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Top-quark decays are sensitive probes of light charged Higgs bosons (H�) due to the sizable tt̄
production cross section at the LHC in conjunction with their distinct experimental signatures. While
dedicated ATLAS and CMS searches considered only H� decays into τν, cs, or cb for mH� < mt, theWZ
channel remains unexplored, despite being the dominant mode in SUð2ÞL triplet models. Since top-quark
pair production with t → H�b and H� → WZ gives rise to tt̄Z-like signatures, we recast existing tt̄Z
analyses to search for signs of charged Higgs bosons and set novel limits on the product of branching
fractions Brðt → H�bÞ × BrðH� → WZÞ. These constraints turn out to be at the sub-permille level, despite
the observed 2σ preference for a nonzero value. Interpreted within the hypercharge Y ¼ 0 Higgs triplet
model, this translates into a stringent constraint on the triplet Higgs vacuum expectation value of
vΔ ≲ 2 GeV, which is stronger than those from the cs; τν modes and even surpasses electroweak precision
constraints from the ρ parameter. Moreover, the 2σ preference for a nonzero cross section further
strengthens the cumulative case for a ≈152 GeV boson as suggested, in particular, by diphoton excesses.
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I. INTRODUCTION

With the discovery of the Brout–Englert–Higgs boson
[1–6] at the LHC [7,8], the particle content of the Standard
Model (SM) has been confirmed experimentally. Although
the measured properties of this 125 GeVHiggs are consistent
with the SM expectations [9,10], this does not exclude the
existence of additional scalar bosons provided their role in
electroweak symmetry breaking is small. In fact, a plethora
of extensions of the SM Higgs sector have been proposed,
introducing SUð2ÞL singlets [11–13], doublets [14–20], and
triplets [21–31], and even higher representations.

The search for such new Higgs bosons is a major
component of the LHC program, resulting in many dedi-
cated analyses [32,33]. In particular, charged Higgses are
probed via several production mechanisms and decay
channels [32,34]. For masses smaller than the top quark
(mH� < mt), they can be produced from top decays, t →
H�b [35–37]—a promising avenue given the large tt̄
production cross section at the LHC and the distinctive
high-multiplicity final states involving leptons and ðbÞjets.
For this production mechanism, searches have used the cs
[38,39], cb [40], and τν [41,42] decay modes of H�.
The corresponding upper limits on the product of branch-
ing fractions Brðt → H�bÞ × BrðH� → XYÞ range from
0.47%–0.11% (XY ¼ cs), 0.15%–0.42% (XY ¼ cb), and
0.16%–0.02% (XY ¼ τν) at 95% confidence level (CL)
for mH� between 100 and 160 GeV.1 Moreover, LEP

*Contact author: saiyad.ashanujjaman@kit.edu
†Contact author: andreas.crivellin@icrea.cat
‡Contact author: siddharth.prasad.maharathy@cern.ch
§Contact author: bmellado@mail.cern.ch

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

1Notably, in the cb channel, a moderate excess with a
global significance of 2.5σ has been observed near a mass of
130 GeV, which, however, points toward a nonminimal flavor
structure [43,44].
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experiments set a lower limit of about 80 GeVon mH� for
cs and/or τν decays [45].
In contrast, the decay H� → WZ (denoting both off-

shell cases H� → W�Z and H� → WZ�) has not been
subjected to any dedicated ATLAS or CMS searches in the
low mass region (mH� < mt). While being loop induced in
SUð2ÞL-doublet models, it can be the dominant decay
mode in SUð2ÞL-triplet scenarios [28,46–50]. In this Letter,
we focus on charged Higgs bosons with masses between
100 and 160 GeV, produced in top-quark decays and
subsequently decaying via H� → WZ (see Fig. 1) [51].
This shares its experimental signatures with tt̄Z and tWZ
production, namely, final states with b jets and three or four
leptons. Therefore, we can constrain charged Higgs bosons
by recasting existing tt̄Z analyses done within the SM
context [52,53].
Note that this mass region is particularly interesting in

light of the indications for a new Higgs boson at 152 GeV
in associated diphoton production [54–56] and multilepton
final states [57–61]. Furthermore, the SUð2ÞL triplet is
a prime candidate to be involved in the explanation of
these anomalies [62–66] and predicts not only a charged
Higgs close in mass but also that it decays dominantly
to WZ [64].

