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Reconstructing heavy Higgs boson masses in a type X two-Higgs-doublet
model with a light pseudoscalar particle
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We analyze the prospects of reconstructing the mass of a heavy charged Higgs boson in the context
of a type X two-Higgs-doublet model where a light pseudoscalar A in the mass range 40-60 GeV is
phenomenologically allowed, and is in fact favored if one wants to explain the muon anomalous magnetic
moment. The associated production of charged Higgs bosons with the pseudoscalar A and subsequent
decay of the charged Higgs boson into a W and A is found to be our relevant channel. The branching ratio
for Ht — WTA with M+ ~ 200 GeV is close to 50%. The hadronic decay of the W boson, coupled with
the leptonic decays of A into a tau and muon pair, help in identifying the charged Higgs bosons. The neutral
heavy Higgs boson, being degenerate with the charged Higgs boson for most of the allowed parameter
space of the model, also contributes to similar final states. Thus, both the charged and neutral CP-even
heavy Higgs bosons are reconstructed within a band of about 10 GeV.

DOI: 10.1103/PhysRevD.98.075008

I. INTRODUCTION

In describing new physics an extended scalar sector can
be of relevance in several contexts including supersym-
metry, CP violation, and dark matter. Of the possible
scenarios, two-Higgs-doublet models (2HDMs) stand out
as minimalistic but phenomenologically rich options,
whose signatures can be tested at colliders. There are four
broad categories of 2HDMs which respect natural flavor
conservation at the tree level, due to the presence of some
discrete symmetry in the Lagrangian. These are usually
named type I, type I, type X (or lepton specific) and type Y
(or flipped) [1-3]. This paper focuses on identifying the
collider signatures of the heavy Higgs bosons in type X
2HDM, which has a viable region of parameter space that
explains the muon g— 2 discrepancy [4,5]. This region
allows for a sufficiently light (40-60 GeV) pseudoscalar,
coupled with a high value of tan f that can give enhanced
(positive) two-loop contribution to the anomalous muon
magnetic moment [6-11]. Such low values of M,, the
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pseudocalar mass, are consistent with all experimental
limits [10-12].

In this scenario, one scalar doublet has Yukawa cou-
plings with quarks only, while the other one couples to
leptons alone. This results in the “hadrophobic” nature of
the couplings of the heavy Higgs bosons and the pseudo-
scalar. It has been demonstrated [10,11,13] that the neutral
pseudoscalar A in type X 2HDM can be as light at
40-60 GeV or even lighter in certain regions in the
parameter space respecting all the constraints coming from
collider data, muon g — 2, flavor constraints, electroweak
precision data, and theoretical constraints from vacuum
stability and perturbativity. There have been several studies
exploring signatures of the scalar sector of the type X
2HDM at LHC and e"e™ colliders [11,12,14-16]. In a
recent work, the issue of reconstructing such a light
pseudocalar was studied [17], utilizing the decay mode
of the pseudoscalar into a muon pair, enabling
reconstruction of the sharp invariant mass peak.

For large tan f3, the light pseudoscalar with mass around
50 GeV has a 77z~ branching ratio close to unity, and a
utu~ branching ratio of the order of 0.35%. We consider
the channel pp — H*A, where the charged Higgs boson
decays via H* — W*A and then the pseudoscalar A’s
decay to a tau or muon pair, i.e., A - y"u~ and A — 77",
The invariant mass reconstruction from the muon pair is
clearly able to identify the pseudoscalar with a sharp
resonance. We show how one can reconstruct the charged
Higgs (H*) and the heavier neutral scalar (H), making use
of the A-reconstruction strategy delineated in [17].
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In Sec. II we recapitulate the type X 2HDM and point out
how the parameter space of the model gets constrained
by perturbativity and vacuum stability, muon ¢g-—2,
and precision observables. Section III includes the LHC
analysis of our signal, detailing the mass reconstruction
strategy and the kinematic distributions used to suppress
the standard model (SM) background contributions.
Section IV includes a discussion of the numerical results
for different benchmark points used in our analysis. We
summarize and conclude in Sec. V.

