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1 Introduction

Extended Higgs sectors are ubiquitous in theories beyond the Standard Model (SM), and
might play an important role to solve long-standing problems in particle physics, such as the
stability of the electroweak scale [1], the nature of Dark Matter (DM) [2], the absence of CP
violation in strong interactions [3, 4], or the origin of the matter/anti-matter asymmetry [5].
Accordingly, the experimental collaborations have been actively searching for additional
Higgs bosons at colliders, resulting in stringent constraints on common benchmark models,
such as the so-called Type I and II two Higgs doublet models (2HDM), which by construction
avoid the appearance of large flavor-changing neutral currents [6]. However, it is fairly easy
to evade the standard collider bounds on additional neutral and charged Higgs bosons by
allowing for sizable flavor-changing interactions [7], which at the same time are consistent
with constraints from precision flavor physics. Such interactions are present in the very
general class of Type-III 2HDMs, and are controlled by a plethora of free parameters that
gives rise to an extremely rich phenomenology [8, 9]. It is essential to be aware of these
possibilities when designing experimental search strategies aiming to cover the blind spots
of traditional searches.
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Specific pattern of flavor violation have been employed in numerous scenarios moti-
vated by outstanding theoretical problems and/or experimental anomalies. Flavor-changing
couplings of light additional Higgs fields have been considered for example in QCD axion
models (accounting for both Strong CP and DM) [10, 11], scenarios of Electroweak Baryo-
genesis [12–15], and models addressing fermion mass hierarchies [16–21] or the origin of
CP violation in the Yukawa sector [22, 23]. Similar setups have been used to explain the
anomalous magnetic moment of the muon [24–26] or the various anomalies observed in
semi-leptonic B-meson decays [27–33]. Phenomenological aspects of these scenarios have
been studied in e.g. refs. [34–53]. Given the broad spectrum of theoretically motivated
scenarios and phenomenological implications, it is appropriate to use a model-independent
approach focussing on a specific sector of flavor-violating Higgs couplings, in the same spirit
as e.g. ref. [7].

In the present work we analyze the present experimental constraints and future
prospects on generic couplings of a charged Higgs boson to b-quarks, described by the simpli-
fied Lagrangian

L = H+ (gtbtRbL + gcbcRbL + gubuRbL) + h.c.−m2
H±H+H− . (1.1)

We neglect H+ couplings to right-handed b-quarks because they are connected to flavor-
violating couplings of neutral Higgses to down-type quarks, which are strongly constrained
by flavor physics.1 We also ignore charged Higgs couplings to leptons, which could play
an important role in scenarios explaining the current anomalies in RD(∗) measured at the
B-factories (see e.g. ref. [52]). Here instead we focus on the case where such couplings are
sufficiently small such that the charged Higgs decays dominantly into quarks. A particularly
motivated UV scenario behind the Lagrangian in eq. (1.1) is provided by the class of models
in ref. [23], which induces the CKM phase by spontaneous CP violation at the electroweak
scale. Interestingly, this implies both an upper bound on the charged Higgs mass of about
430GeV and a lower bound on its couplings to b-quarks, max(|gtb|, |gcb|, |gub|) ≥ 0.20.

The couplings in eq. (1.1) are only weakly constrained by flavor physics, as D–D
mixing only probes the combination gubgcb and top decays such as t→ uγ, cγ give negligible
constraints. Therefore bounds from direct searches at colliders are crucial in order to probe
charged Higgs couplings to b-quarks. In the following we study these constraints using (and
recasting) existing searches at the LHC. They can be classified according to the production
and decay topology:2

1) top associated production and top decay tb→ H± → tb ,

2) top associated production and light quark decay tb→ H± → qb ,

3) light quark production and decay qb→ H± → qb ,

4) light quark production and top decay qb→ H± → tb ,

where q = u, c, since it is typically difficult to distinguish up and charm quarks [54–56].
1The couplings in eq. (1.1) instead are connected to flavor-violating couplings of neutral Higgses to

up-type quarks, which are only weakly constrained by flavor observables.
2We classify the topologies on the quark level, which is just a shorthand for the corresponding LHC

process, e.g. qb → H± → qb stands for pp → (j)H±(→ qb), where (j) denotes possible extra jets, while
tb→ H± → tb stands for pp→ tbH±(→ tb).
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Figure 1. Box diagram contributing to D–D mixing (left), and photon penguin inducing rare top
decays t→ qγ, q = u, c (right), where the photon is attached to any charged particle.

Out of these general topologies, at present only top production and decay has been
studied by the experimental collaborations [57, 58], in addition to top production and cb
decay when the decay to tb is kinematically forbidden [59]. Signal topologies with only
light quarks have not been explicitly searched for, but can be constrained by recasting dijet
constraints on Z ′ models [60–64] (see also ref. [51]). In this work we systematically include
all available channels to derive constraints on the generic couplings in eq. (1.1). Moreover,
we suggest to extend existing experimental searches in several ways: 1) we propose to carry
out a search for tb→ H± → ub in a similar way to the existing search for tb→ H± → cb,
2) we suggest to perform dedicate searches for charged Higgses coupling dominantly to
light quarks, qb→ H± → qb, using single b-quark tagging, 3) we study the potential to test
the top decay channels qb→ H± → tb using multi-b-jet signatures (as has been proposed
also in ref. [48]), and finally 4) we study the possibility to distinguish c- and u-quarks in
qb→ H± → tb using charge asymmetries.

This work is structured as follows: in section 2 we study the flavor constraints from
D–D mixing and top decays. In section 3 we discuss the existing collider constraints for
the four production and decay topologies above, and propose various new searches that
could significantly increase sensitivity. In particular we study the potential to use lepton
charge asymetries in order to distinguish ub from cb production and reduce background.
In section 4 we express the constraints on the various signal topologies at colliders as
model-independent bounds on the Lagrangian couplings in eq. (1.1), also combining with
the constraints from flavor physics. We summarize our results in section 5. In appendix A
and B we provide validations of the PYTHIA code used in our analyses for qb→ H± → qb

and qb → H± → tb, respectively, while appendix C contains the details on multivariate
analysis for the qb→ H± → tb based on a boosted-decision-tree algorithm.

