0.5 TeV
My =1.0 TeV

o

=

=
T

1/0 do/dn,

0.08 r

0 05 1 15 2 25 3 35 4 45
N j; = INj5 - (N, + Nj,)/2|

FIG. 1. Normalized distribution of nj, = |n;3 — (17;1 +1;2)/2|
for the dominant 45 background (blue) and the WBF signal
events My = 0.5 TeV (red) and 1 TeV (black) after imposing the
basic selection cuts and the VBF selections: 7;; x5, <0,
[;1 = 12| > 4.2, and m;; > 1 TeV.

detector. This phenomenological pattern is related to gauge
boson scattering VV — hh around the heavy Higgs pole,
where the longitudinal and transverse scattering amplitudes
scale as Ay [ Arp ~ m3/m3, for my > my [62-64]. We
explore this feature to further suppress the backgrounds
imposing that the rapidity for the third jet 73 satisfies the
relation

Mt

nis 5 > 25. (3.1)

After establishing the VBF topology, the next step of the
analysis focuses on the Higgs boson’s reconstruction. This
is performed by identifying among the four b jets the pair
whose invariant mass my,; is closest to the Higgs mass,
my, = 125 GeV. The remaining b-jet pair defines the
second Higgs boson candidate /,. In the two-dimensional
space defined by the masses of the Higgs boson candidates
(myy, myy), the signal region is defined to be within the
circular region

mh1—125GeV 2 mh2—125GeV 2

\/( 20GeV ) + ( 20GeV > <l (32

To further improve the m,; mass resolution, each Higgs
boson candidate’s four-momentum is scaled by the correc-
tion factor my/ My1(2)- This improves the signal my,
resolution from 20% to 40%, depending on the heavy
Higgs mass hypothesis, and presents subleading effects to
the background my,, distribution [65].

Since very few multijet background events pass the cut-
flow analysis with large m,;, we follow a similar statistical
procedure performed by the ATLAS Collaboration in their
pp = H — hh — 4b study [66]. Namely, the statistical
precision for the my;, distribution at high energies is
improved by fitting the background distribution at low
invariant masses my, < 1 TeV with the functional form

—cloghiL
Flmg) = a—- (1=ma)" "%
Mmy,) = a P s

myy Vs

where a, b, and ¢ are real free parameters and /s the LHC
center-of-mass energy. This also emulates a data-driven
approach that is typically the method of choice when
backgrounds are only poorly understood from a systematic
and theoretical perspective; see, e.g., [67,68]. As we are
looking for a resonance on top of a steeply falling back-
ground, such a method provides a particularly motivated
approach to reduce uncertainties.

In Fig. 2, we illustrate the invariant mass distribution mgy,
for the signal and background components after the full cut-
flow analysis shown in Table I. While the WBF signal
component displays dominant contributions to the event
rate, the VBF GF signal can result in non-negligible

(3.3)
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do [ Events] P hn ]
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FIG. 2. Stacked my,, distribution for the signal and background
events after the complete cut-flow analysis shown in Table I. The
VBF signal hypotheses are also shown in the nonstacked format
with the WBF (solid line) and GF (dashed line) components
independently displayed. We assume BR(H — hh) =1 and
sind = 0.3 with the LHC running at /s = 13 TeV and inte-
grated luminosity £ = 3 ab™!.

additions to the event count. It should be noted that the
larger the signal mass my is, the larger the relative WBF
component becomes.

To estimate the High Luminosity (HL)-LHC sensitivity
to the resonant VBF hh signal, we calculate a binned log-
likelihood analysis based on the my;, distribution using the
CL, method [73]. We assume the integrated luminosity
L =3 ab~!. In Fig. 3, we present the 95% C.L. sensitivity
to the heavy Higgs-singlet mixing sind as a function
of the heavy Higgs boson mass my. Motivated by the
Goldstone boson equivalence theorem for my > my, we
assume the heavy Higgs branching ratio to di-Higgs
BR(H — hh) = 1/4. To illustrate the importance of the
VBF GF signal component, we separately show the signal
sensitivity accounting for the full VBF sample and only for

TABLE L.

05}

0.4}

~
t S~
~~
~——
03r  TTtmeea--

sin@ 95% C.L.

0.2r
L HL-LHC
BR(H—hh)=1/4

600 800 1000 1200
my[GeV]

FIG. 3. 95% C.L. limit on the Higgs-singlet mixing as a
function of the heavy Higgs boson mass my. We show both
the VBF pp — Hjj — 4bjj (red solid) and GF pp - H — 4b
(black) limits. To estimate the importance of the VBF GF signal
component to the VBF analysis, we also show the bound
considering only the WBF signal component (red dashed). We
assume the heavy Higgs boson branching ratio to di-Higgs
BR(H — hh) = 1/4 and the LHC at 13 TeV with integrated
luminosity £ = 3 ab™.

its WBF component. We observe that the VBF GF results in
non-negligible contributions for the low mass regime
500 GeV < my < 900 GeV.