II. ANALYSES OF tt̄Z DIFFERENTIAL
DISTRIBUTIONS

We consider a charged Higgs boson produced via top-
quark decay at the LHC. Thus, its production cross section
from top-quark decays is approximately

σðH� þ 2bþWÞ ≈ 2σðpp → tt̄Þ × Brðt → H�bÞ; ð1Þ

with σðpp → tt̄Þ ¼ 832þ46
−51 fb for mt ¼ 172.5 GeV at the

13 TeV LHC within the SM [67].2 We then consider

the decay H� → WZ, where one of the vector bosons is
off shell.3 This tt̄Z-like signature enables us to use the
measurements of differential tt̄Z and tWZ cross sections
by CMS [53] and ATLAS [52].
The CMS analysis provides differential cross sections

for the sum of tt̄Z and tWZ production (within the SM),
unfolded to the parton level (after radiation but before
hadronization), as functions of the Z-boson transverse
momentum [pTðZÞ], the transverse momentum of the
lepton from the W boson, [pTðlWÞ], the azimuthal angle
between the two Z leptons [Δϕðlþ;l−Þ], the angular
separation between the Z boson and the W-lepton
[ΔRðZ;lWÞ], and the cosine of the angle between the Z
boson and the negatively charged lepton (cos θ�Z).
The ATLAS analysis, on the other hand, reports tt̄Z
differential cross sections unfolded to both particle and
parton levels covering 15 observables (see Table 15
of Ref. [52]).
For the validation of our setup, we simulate the SM

processes pp → tt̄Z and tWZ using MadGraph5_aMC_v3.5.3

[68,69] with the NNPDF31_nlo_as_0118_1000 parton distribu-
tion function [70] at next-to-leading order (NLO) accuracy
in QCD4 and compared them to the SM predictions
provided by the experimental collaborations, which are
based on MadGraph5 [68,69], PYTHIA [72], and in the case of
ATLAS also Herwig [73]. The obtained parton-level events
are interfaced with PYTHIA 8.3 [74] containing the CMS-
CUETP8S1-CTEQ6L1 tune [75] to model particle decays,
parton showering, and radiation. The new physics (NP)
signal process pp → tt̄ → W∓bH�b is simulated analo-
gously for 22 benchmark values of mH� in the 100–
160 GeV range. For the reconstruction and selection of
physics objects, namely, leptons (electrons and muons) and
jets (including b-tagged jets), we closely follow the
respective CMS and ATLAS analyses. Jets are clustered
with the anti-kT algorithm [76] implemented in FastJet 3.3.4

[77], and the same reconstruction, isolation, and identi-
fication criteria are applied. Finally, we select events with at
least three leptons, including a same-flavor oppositely
charged lepton pair with invariant mass within the nominal
Z-boson window and a third lepton consistent with
originating from a W boson (not from radiation). In
addition, all further analysis-specific requirements, such
as jet and b-tagged jet multiplicities and kinematic cuts on
leptons and jets, are applied to ensure that the event samples
match the signal regions defined by the CMS and ATLAS
analyses.

FIG. 1. Representative Feynman diagram for pp → tt̄ with
t → H�b and H� → W�Z, leading to a tt̄Z-like signature.

2Note that the cross section for tt̄ production with both top
quarks decaying toH�b is negligible, as seen from the bounds we
later obtain on Brðt → H�bÞ.

3The main contribution to the signal region originates
from W�Z. However, we also included WZ� in our simulation
since the ratio of the two modes can be calculated model
independently.

4At NLO, tWZ production interferes with the leading order
ttZ process. We use the MadSTR plugin [71], which removes
overlap at the amplitude level using the diagram removal
approach.
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III. RESULTS AND INTERPRETATION

The statistical model for the analysis is built from binned
templates from data, SM predictions, and the NP contri-
bution (see the Appendix for details). The NP signal
strength is extracted via a simultaneous χ2 fit,

χ2 ¼ �
σdatai − σtheoryi

�
Σ−1
ij

�
σdataj − σtheoryj

�
;

where i, j run over the bins across all observables, Σij is
the covariance matrix, σdatai is the measured cross section in
bin i, and