2 Flavor constraints

Box diagrams with charged Higgs exchange provide constraints on the combination gubgcb
from D–D mixing, while radiative top decays t→ cγ (t→ uγ) constrain the combination
gtbgcb (gtbgub). Only the former provide relevant bounds, as we discuss in the following.

2.1 D–D mixing

The dominant contribution to D–D mixing comes from the charged Higgs box diagram in
figure 1, which contributes to the effective ∆C = 2 operator O′1. Assuming that new physics
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Figure 2. Region in the gub–gcb plane allowed by D-meson mixing at 95% CL. The constraint on the
product of both couplings scales linearly with the charged Higgs mass to very good approximation.

contributions to the absorptive part of the mixing amplitude ΓNP
12 in the neutral D-meson

system are negligible, the relevant constraints arise from charged Higgs contributions to the
dispersive part of the mixing amplitude MNP

12

MNP
12 = 1

2MD
〈D|HNP,|∆C|=2 |D〉 = η g2

cbg
∗2
ub

128π2m2
H±

f

(
m2
b

m2
H±

)
GeV3 , (2.1)

where η ≈ 0.021 includes the hadronic quantities and the QCD running and the loop
function is f(x) =

(
1 + 2x log x− x2) / (1− x)3.

Since the SM contribution is dominated by long-distance contributions and no reliable
estimates are available, we constrain the charged Higgs contribution to the mixing amplitude
to lie below the experimental value at 95% CL, which is taken from the online update of
the UTfit collaboration [65, 66]

|M12|95% < 0.0079 ps−1 = 5.2× 10−15 GeV . (2.2)

We show the allowed region in the parameter space in figure 2 for fixed charged Higgs
masses, to which the constraints are roughly proportional.

2.2 Rare top decays

The charged Higgs contribution to the rare top decays t→ c(u)γ in figure 1 gives a constraint
on the combination gtbgc(u)b. The current experimental upper limits at 95% CL are [67]

BRexp(t→ uγ) = 6.1× 10−5 ,

BRexp(t→ cγ) = 1.8× 10−4 . (2.3)
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Figure 3. Charged Higgs production in association with top and bottom quarks (left) and charged
Higgs decay into up-type and bottom quarks (right).

The charged Higgs contribution is given by

BR(t→ qγ) = m5
t

4πΓt

(
5e

1152π2m2
H±

)2 ∣∣∣gtbg∗qb∣∣∣2 , (2.4)

giving BR(t→ qγ) ∼ 10−6 for a charged Higgs mass as light as 100 GeV and O(1) couplings.
Therefore no relevant contraint are currently given by these rare top decays.

3 Collider constraints on production and decay topologies

In the following we discuss the collider constraints for all possible production and decay
topologies, assuming 100% BR in the decay. We will mostly work in the four-flavor-scheme
(4FS), except explicitly stated.

3.1 Constraints on tb→ H± → tb

Searches for charged Higgs bosons that couple mainly to the third generation have been
performed both by ATLAS and CMS, looking for multijet events with one lepton and at
least 2 b-jets The best constraints arise from ATLAS searches at

√
s = 13 TeV employing

the full Run 2 dataset of 139 fb−1 [57], while at present the CMS analysis is based only on
35.9 fb−1 [58]. We therefore use only the ATLAS results, which are presented as constraints
on the product of the cross section of charged Higgs in association with top and bottom
quarks σ(pp → tbH+), see figure 3, and the branching ratio of the charged Higgs decay
BR(H+ → tb). We re-interpret this analysis in terms of a constraint on the coupling gtb in
eq. (1.1) using the LO cross-sections calculated with MadGraph5_aMC@NLO [68, 69] and an
approximate K-factor of K = 1.6 [70]. The resulting NLO cross-section is used to obtain
the 95% CL bounds on gtb shown in figure 4.

3.2 Constraints on tb→ H± → qb

If the charged Higgs decays mainly to light quarks, but is dominantly produced via its
couplings to the top quark, then there has to be a strong hierarchy gqb � gtb and the decay
to top quarks must be kinematically closed, so that the charged Higgs is produced mainly
via top decays. This topology has been searched for both at CMS [59] and ATLAS [71],
giving upper limits on the branching ratio product BR(t→ H±b)× BR(H± → cb) in the
mass range 90–150GeV (CMS) and 60–160GeV (CMS). While the CMS search has used
19.7 fb−1 of data collected at

√
s = 8 TeV, the ATLAS analysis is based on a data with
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Figure 4. 95% CL Bounds on charged Higgs couplings gtb from top production and decay derived
from the ATLAS analysis in ref. [57].

√
s = 13 TeV and an integrated luminosity of 139 fb−1. Thanks to the larger dataset and

refined analysis techniques, the ATLAS search has improved the sensitivity with respect to
the CMS analysis by about a factor of five, and also explored a larger mH± range. For this
reason we only use the ATLAS results in ref. [71].

This analysis focusses on data enriched in top-quark pair production, where one top
quark decays into a leptonically decaying W -boson and a bottom quark, and the other top
quark decays into a charged Higgs boson and a bottom quark. This topology leads to a
lepton-plus-jets final state, characterised by an isolated electron or muon and at least four
jets, with a high multiplicity of b-jets, and missing energy. A neural network classifier is
employed to distinguish between signal and background using kinematic differences. There
is an irreducible SM background from tt production with a W -boson decaying to cb, which
is however suppressed by the corresponding small CKM element.

The resulting ATLAS limits on the branching ratios BR(t→ H±b)×BR(H± → cb) can
be interpreted as upper limits on the top coupling gtb, assuming BR(t→ H±b) + BR(t→
W±b) = BR(H± → cb) = 1. These bounds are valid as long as the couplings gub, gcb are
small enough such that the top decays dominate the production. The resulting 95% CL
limits on gtb are shown in figure 5.