II. THE TYPE X 2HDM

The type X 2HDM with two scalar doublets @, , has the
following Yukawa Lagrangian:

,Cy = —YuQ_LézuR + YdQ_Lq)zdR + Yelld)leR + H.C.,
(2.1)

where @, = io,®; and family indices have been sup-
pressed. This Yukawa structure results from a Z, symmetry
[18] ensuring invariance under ®, — ®, and ®; - —P;
together with e, — —ep, other fermions being even under
it. Thus @, couples only to quarks and @; couples
exclusively to the leptons. The most general 2HDM scalar
potential is

Vaouom = m} @@, + m3, @@, — [m},®[®, + H.c/]
A (@02 + 3 b(@)e,)?
+ 23(D]D) ) (DID,) + 44 (D] D,) (D] @;)
+ {5 + o)

+ A7 (DLD,)] (D] D,) + Hc} (2.2)

where all the couplings are assumed to be real to ensure
CP conservation. The Z, symmetry implies 16 = 4; = 0.
However, we allow for soft Z, breaking in the potential
with a nonvanishing m?, term to keep the quartic coupling
A1 below perturbativity limit [1,19]. Parametrizing the
doublets as

H+
(Di - <v;+h,-l+iA; ) ’ i=172, (23)
V2

we obtain the five massive physical states A (CP odd), A,
H, H* in terms of the two diagonalizing angles a and f

such that
)-8 )
h B —Sq Cq h2

and A :_SﬂAl +CﬂA2, Hi = —SﬁH:It + CﬂHiE, where Sq =
sin «, cp = cos p, and tan ff = f—? The CP-even state h is
identified with the SM-like Higgs boson with mass
M, ~ 125 GeV.

The Yukawa Lagrangian of Eq. (2.1), when written in

terms of the interactions of matter fields with the physical
Higgs bosons is given by

(2.4)
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+

v HY g + Hc} (2.5)

where v = +/ 1112 + v22 = 246 GeV and u, d, and [ refer to
up-type quarks, down-type quarks, and charged leptons,

respectively. The multiplicative factors 5; cf,’;, and fﬁ are
listed in Table I.

Three point vertices involving the heavy Higgs boson
and the gauge bosons relevant to our analysis are [1,2,12]

.9z .
HAZ,: —?sm(ﬂ —a)(p+ ')

H* AW, :

[\SRINSY

(P + 1)y (2.6)
where p and p’ are the outgoing four-momenta of the first
and the second scalars, respectively, and g, = g/ cos Oy,.
Note that the coupling of the pseudoscalar A to gauge
boson pairs vanishes due to CP invariance, i.e., g4yy = 0.
The couplings of the light CP-even Higgs / and the heavy
neutral Higgs H to a pair of gauge bosons have the form

Gnyy = sin(f — a)gi%»

grvy = cos(f — a)gi%, (2.7)

where V =Z,W*. Thus, when f—a —% (alignment
limit), the couplings of the lighter CP-even Higgs h
approach that of the SM Higgs while gyyy — 0. From

TABLE I. The multiplicative factors of Yukawa interactions in type X 2HDM.
i & & & i & & & &
Type X CofSp ColSp —Sq/Cp Sq/8p Sqa/Sp co/cp cotf —cotf tan
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Table I we can see the hadrophobic nature of A for large

tan /3, with rfz(d) = cot f(—cot ). This would result in low
yield for the A production via gluon fusion, which is the
dominant production mode at the LHC.

A. Constraints on the model parameters

From direct searches at LEP there exists a model-
independent limit on the charged Higgs mass of My« >
79.3 GeV [20]. From flavor observables, type X escapes
the strong constraint of M+ > 580 GeV from B — Xy,
most common in type II 2HDM [21]. This is because the
couplings of H* to quarks in type X 2HDM are propor-
tional to cot . However a light pseudoscalar of M, <
10 GeV is still ruled out from B, — u™u~ [22].

In view of the muon (g—2) result, the region of
parameter space of interest to us prefers a light pseudo-
scalar with M, <70 GeV with tan > 1. From consid-
erations of perturbativity and vacuum stability [10],
charged Higgs mass has an upper bound of Mpy: <
200 GeV for M, <100 GeV in the right sign limit of
Yukawa modifiers, i.e., cfZ > (0. However, it is uncon-
strained in the wrong sign limit, i.e., for & < 0. Since
we are interested in the region where the pseudoscalar mass
is 40-60 GeV, we are working in the wrong sign limit [11].
Moreover, it has been shown using electroweak precision
data [10] that in the alignment limit, for nearly degenerate
heavy neutral and charged scalars (H, H) all values of M,
are permissible. In addition, the choice of our benchmarks
is guided by the requirement to keep the branching ratio of
h — AA within 3%—4% so as to satisfy the exclusion limits
provided by the CMS collaboration [23].