To compare our new VBF di-Higgs resonance search
with the existing limits, we use the CMS pp — H — hh —
4b study [65]. CMS derives the 95% C.L. limit on the
heavy Higgs cross section o(pp - H — hh — 4b) as a
function of its mass my. We translate this bound in terms of
the mixing sin @ in Fig. 3, using the heavy Higgs production
cross section at the next-to-next-to-leading order (NNLO) +
next-to-next-to-leading logarithmic (NNLL) QCD, includ-
ing top and bottom quark mass effects up to NLO [4,38,74].
The CMS Ilimit on the heavy Higgs cross
section was scaled to the HL-LHC integrated lumi-
nosity, £ = 3 ab~!. The discontinuity on the CMS limit

Cut-flow table showing the cross section (in fb) for the VBF signal and backgrounds. The VBF signal is

decomposed between the WBF and GF components. The background rates are normalized by the next-to-leading-
order (NLO) K factors: 1.7 (4b) [55], 1.3 (2b2j) [55], and 1.8 (¢7bb) [69]. The signal rate is given with BR(H —
hh) = 1 and sin @ = 0.3. The GF signal rates are also normalized by the NLO K factor: 1.65. QCD corrections for
the WBF process are included through an appropriate scale choice [70] and through MCEFM for the gluon fusion

contribution employing the heavy top limit [71,72].

Process Basic selections VBF topology Double Higgs reconstruction
4b 250 47 1.2

2b2j 49 x 107! 1.0 x 107!

1ibb 90 3.7 3.0x 1073

WBF my = 500 GeV 2.6 x 107! 1.3 x 107! 5.0 x 1072

GF my = 500 GeV 2.2 x 107! 7.1 x 1072 2.8 x 1072

WBF my =1 TeV 9.4 x 1072 5.4 %1072 32x 1072

GF my =1 TeV 22 %1072 8.3x 1073 47 x 1073
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BR(H->hh)

'500 600 700 800 900 1000
my [GeV]
(a)

FIG. 4. 95% confidence level constraints interpreted in the singlet scenario of Sec. II. (a) Constraints from gluon fusion in blue dots
and from hh + 2j in orange squares as a function of the mass and branching fraction of H — hh. (b) Similar to (a), but we show the

correlation of sin” @ with the H — hh branching.

at my ~ 580 GeV arises from the two distinct strategies
separating low and high mass resonances.

We observe that the double Higgs resonant search in the
VBF mode can significantly contribute to the heavy Higgs
resonant analyses. The increase in the ratio oygp/ogp for
larger my leads to comparable sensitivities between the
VBF and GF channels for my ~ 900 GeV. Whereas the
VBF search displays stronger limits at the high my regime,
it can also contribute to further constrain the low mass
scenarios 500 GeV < my < 900 GeV via a combination
between the GF and VBF analyses.

In order to understand the relevance of the GF and VBF
limits on the singlet-extension scenario discussed in Sec. II,
we interpret the constraints in the aforesaid model. We scan
over the singlet model parameter space for |1;| < 4z and
include the W mass constraint from Refs. [51,53] as it
typically imposes the strongest constraint on the model’s
parameter space. The results are shown in Fig. 4. The
constraints from gluon fusion gg — hh are displayed in
blue points, while those of pp — hhjj are given in orange
squares. We see that the vector boson fusion provides
significant sensitivity for higher masses where the gluon
fusion projection becomes insensitive.

While there is a region where gluon fusion and VBF
overlap and can be used to further hone the LHC sensitivity
to this scenario through a statistical combination, we also
see regions in the branching ratio H — hh where VBF
provides genuine, new sensitivity that cannot be accessed
with the gluon fusion analysis. This region is characterized
by 125 GeV Higgs boson signal strength modifiers of
<4%. Given the HL-LHC projections of Ref. [75], this
suggests that the resonance search in the WBF channel can
also explore the model’s parameter space beyond the
precision that can be obtained from 125 GeV signal studies.

QCD contributions to pp — hhjj are not the dominant
contribution in this mass region (it is a sizable contribution
for the theoretical interpretation of the results of Ref. [19]),

it nonetheless is sizable and should be included in inves-
tigations possibly as a separate signal contribution to enable
a consistent theoretical interpretation.

IV. SUMMARY AND CONCLUSIONS

Weak boson fusion through its distinct phenomenologi-
cal properties provides a unique opportunity for new
physics searches. In scenarios with isospin singlet mixing,
decays of a heavy Higgs partner into 125 GeV Higgs
bosons can be preferred while more obvious decays into top
quarks suffer from interference distortion [47], and decays
into massive weak bosons might be less dominant. Given
that the weak boson fusion production cross section
becomes comparable to a gluon fusion cross section for
SM-like production at around 1 TeV, the WBF production
at small mixing angles becomes a phenomenologically
relevant channel. In this paper, we investigate the WBF
production of heavy Higgs partners with subsequent decay
H — hh. We show that this channel, which has been
somewhat overlooked in the past, provides additional
relevant new physics potential. In parallel, we show that
the gluon fusion component of the vector boson fusion
channel remains sizeable and should be included in
experimental analysis to enable a consistent theoretical
interpretation of reported results.
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