While the ATLAS analysis in ref. [71] has focussed on H± → cb decays, it could
be worthwhile to perform a similar analysis on the same data set looking for H± → ub

decays. We presume such an analysis to be very similar, possibly even using the same
signal categories, since the only difference is a light jet instead of a charm-jet. The ATLAS
analysis was using a neural network exploiting the b-tagging score of this charm-jet, which
helps to distinguish the signal from the main backgrounds, tt + light jets and tt+ b-jets.
Replacing the charm-jet by a light jet will presumably worsen the separation of the signal
from the first background, but improve the separation from the latter background.3 Thus

3We thank Nicola Orlando for clarifying this point.

– 6 –



J
H
E
P
1
1
(
2
0
2
2
)
1
1
2

60 80 100 120 140 160 180 200

0.0

0.1

0.2

0.3

0.4

0.5

Figure 5. 95% CL constraints on charged Higgs couplings gtb from top production and decay to
cb, using the ATLAS analysis in ref. [71]. These constraints are valid as long as gcb (and gub) are
sufficiently small such that H± production is dominated by top decays.

200 400 600 800 1000

0.1

0.2

0.5

1

2

Figure 6. Upper limits at 95% CL on the couplings gub (solid) and gcb (dashed) as a function of
the charged-Higgs mass mH± from recasting Z ′-searches with ISR photons in ref. [62] (blue) and
ISR jets refs. [60, 61, 63, 64] (orange). See text for details.

one might expect that overall these effects would balance and the proposed analysis might
lead to constraints on BR(t→ H±b)× BR(H± → ub) that are as stringent than those on
BR(t→ H±b)× BR(H± → cb).
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Criterion Single-photon trigger Combined trigger

Number of jets njets ≥ 2
Number of photons nγ ≥ 1
Leading photon EγT > 150 GeV EγT > 95 GeV
Leading, subleading jet pjet

T > 25 GeV pjet
T > 65 GeV

Centrality |y∗| = |y1 − y2|/2 < 0.75
Invariant mass mjj > 169 GeV mjj > 335 GeV
Jet |η| |ηjet| < 2.8

Table 1. Selection criteria of ref. [62]. Here y1 and y2 denote the rapidities of the leading and
subleading jet (in pT ). See text for the other definitions.

3.3 Constraints on qb→ H± → qb

Dedicated searches for a charged-Higgs boson where light quarks dominate both production
and decay have not been performed by the experimental collaborations. However, since
the signature of this channel is a dijet resonance, one can put limits on the couplings
by recasting other searches (see e.g. refs. [72, 73] for the case of large flavor-conserving
couplings to light quarks). The most important searches for charged-Higgs with masses of
the order of ∼ 300 GeV look for two well separated jets with a high-pT jet or photon from
initial state radiation (ISR). We have recasted these searches to obtain the limit shown in
figure 6, which we discuss in more detail in the following.

In ref. [62] a search has been performed for the signature pp → Z ′ → qq with an
ISR photon. The selected events had been divided into two categories, one where both
jets from the resonant decay are b-tagged, and the other without b-tagging. Since the
resonance does not decay in two b-jets in our case, we focus on the analysis performed
for the latter category.4 However, we use the two b-tag category in the case where the
resonance decays predominantly into cb, i.e. for a dominant gcb coupling since the mistag
rate of a charm quark is not negligible and might yield sizeable contributions in this signal
region. Moreover, two different triggers have been used depending on the resonance masses
and differing by the transverse energy cut on the photon EγT,trig, and the pT cut on the jets.
The single-photon trigger, used for resonance masses below 450 GeV, requires only a single
photon with transverse energy EγT,trig > 150 GeV. Above 450 GeV, the combined trigger is
used allowing for a lower transverse energy cut on the photon EγT,trig > 75 (85) GeV for the
2016 (2017) datasets by additionally requiring two jet candidates with each pjet

T,trig > 50 GeV.
Photons are collected in the region |η| < 2.37 excluding 1.37 < |η| < 1.52. The selection
criteria are listed in table 1. Additionally, if a reconstructed jet is not well separated from
the isolated high-pT photon, i.e. an angular separation of ∆R < 0.4, the jet candidate
is removed.

4It would be interesting if the experimental search would also include a single b-tagged category, which
would presumably give the best sensitivity to our signature as SM background is further reduced (cf. ref. [52]).
For searches that also require an ISR jet, it could be beneficial to additionally require that this ISR jet to
be b-tagged, in order to reduce the background even further.

– 8 –
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Figure 7. Charged Higgs production through gc fusion contributing to pp→ bH±.

We generate pp→ γH±(→ qb) in the five-flavor-scheme (5FS) in MadGraph5_aMC@NLO
at leading order using the 2HDM model file given in ref. [74]. To populate the phase space
with sufficient events fulfilling the EγT cut on the photons, the events are generated with
a pγT cut of pγT > 100 (50) GeV for the single-photon (combined) trigger. The analysis is
performed in PYTHIA 8.2 [75, 76], and we have validated our code by applying it to the
signature pp→ γZ ′(→ qq) and comparing to the analysis by the ATLAS collaboration in
ref. [62], finding excellent agreement (cf. appendix A). To set the limits on the charged-Higgs
couplings, we calculate the local significance Z ≈ S/

√
S +B around the resonance, using the

observed data from ref. [62] provided in the online repository HEPData, with the number of
signal events S and background events B. The resulting upper limits on the charged-Higgs
couplings at 95% CL are shown in figure 6 in blue for gub (solid) and gcb (dashed).

As it can be seen from this figure, the ISR photon search yields the most stringent
constraints in the mass window between 300 and 350GeV. Interestingly, the two b-tag
category yields slightly stronger bounds for gcb than the category without b-tagging, due
to the moderate mistag rate of charm quarks. Below 300GeV the strongest bounds come
instead from a dijet search with an ISR jet where the two jets stemming from the resonance
decay have been reconstructed as one large-radius jet [63]. Above 350GeV the experiments
usually look for two well-separated jets where the strongest constraints for masses up to
450 GeV again come from searches with an ISR jet [64]. For even higher masses the generic
dijet searches yield the strongest bounds [60, 61], where for masses . 1 TeV only partial
event informations are usually collected in order to not saturate the trigger. The ATLAS
search [60] gives the strongest limits for masses below ≈ 930 GeV, while the CMS search [61]
yields stronger limits for even higher masses.