σtheoryi ¼ μSMσ
SM
i þ μNPσ

NP
i ;

represents the expected cross section in bin i, with SM and
NP contributions weighted by fit parameters. Let us com-
ment briefly on potential interference effects between the
SM and NP contributions. While such effects can, in
general, be relevant, the situation here differs qualitatively
from the well-known heavy-Higgs interference in gg → tt̄
[78], where resonant and continuum amplitudes depend on
the same invariant-mass variable, and the background
develops a nontrivial complex phase across the resonance
region. In the present case, the SM and NP contributions
do not share a common resonant enhancement: the NP
amplitude contains an intermediate on-shell Hþ in the
decay chain, whereas the SM amplitude is smooth in the
corresponding virtuality. Moreover, for mHþ < mW þmZ
and with the OSSF dilepton selection enforcing an on-shell
Z, the decay Hþ → Wð�ÞZ necessarily proceeds through
a strongly off-shell W�, while the SM top decay produces
an almost on-shell W. The resulting mismatch in reso-
nant substructures and W virtuality, together with the
scalar–vector Lorentz-structure difference of the Hþbt

and Wbt couplings and the small Brðt → bHþÞ in the
parameter region of interest, provides multiple inde-
pendent suppression mechanisms. Finally, the width with
respect to the mass of our charged Higgs boson is at the
sub-permille level; i.e., it is extremely narrow. Therefore,
the interference effects are negligible for the present
analysis.
The correlations among the differential observables are

obtained from our SM simulation. The NP signal strength
μNP is identified with Brðt → H�bÞ × BrðH� → W�ZÞ.
For the CMS analysis, the theoretical uncertainty is
included in the total uncertainty by adding it in quadrature
to the experimental one, so we fix μSM ¼ 1. In the ATLAS
case, where theory uncertainties are not included in the
reported errors, we use the one based on MG5_aMC@NLO

+PYTHIA 8, whose predictions lie in between the two
simulations obtained from Sherpa (without and with multileg
merging of additional partons). To account for this uncer-
tainty, we profile over μSM, allowing a 5% variation around
1, which corresponds to the uncertainty on the total tt̄
production cross section [67].
Minimizing the global χ2 (ATLAS plus CMS), we

extract model-independent bounds on Brðt → H�bÞ×
BrðH� → WZÞ, with χ2 − χ2min ≤ 1ð4Þ defining the 1σ
(2σ) interval. The combined result is shown in the left
panel of Fig. 2 as a function of mH� (the individual results
for CMS and ATLAS are shown in Fig. 5 in the Appendix).
Note that the lower edge of the 2σ band lies very close
to Brðt → H�bÞ × BrðH� → WZÞ ¼ 0, indicating a mild
(∼2σ) preference for a NP contribution.
Next, we interpret these results within the real Higgs

triplet model, the ΔSM. In this model, H� is the charged
component of the SUð2ÞL-triplet Higgs with Y ¼ 0

[21,28–31]. The branching fractions of H� depend

FIG. 2. Left: preferred 1σ (green) and 2σ (yellow) range for Brðt → H�bÞ × BrðH� → W�ZÞ as a function of mH� . Right: preferred
range for vΔ from tt̄Z measurement interpreted within theΔSMmodel as a function ofmH� . The gray band is excluded by Stau searches
and the area above the blue (red) line by LHC searches for t → H� withH� → τνðcsÞ at 95% C.L. The light orange (blue) region shows
the preferred shift in the W mass from the global electroweak fit, including (excluding) the CDF-II measurement at 2σ.
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primarily on its mass, with the WZ mode being dominant.5

Interestingly, the vacuum expectation value (VEV) of the
neutral component of this field (vΔ) contributes construc-
tively to theW mass [31,79], in agreement [80–83] with the
CDF II measurement [84], which lies above the SM
prediction [85,86]. Moreover, this field remains largely
unconstrained by LHC searches [64,87,88], so that its
charged component can be lighter than the top quark,
enabling the decay t → H�b with the width

Γðt → H�bÞ

¼ g22
64πm2

Wmt
sin2βjVtbj2λ1=2

�
m2

b

m2
t
;
m2

H�

m2
t

�

×
�ðm2

t þm2
b −m2

H�Þðm̄2
t þ m̄2

bÞ þ 4m2
t m2

b

�
;

where β ¼ tan−1ð−2vΔ=vΦÞ denotes the charged Higgs
mixing angle, with vΦ being the SM Higgs VEV; mt ¼
172.5 GeV and mb ¼ 5.37 GeV are the pole masses
[89,90]; m̄bðmtÞ ≈ 2.6 GeV is the MS mass at scale mt

[91]; and λðx; yÞ ¼ ð1 − x − yÞ2 − 4xy is the usual kin-
ematic function. While we provide the leading-order
expression for Γðt → H�bÞ, we include the NLO QCD
correction following the OðαsÞ calculation of Ref. [92].6