In figure 6 we have combined all these constraints and show the strongest one in orange,
which is obtained by recasting the experimental searches for a “leptophobic” Z ′ vector boson
coupling with universal couplings to quarks in refs. [60, 61, 63, 64]. For large resonance
masses > 450GeV, we only apply the appropriate rescaling with the parton distribution
functions (PDFs). For low mass resonances we also include the efficiency ratios for Z ′-
and H±-mediated events, respectively, since here deviations from the PDF-rescaling can
be large due to the presence of an additional ISR jet yielding sizeable contributions from
gq-fusion, see e.g. ref. [51].

3.4 Constraints on qb→ H± → tb

The associated production of a charged-Higgs with a single b-quark (see figure 7) with the
subsequent decay H± → tb has not been considered by the experimental collaborations, so
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currently there is no dedicated analysis. The authors of ref. [48] have proposed a search
for the cb→ H± → tb topology based on a signature with three b-tagged jets plus lepton,
which is similar to the searches in refs. [57, 58]. In the following we will revisit the proposed
analysis,5 and extend it by i) studying also the case of ub production, ii) including the
impact of systematic uncertainties and iii) exploring a more refined cut strategy (also
employing a BDT algorithm) to further optimize the expected sensitivity.

Before explaining the details of the proposed search, we note that possible constraints
on this topology could be derived by similar searches targeting a charged Higgs decaying
into tb but produced via a different channel. Specifically, in ref. [58] one signal category
is focused on a resonantly produced (through light quarks) charged Higgs boson with the
subsequent decay into tb. However, this signature has only been analysed for charged Higgs
masses & 800 GeV due to the high QCD-jet background. In order to reduce the large
background and extend the search down to lower masses, one could require an additional
hard b-jet in the final state. This results effectively in a three b-tagged jets plus lepton
signature. One of the signal category of [57] (targeting tb production and tb decay) actually
requires three b-tagged jets and one lepton, but also additional hard jets, and the resulting
signal efficiency for our production mode is too small to give any relevant constraint.

We now proceed in describing the proposed search for the qb→ H± → tb topology. The
basic selection requires events with at least three b-tagged jets and one lepton (e or µ) with
transverse momenta of pbT > 20 GeV and plT > 30 GeV, respectively. Moreover, events are
required to have missing energy of Emiss

T > 35 GeV. The angular separation ∆R between
any two b-jets and between any b-jet and the lepton should satisfy ∆R > 0.4. Furthermore,
a pseudo-rapidity cut of |η| < 2.5 is applied to the lepton and all b-jets. Finally, the sum
HT of the transverse momenta of the three b-jets and the lepton momentum should satisfy
HT > 350 GeV. The dominant background is tt production, which we have simulated in
MadGraph5_aMC@NLO with up to two additional jets in the five-flavour scheme. In the same
way we generate the signal pp → H±(→ tb) + js with up to two additional jets in the
five-flavour scheme using the 2HDM model file provided in ref. [74].

The resulting Les Houches Event (LHE) file is fed into a PYTHIA 8.2 standalone version.
Jets are matched using the MLM jet matching algorithm [68, 77, 78]. The jet finding is
performed with FastJet [79, 80] using the anti-kT algorithm with a radius parameter of
R = 0.6. The K factor is determined by dividing the NNLO cross section, see ref. [81] and
references therein, by the leading order cross section after jet merging. This yields K ≈ 1.6.
We implement jet tagging as follows: the closest jet (within a given radius ∆R) to a b-quark
that originates from the initial hard process is marked as a b-jet, and similarly the closest
jet to a c-quark that originates from initial hard process is marked as a c-jet. Every other
jet are potential mistag candidates, with an assigned mistagging probability taken from
the Delphes detector cards that use the operating point of ref. [82] with 70% b-tagging
probability. Similarly b- and c-jets are identified as such by multiplying with a tagging
probality. We have validated our PYTHIA code (in particular the jet tagging algorithms) by
comparing to the simulations obtained for similar signatures by ATLAS [83] and CMS [84],
for which we obtain excellent agreement (see appendix B for details).

5We thank the authors of ref. [48] for correspondence about their results.
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tt+ 2j Wt+ 2j tj + 1j tth ttZ 2j +H± → tb

σinclusive
had 614 pb 72 pb 218 pb 480 fb 709 fb 28 pb

nevents 34567910 37350 383497 10000 10000 133247
≥ 3j, pbT , ηb 33535695 34901 301202 9973 9925 116646
≥ 3b 1425532 815 4040 2849 1097 10946
∆Rbb 1425532 815 4040 2849 1097 10946
ηl 1258837 708 3311 2722 1030 9496

pl,veto
T 776939 427 1493 2026 745 5278

∆Rlb, plT 228213 131 180 675 257 1036
exactly 1 lepton 210654 119 176 534 218 1020

Emiss
T 143130 74 104 363 155 630
HT 45184 25 23 181 76 71

σhad,LO [fb] 802± 4 49± 10 13± 3 8.7± 0.6 5.4± 0.6 14± 2

Table 2. Cutflow of leading order partonic cross sections after merging in the 5FS.

Our results for the LO partonic cross sections are given in table 2 for a benchmark
point with gtb = 0.6, gcb = 0.4,mH± = 300 GeV. This choice corresponds to the benchmark
point “BP1” in ref. [48], and we essentially agree on the values for signal and dominant
background (tt + jets), although we find small discrepancies for sub-leading backgrounds.

In order to study the experimental sensitivity of the proposed analysis, we have used our
PYTHIA code to perform a “cut and count” analysis, and calculate the statistical significance
Z according to Z ≈ S/

√
S +B + (εB)2 , with the number of signal events S, background

events B and relative systematic background uncertainty ε. This analysis is performed for
each charged-Higgs mass point, calculating the number of signal events as a function of the
couplings gtb and gcb by a simple rescaling. In this way one can calculate the expected6

95% CL exclusion limits in the plane of couplings for a given Higgs mass, and we show the
exclusion curves for mH± = 300, 500, 750, 1000 GeV in the left panel of figure 8.

In the same way we can calculate exclusion curves on the product gtbgub, shown in
the right panel of figure 8. These limits are stronger simply because of the larger parton
luminosities for up-quarks as compared to charm quarks, which control charged Higgs
production through ug (cg) fusion. Note that for large gtb the contribution to charged
Higgs production from associated production with top quarks is not negligible anymore,
and the constraints from the proposed analysis no longer apply. We therefore indicate
with a hatching the region where associated production with top quarks makes up more
than 10% in both panels of figure 8. We also provide the constraints on the product of
production cross section and branching ratio in figure 9. The dashed line indicates the 95%
CLs limits that can be obtained if only background was observed, while the green (yellow)
bands are the projected 95% CLs limits corresponding to up- and downward fluctuations of
the background at 68% (95%).

6That is the limits one could obtain if only background was observed.

– 11 –



J
H
E
P
1
1
(
2
0
2
2
)
1
1
2

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.0 0.5 1.0 1.5 2.0

0.0

0.5

1.0

1.5

2.0

Figure 8. Expected 95% CL upper limits in the plane of charged Higgs couplings gtb–gcb (left
panel) and gtb–gub (right panel) for different charged-Higgs masses and

√
s = 14 TeV @ 139 fb−1.

When the ratio of gtb/gcb (gtb/gub) becomes so large that charged Higgs production is no longer
dominated by ug (cg) fusion, the bounds from the proposed analysis loose their validity. We indicate
this region, roughly defined when associated production with top quarks makes up more than 10%
of total charged Higgs production, with a hatching.
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Figure 9. Expected upper limits at 95% CLs on the production cross section times branching ratio
σ(gq → bH±)× BR(H± → tb) as a function of the charged Higgs mass. Shown in green (yellow)
are the projected limits corresponding to background fluctuations of 68% (95%).

Finally, we demonstrate that the sensitivity can be further improved by optimizing the
baseline cuts proposed in ref. [48]. We take the same basic signal region, i.e. ≥ 3 b-jets with
pT ≥ 20 GeV and exactly 1 lepton with pT ≥ 30 GeV, all satisfying |η| < 2.5, and vary the
cuts on missing transverse energy Emiss

T and total transverse momentum HT = plT +∑3
i=1 p

bi
T .

As can be seen from the histograms in figure 10, a cut on HT can be helpful in distinguishing
signal and background for Higgs masses above 500GeV (we have checked that a cut on Emiss

T

has less impact). In the following we consider two procedures to maximize the significance
Z ≈ S/

√
S +B + (εB)2: we try to strengthen the single cuts on pT , HT and Emiss

T by hand
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Figure 10. Binned differential cross-section in the signal region for gtb = 0.6, gcb = 0.4 and√
s = 14 TeV@140 fb−1, as a function of the sum of transverse momenta HT for mH± = 300 GeV

(left panel) mH± = 500 GeV (right panel).

(“optimized cuts”), and also employ a boosted-decision-tree (BDT) algorithm to find the
best cuts (“BDT”), see appendix C for more details. We apply these procedures to the
couplings of the benchmark scenario BP1 (gtb = 0.6, gcb = 0.4), and take as a reference
point the basic cuts for mH± = 300 GeV, HT > 350 GeV and Emiss

T > 35 GeV. In figure 11
we calculate the sensitivity for 140 fb−1 as a function of the charged Higgs mass for this
reference point (shown in blue). This is compared to an analysis with additional cuts (in
green) and the optimized BDT analysis (in orange) We take into account systematic errors
through the parameter ε, and show results for the cases ε = 5% (left panel) and ε = 10%
(right panel). As one can see from this figure the optimized cuts allow a slight gain of
sensitivity for Higgs masses above 500GeV, while the BDT can potentially increase the
sensitivity by an order of magnitude, even for small Higgs masses. We expect that a realistic
analysis gives sensitivities that fall between our analyses with additional cuts and the BDT
(i.e. between orange and green points in figure 11), provided that we did not underestimate
systematic errors.

3.5 Charge asymmetry

In this subsection we explore the possibility of employing charge asymmetry information
to further probe at the LHC a charged Higgs with flavour violating couplings in the
qb → H± → tb channel. Previous studies on charge asymmetries, focussing on the
opportunity to use this variable to detect single top signatures or new physics models,
include refs. [85–91].

For a specific final state including one reconstructed lepton, a charge asymmetry variable
AC can be constructed as

AC = N+ −N−
N+ +N−

(3.1)
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Figure 11. Significance Z as a function of the charged Higgs mass for various cuts. Shown are
results for a systematic error of ε = 5% (left panel) and ε = 10% (right panel). Blue points correspond
to the cuts of BP1 in ref. [48], green ones to additional cuts on pT , HT and Emiss

T , and orange points
correspond to optimised cuts using a boosted-decision-tree algorithm (BDT).

where N+ (N−) denote the number of events with positive (negative) charged lepton. As we
will briefly review in the following, the advantage of using this variable for setting limits (or
improving discovery potential) is that many systematic uncertainties simplify in this ratio.

The uncertainty on the charge asymmetry AC is calculated using the usual variance
formula for independent variables. In this case, the total statistical uncertainty δstat

AC

simplifies to

δstat
AC

= 2
√

N+N−

(N+ +N−)3 , (3.2)

since N+ and N− are Poisson distributed. Also a total systematic uncertainty δsyst
AC

arises
from combining the systematic uncertainties on all processes pi that yield a non-vanishing
charge asymmetry AC(pi)

δsyst
AC
≈

√∑
i

[
δ2
σ(pi)

(
A2
C(pi) +A2

C

)]
∑
i σ(pi)

, (3.3)

where δσ(pi) denotes the systematic uncertainty on the production cross section of the process
pi. Note that the first term, which arises from the uncertainty on N+ − N−, typically
dominates over the second term that arises from propagating the uncertainty on N+ +N−.

In the case of a charged Higgs coupled predominantly to either ub or cb and the
corresponding bbb` signature, as studied in this section, the use of the charge asymmetry
can be twofold. On one hand, it can be employed as a new variable to test the pure ub
coupling hypothesis, since for such coupling the new physics signal is maximally charge
asymmetric, contrary to the SM background. On the other hand, in the optimistic case of
a signal discovery in the bbb`, it can effectively discriminate between ub and cb production
once restricted to the signal events.