In our numerical implementation, we extract the correction
factor from Fig. 1 of Ref. [92], which provides δQCD ≡
ðΓNLO − ΓLOÞ=ΓLO as a function of mH�=mt. For the mass
range considered, the NLO QCD correction varies from
approximately −7% at lower masses to about −3% around
mH� ∼ 150 GeV and becomes positive close to threshold.
This correction applies exclusively to Γðt → H�bÞ. The
SM top-quark width is taken at state-of-the-art accuracy,
including next-to-next-to-leading order QCD corrections
[93,94], NLO electroweak corrections, and finite b-quark
mass effects [95]. For the reference valuemt ¼ 172.5 GeV,
ΓðtÞSM ¼ 1.326 GeV. In the parameter region relevant for
our analysis, Brðt → H�bÞ ≲ 10−3, so that the correspond-
ing shift in the total top width remains at the permille level
relative to ΓðtÞSM.
In the right panel of Fig. 2, we show the limit on vΔ

obtained from our recast and compare it to those from the
searches for t → H�b in the cs [39] (red) and τν [42]
modes (blue), together with the constraints from the world
W-mass fit with and without the CDF-II measurement
[89,96] (light orange and light blue). The recast limit from
the stau searches [97] (gray) excludes charged Higgs
masses below 110 GeV [64]. We see that our limits from

the WZ channel are stronger than those from the dedicated
cs and τν searches and surpass the electroweak precision
constraints across the entire mass range.

IV. CONCLUSIONS AND OUTLOOK

We have recast the latest LHC measurements of tt̄Z
differential cross section measurements to probe charged
Higgs bosons produced in top-quark decays in the pre-
viously unexplored H� → WZ decay mode. This results in
stringent bounds on Brðt → H�bÞ × BrðH� → WZÞ at the
sub-permille level. Interpreted within the ΔSM, this yields
a novel constraint on its VEVof vΔ ≲ 2 GeV. Intriguingly,
our limits are stronger than those from ATLAS searches in
the cs and τν modes. Furthermore, they surpass the bounds
from electroweak precision observables in the entire mass
range.
Moreover, CMS and ATLAS data exhibit a combined

∼2σ preference for a NP signal. While not significant in
isolation, it further strengthens the cumulative case for a
152� 1 GeV boson, seen in diphoton and other measure-
ments [54–56] (and predicated by the multilepton anoma-
lies [57–60]), being the neutral component of an SUð2ÞL
triplet with Y ¼ 0 [62–64]. In fact, the ΔSM not only
predicts the charged and the neutral component to be close
in mass, but the Y ¼ 0 triplet can play a crucial role in
explaining the tensions in differential tt̄ distributions
[65,66]. Future high-luminosity LHC runs and dedicated
analyses targeting theH� → WZ mode in top decays could
decisively test this scenario, potentially uncovering Higgs
bosons beyond the SM.
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APPENDIX

The differential cross sections for the considered
observables are shown in Figs. 3 and 4, corresponding
to the CMS and ATLAS analyses, respectively. The
data and SM predictions are taken from each analysis,

5For example, in the Y ¼ 0 triplet Higgs model, for mH� ≈
150 GeV, the branching fractions to WZ� and W�Z are approx-
imately 46% and 29%, respectively [64].

6The H�tb coupling in the Y ¼ 0 triplet model has the same
chiral structure (including the finite ϵ ¼ mb=mt terms) as the
Model-I coupling of Ref. [92]. Since the QCD correction factor
depends only on the chiral structure and kinematics, but not on
the overall normalization, the result of Ref. [92] applies directly.
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while the NP predictions correspond to mH� ¼ 150 GeV
and to the respective best-fit values of Brðt → H�bÞ×
BrðH� → W�ZÞ: 0.1% for CMS and 0.04% for ATLAS.
Interestingly, the CMS measurement exhibits a small

deviation from the SM prediction, while the ATLAS results
are more consistent with the SM expectations.
The individual fits to ATLAS and CMS data are shown

in Fig. 5.

FIG. 3. The ttZ þ tWZ differential cross sections for different observables measured by CMS. The error bars indicate the total
experimental uncertainties, while the shaded blue area corresponds to the uncertainty of the theory prediction. The NP contributions are
shown for mH� ¼ 150 GeV and Brðt → H�bÞ × BrðH� → W�ZÞ ¼ 0.1%, corresponding to the best-fit to CMS data (see the left plot
in Fig. 5).
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FIG. 4. Differential ttZ cross sections unfolded to particle level for different observables measured byATLAS. The error bars indicate the
total experimental uncertainties. The NP contributions are shown for mH� ¼ 150 GeV and Brðt → H�bÞ × BrðH� → W�ZÞ ¼ 0.04%,
corresponding to the best-fit to ATLAS data (see the right plot in Fig. 5).
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