We begin the discussion with the second application of AC , the signal discrimination.
In figure 12 we show the charge asymmetry variable for the signal in the case of ub and
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Figure 12. Charge asymmetry for the charged Higgs signature (in bbb`) for the cases of pure ub
(orange) or cb (blue) production, as a function of the charged Higgs mass. The production through
the ub coupling displays a significant charge asymmetry due to the initial state valence quark. We
also display combined statistical and systematic uncertainties, with the latter assumed to be 10%.

cb production, for the benchmark scenario BP1 with varying charged Higgs mass, and we
have also included statistical and systematic uncertainties. The ub channel is very charge
asymmetric because the production mode involves a valence quark. Note that the value of
the coupling is not relevant for the central value of the asymmetry, but the overall cross
section will modify the number of events and hence will impact the statistical error. We
conclude that the ub and cb production can be easily discriminated by using the charge
asymmetry variable AC for a sufficient number of observed events.

We proceed by analyzing the constraining potential of the charge asymmetry variable
in the case of pure ub coupling. In this case AC can be useful since the main background
is tt̄ production, which is mainly charge symmetric. Indeed only the interference between
qq-initiated processes at NLO and LO yields a negative value of AttC (that gets smaller for
increasing rapidity cut), while the main contribution to the tt̄ cross-section comes from
gluon fusion that is charge symmetric to all orders [86, 92]. Contributions to the charge
asymmetry from qg and qg fusion are subleading.

In order to estimate the discovery potential of the charge asymmetry variable, we
evaluate it for the case of only SM and for SM+charged Higgs signal, fixing the ub coupling
to a representative value. In case of the SM, we also take into account the subleading
contributions from single-top production besides the main tt background which is the most
relevant one after the bbb` selection, cf. table 2. The single-top backgrounds have to be taken
into account since the uncertainty on their cross-sections can have a sizeable effect on the
error estimate due to Asingle-top

C ≈ 1/3, see eq. (3.3). We estimate the uncertainties by adding
statistical uncertainty and a systematic uncertainty of 100% (single-top) and 200% (tt) on
the SM backgrounds. The latter error (which we actually deem to be conservative [86, 87])
reflects the fact that we are only partially taking into account the NLO contribution to
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Figure 13. Charge asymmetry comparison between the signal (charged Higgs production through
the ub coupling) and the SM background, as a function of the charged Higgs mass, for the final state
selection bbb` explained in the text. We include statistical and systematic uncertainties in the SM
estimate of the asymmetry, see text for details.

AC from tt production, as we are not considering QCD loop corrections that are mainly
responsible for the charge asymmetry in the SM.

The resulting uncertainty band is shown in figure 13. Within these assumptions, the
charge asymmetry variable can for instance exclude a charged Higgs with ub coupling
gub = 0.4 in the mass range 325 GeV . mH± . 575 GeV. While a detailed quantitative
investigation of the systematic uncertainties in the measurement of AC is beyond the scope
of this paper, our analysis demonstrates that the use of charge asymmetry variables can
provide a promising complementary test of this new physics signature.

4 Constraints on charged Higgs couplings

In this section we summarize the constraints on charged Higgs couplings to b-quarks defined
in eq. (1.1), combining the flavor constraints from section 2 and the collider constraints for
the various production and decay topologies from section 3.

If a single coupling dominates, the constraints are trivially given by figures 4 and 5 for
dominant gtb coupling, and figure 6 for dominant gcb or gub coupling. We summarize these
constraints in figure 14.

If both gub and gcb are sizable, the bounds from flavor physics (cf. figure 2) and dijet
searches (cf. figure 6) are complementary, as seen in figure 15, where these constraints have
been overlaid in the gub–gcb-plane for two choices of the charged Higgs mass. While for low
Higgs masses the flavor constraints dominate for couplings of similar size, these constraints
quickly fade for larger Higgs masses, while instead the dijet searches become more effective.
Note that in the limit where a single coupling dominates the limits in figure 14 are recovered,
but generically the bounds are stronger because the two production channels add up.
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Figure 14. Combined constraints on charged Higgs couplings in the limit where the coupling gub
(left upper panel), gcb (right upper panel) or gtb (lower panel) dominates.
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Figure 15. Present 95% CL constraints in the coupling plane gub–gcb formH± = 450 GeV (left panel)
and mH± = 750 GeV (right panel). Shown are the constraints from dijet searches [60, 61, 63, 64]
denoted by “qb→ H± → qb” and flavor constraints denoted by “D–D mixing”.
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At present there is no experimental search that specifically probes the non-trivial
interplay of top and light quark couplings. However, as discussed in section 3.4, strong
bounds can be obtained already with present data if dedicated searches for the qb→ H± → tb

signature are carried out, as shown in figure 8. We overlay the expected constraints with
the limits on single couplings in figure 16 (figure 17), which summarizes all relevant bounds
in the plane gcb–gtb (gub–gtb) for 140 fb−1 and two choices for the charged Higgs mass. The
grey regions indicate the limits from single coupling searches, either from dijet searches for
dominant qb coupling (cf. figure 6), or the usual searches for top charged Higgs production
and decay for dominant tb coupling (cf. figure 4). Note that these bounds are loosened
when the non-dominant coupling is increased, simply due to the reduction of the relevant
branching ratio.

The red contours instead indicate the parameter space that could be probed by the
dedicated search for qb→ H± → tb as discussed in detail in section 3.4. Dashed red lines
show the sensitivity for simple cuts on top of HT > 350 GeV, Emiss

T > 35 GeV, while the solid
red line denote the constraints we obtained from cut optimization used a BDT algorithm.
We expect that a realistic analysis carried out by the experimental collaborations will yield
constraints between these two curves, and thus has the potential to substantially improve
present bounds, in particular for light Higgs with couplings to ub and cb quarks of similar
size. Therefore such searches will probe a significant portion of previously unchartered
parameter space, which can be seen from figure 18, where we show the same lines as in
figures 16 (figure 17), but in the plane mH±–gcb (mH±–gub) for fixed coupling gtb = 0.6.
This figure also shows that using the BDT is roughly equivalent to reducing the systematic
uncertainties by 5%.

5 Summary and conclusions

In this work we have systematically studied model-independent constraints on generic
charged Higgs couplings to b-quarks. Flavor physics (D-meson mixing and flavor-violating
top decays) gives only weak constraints, so that LHC searches play a crucial role in probing
these couplings. So far ATLAS and CMS have performed dedicated searches only for charged
Higgses that dominantly couple to tb quarks, resulting in constraints that we summarize in
figure 14 (lower panel). If instead couplings to ub or cb quarks dominate, one can recast
existing dijet searches for leptophobic Z ′ fields in order to obtain the bounds in the upper
panels of figure 14. These constraints could be strengthened by new dedicated searches in
the following way:

• Looking for light charged Higgses produced from top decays t → bH±(→ ub) in a
similar way to the existing search for t→ bH±(→ cb), see section 3.2.

• Extending the dijet searches for Z ′ vector bosons also with single b-tagging, in order
to improve sensitivity on scenarios with flavor-violating couplings, see section 3.3.

If couplings to both ub and cb quarks are sizable, there is a non-trivial interplay between
LHC searches and flavor physics. Dijet searches are actually complementary to flavor
physics, see figure 15, as the latter give constraints that quickly decouple with the charged
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Figure 16. Expected 95% CL upper limits in the coupling plane gcb–gtb for 140 fb−1 and charged
Higgs masses of 450GeV (left panel) and 750GeV (right panel). Shown are the constraints from
single coupling searches based on dijet searches [62] denoted by “qb→ H± → cb”, and searches for
top charged Higgs production and decay [57] denoted by “tb→ H± → tb”. The red lines denoted
by “cb→ H± → tb” indicate the parameter space that could be probed by the search described in
section 3.4. The dashed red line shows the constraints from applying the indicated cuts, while the
solid line shows the constraints obtained from optimized cuts using a BDT algorithm. We assume a
systematic uncertainty of 5%.
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Figure 17. As figure 16, but for the coupling gub instead of gcb.
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Figure 18. Expected 95% CL exclusion limits in the plane mH±/gub (left panel) and mH±/gcb
(right panel) for fixed gtb = 0.6. Shown in gray are the constraints from single coupling searches
based on dijet searches [62] denoted by “qb→ H± → qb”, searches for top-associated charged Higgs
production and decay [57] denoted by “tb→ H± → tb”, and the constraints from resonant charged
Higgs production decaying into tb [58] denoted as “qb→ H± → tb”. The latter are relevant only for
gub and large Higgs masses. The red lines indicate the parameter space that could be probed by the
search described in section 3.4, denoting the constraints from applying the cuts in figure 16 with
(solid) or without BDT optimization (dashed), for different assumed systematic errors ε.

Higgs mass, while the former gain sensitivity for heavy Higgses when hard cuts on transverse
jet momenta can significantly reduce SM background.

Up to now there have been no dedicated searches that look for a charged Higgs that has
sizable couplings to both qb and tb quarks. We have discussed in detail how one can profit
from their interplay in order to significantly extend the existing reach on the parameter
space from single coupling constraints alone, see figure 16, figure 17 and figure 18. For
example, bounds on couplings to bottom-quarks can be improved by factor 5(3) for charged
Higgs masses of 450 GeV (750 GeV) with existing data alone (140 fb−1), just assuming equal
couplings to tb and qb. Specifically we have proposed two new search strategies:

• Probing the top decay channels qb→ H± → tb using multi-b-jet signatures similar to
ref. [57], but with lower (b-)jet multiplicity, see section 3.4.

• Employing charge asymmetries that allow to both distinguish c- and u-production in
qb→ H± → tb and reduce SM background, see section 3.5.

In summary we think it is worthwhile to develop and carry out dedicated collider searches
for all three charged Higgs couplings to b-quarks, since the reach of flavor physics is limited
and present LHC searches focus on the tb coupling. We suggested various new search
strategies that are mainly slight extensions of existing analyses, which hopefully are useful
for experimentalists to design realistic searches that allow to boost the LHC reach on
scenarios with generic charged Higgs couplings. Already with existing data we expect an
improvement of the bounds by O(1) factors, only assuming democratic couplings.
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Figure 19. Comparison of the acceptance (left) and of the limit on the coupling (right) between
our analysis and the experimental analysis from ref. [62] (1901.10917).
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A Validation of PYTHIA code used for qb→ H± → qb analysis

Here we cross-check our analysis procedure which we used to recast the results of ref. [62], cf.
section 3.3. For this we apply our code to the Z ′ model that has been analysed in the very
same reference. This enables a direct comparison between our analysis and the experimental
one. The data for the process pp → γZ ′(→ jj) is generated in MadGraph5_aMC@NLO
using the vector-leptoquark model file of ref. [93]. The acceptance of our procedure is
shown together with the acceptance of the experimental analysis, that can be found in
the auxiliary materials of ref. [62], in figure 19. Further, we determine the limits on the
coupling as described in section 3.3. The result is shown in figure 19 where we overlaid
the results of ref. [62]. Both results show a good agreement with the more sophisticated
experimental analysis.

B Validation of PYTHIA code used for qb→ H± → tb analysis

In order to validate our PYTHIA code that we used for the qb→ H± → tb analysis, we have
used the same code to reproduce the number of simulated SM background events after cuts
in various channels as obtained by the experimental collaborations in the ref. [83] (ATLAS)
and ref. [84] (CMS).

B.1 Validation with arXiv:1209.4397 (CMS)

The CMS analysis was dedicated to the production of heavy resonances decaying into top-
antitop quark pairs using 5.0 fb1 at

√
s = 7TeV. SM background events from tt production
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3j, ≥ 1b ≥ 4j, 0b ≥ 4j, 1b ≥ 4j, ≥ 2b

Our analysis 7657± 1245 2214± 668 8261± 1294 7657± 1245

ref. [84] 5612 2988 7802 6093

Table 3. Expected number of events for tt production at
√
s = 7TeV and 5.0 fb−1 obtained with

our analysis code and by the CMS collaboration in ref. [84]. For our analysis we only show the
statistical errors from the limited MC samples we used, whereas the errors in the numbers of ref. [84]
are dominated by systematic uncertainties, which amount to roughly 10%.

were generated using MADGRAPH 5.1.1, PYTHIA 6.4.24 (generating pp→ tt with up to two
additional jets) and POWHEG event generators using CTEQ6L parton distribution functions
of the proton. On these events selection cuts were imposed by requiring exactly one isolated
muon with plT > 30 GeV and |ηl| < 2.1 and at least three jets with transverse momentum
pjT > 50 GeV, |η| < 2.5, where the leading jet hast at least pT > 70 GeV. The anti-kt
algorithm with R = 0.5 was used for jet clustering, where candidates identified as leptons
were excluded from jet clustering. Moreover, missing transverse energy of at least 20GeV
were required, and only tracks with transverse momentum above 0.5GeV were taken into
account. Different signal categories were obtained by carying the number of required jets
and b-tagged jets. The cross sections have been normalized to the NLO values given in
ref. [84] (σ7 TeV

tt
= 157.5 pb), corresponding to a K-factor of 1.51.

In table 3 we display the numbers of events which passed all cuts in the various signal
categories, where e.g.“≥ 4j, 1b” means at least four jets of which there is one b-tagged jet.
Within statistical errors we find excellent agreement with the simulated events obtained by
the CMS collaboration.

B.2 Validation with arXiv:1512.03704 (ATLAS)

The ATLAS analysis was dedicated to the search for charged Higgs bosons produced in
association with a top quark gb→ tH± decaying to tb using 20.3 fb−1 at

√
s = 8TeV. SM

background events from tt production were simulated with Powheg-Box v2.0, using the
CT10 PDF set. These events were interfaced to Pythia v6.425, with the Perugia P2011C
tune for the underlying event. Events were further selected by requiring exactly one isolated
lepton, satisfying ET > 25 GeV, |η| < 2.47 (electrons) and pT > 25 GeV, |η| < 2.5 (muons),
and at least 4 jets with transverse momentum pjT > 25 GeV and pseudo-rapidity |ηj | < 2.5.
The anti-kt algorithm with R = 0.4 was used for jet clustering, where candidates identified
as leptons were excluded from jet clustering. Moreover, missing transverse energy of at
least 20GeV were required, and only tracks with transverse momentum above 0.5GeV were
taken into account. The b-tagging algorithm has 70% efficiency to tag a b-quark jet, with
a light-jet mistag rate of 1% and a c-jet mistag rate of 20%. The tt cross sections have
been normalized to the NNLO values given in ref. [83] (σ8 TeV

tt
= 253 pb), corresponding to

a K-factor of 1.72.
In table 4 we display the numbers of events which passed all cuts in the various signal

categories, where e.g.“≥ 4j, 3b” means at least four jets of which there are three b-tagged
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4j, 2b 5j, 2b ≥ 6j, 2b 4j, ≥ 3b ≥ 5j, ≥ 3b

Our analysis 71508± 3142 41654± 2374 28631± 1990 5063± 838 8624± 1082

ref. [83] 87220± 13740 44750± 10830 24490± 8420 7700± 1780 9700± 3800

Table 4. ttjs: expected number of events for tt production at
√
s = 8TeV and 20.3 fb−1 obtained

with our analysis code and by the ATLAS collaboration in ref. [83]. For our analysis we only show
the statistical errors from the limited MC samples we used, whereas the errors ref. [83] are dominated
by systematic uncertainties.

jet. Within statistical errors we find excellent agreement with the simulated events obtained
by the ATLAS collaboration.

C BDT analysis of qb→ H± → tb signature

In order to maximise the reach of the search, we perform a multivariate analysis by employing
a boosted-decision-tree (BDT). For this, we use an AdaBoost classifier as implemented in
the scikit-learn library in Python. For Higgs masses below (equal and above) 800 GeV,
we train the classifier using 10 trees and a learning rate of 0.4 with each tree having a
maximal depth of 14 (8).

The BDT is trained on 105 unweighted tt background events and 104 unweighted signal
events which have passed the selection region defined as

pjT > 20 GeV , plT > 30 GeV , HT > 350 GeV , Emiss
T > 35 GeV , |η| < 2.5 ,

(C.1)
with exactly one lepton and at least three b-jets, cf. section 3.4 The variables included in
the training are

• pbT,i of the three leading b-jets, i = 1, 2, 3

• plT of lepton

• scalar sum of the pT of the three b-jets and lepton

• missing energy Emiss
T

• ∆R between the three leading b-jets and the lepton, denoted as Rbij and Rli for the
distance between the ith and jth b-jet, and the ith b-jet and lepton, respectively

• pseudo-rapidity of the three leading b-jets ηbi and the lepton ηl

• number of jets njets

• number of b-jets nb-jets

Note that the BDT is only trained on the signal events and the dominant tt background,
however, the performance evaluated with a separate dataset for a luminosity of L = 140 fb−1

takes into account all processes listed in table 2. We show the results exemplary for the
450 GeV charged-Higgs mass point with gcb = 0.4 and gtb = 0.6 and a systematic uncertainty
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Figure 20. L = 140 fb−1. Left: significance Z ≈ S/
√
S +B + (εB)2 for ε = 5% as a function of

the BDT cut. Right: receiver operating curve.

of ε = 5%. The receiver operating curve showing the true positive over false positive rate is
shown on the right plot of figure 20 while the BDT output is shown on left plot. The latter
is treated as an additional cut variable, thus cutting at a BDT output of 0.25 yields the
maximal significance of ≈ 7.9.

To further determine the BDT variables with the most impact, we drop up to two
training variables and retrain the BDT without this information. The resulting BDT is
evaluated on the same L = 140 fb−1 dataset as before. The resulting drop in the significance
is shown in figure 21.
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Figure 21. Change in the significance ∆Z when re-evaluating the BDT after performing the
training without the variables listed on the axes. The diagonal elements correspond to dropping one
training variable. The matrix is by construction symmetric. The significance using the whole set of
variables is σ0 ≈ 7.9.
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