III. MASS RECONSTRUCTION STRATEGY:
SIGNAL AND BACKGROUNDS

As stated earlier, the signal channel considered in the
analysis here is the associated production of the charged
Higgs boson with the light pseudoscalar at the LHC,

pp — H*A, (3.1)
with another A appearing in the final state through H*
decay (H* — W*A). The pseudoscalar then decays into a
tau or muon pair, i.e., A —» uTu~ or A —» 77, Note that
the heavy neutral Higgs boson that is nearly degenerate
with the charged Higgs boson can also be produced in
association with A via a Z mediated process,

pp — HA. (3.2)
This also contributes to the same final state as H — ZA,
and therefore has a substantial bearing on the total signal
strength when the gauge bosons W and Z appearing in the
decay cascades above decay hadronically into a pair of jets
(). It is worth pointing out here that the standard charged

Higgs production channels of 2HDM scenarios such as
pp — H*t, pp — H*1b (6 ~ O(107%) pb), pp - H*W,
and pp = H*h (6 ~ O(107*) pb), become irrelevant com-
pared to the signal considered here (¢ ~ O(0.1) pb), due to
the hadrophobic nature of the charged Higgs boson and
pseudoscalar couplings to quarks. The signal is tagged with
a final state containing a pair of muons, at least two light
jets, and at least one tau-tagged jet (j,). The invariant mass
of the heavy Higgs boson (charged or neutral) is identified
with the invariant mass of the system consisting of two
leading jets (not tau tagged) in py reconstructing the weak
gauge bosons, and a pair of oppositely charged muons.
Since the muon pair can come from either the associated A
or the one via H*(H) decay, we need additional cuts to
maximize the contribution of the signal to the invariant
mass of the 242j system. Note that the signal peaks for
N; = 2 and therefore the W/Z boson is reconstructed using
the two leading jets only.

Our benchmark points include three values of the
pseudoscalar mass, namely, M, = 40, 50, and 60 GeV.
For each value of M, we vary the charged Higgs mass in
the range 150 < My < 300 GeV. We tune the value
of tanf and cos(ff — a) to respect the constraints from
(9—2), and BR(h — AA). In the given range for My,
H* - W*A and H* — 7"y, are the two dominant modes.
Of these two decay modes, the branching ratio for HE >
W*A depends on My-, M,, and My, but not on tan fj.
However, BR(H* — t*v,) is proportional to M- tan® 8
[11]. Respecting the constraints from lepton universality
and muon (g —2) [13], higher tan f# values are allowed
but increasing tan  would cause H* — 77, to win against
the H* — W*A channel. Keeping this in mind we tune
the value of tan f for the different values of M, so as
to simultaneously satisfy all the constraints and have
BR(H* - W*A) > BR(H* — t"v,) . Figure 1 shows a
variation of BR(H* — W*A) with M- for M, = 40, 50,
and 60 GeV.

1.0
—~ 087
<
" 0.6
g .
T
T 04
I S 0 M, =40 GeV ;tanf =45
E ----- M, =50 GeV ;tang =50
@ o2
’ M, =60 GeV;tang =50
0.0 L L L L L L L
160 180 200 220 240 260 280 300
M+ (GeV)
FIG. 1. BR(HT —» W*A) vs M, for M, =40, 50, and

60 GeV. The horizontal line represents the 50% branching ratio.
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A. Backgrounds

The major contributions to the SM background for our
final state uTp~2jj. come from (a) pp — utu~ + jets,
(b) pp — ti+jets, and (c) pp = VV +jets(V = Z, W, y*).
Of these (a) is the most dominant background having
contributions from both the on-shell Z as well as the off-
shell photon (y*) continuum. This is followed by (b) and
(c). All the background events are generated with two
additional partons and the events are matched up to two jets
using Matrix Element Matching matching scheme [24,25]
using the shower-kT algorithm with p; ordered showers.
We have used relevant k-factors to account for the QCD
radiative corrections to the SM subprocesses. Apart from the
above three subprocesses, tW -+ jets could also contribute to
the SM background. However, its contribution was found
to be negligible as compared to (a) and (b) background
channels, and is therefore ignored in the analysis.

B. Simulation and event selection

Signal and background events have been simulated with
MadGraph5 aMC@NLO [26,27] fed to PYTHIA6 [28] for
the subsequent decay, showering, and hadronization of the
parton level events. 7 decays are incorporated via TAUOLA
[29] integrated in MadGraph5 aMC@NLO. Event gener-
ation uses the NN23LO1 [30] parton distribution function
and the default dynamic renormalization and factorization
scales [31] in MadGraph5 aMCe@NLO. Finally, detector
simulation is incorporated in Delphes3 [32] using the
anti-kT algorithm [33] for jet reconstruction with R = 0.4.
In Delphes3, the z-tagging efficiency and mistagging
efficiencies of the light jets as 7 jets are chosen to be the
“medium tag point” as quoted in [34]. This entails the
tagging efficiency of 1-prong (3-prong) 7 decay to be 70%
(60%) and the corresponding mistagging rate is 1% (2%).

We use the following selection cuts to select our signal
and reduce the accompanying backgrounds:

(1) Preselection cuts (a): We require the final state

to have two oppositely charged muons with

250

0.2

‘ Signél

2u+jets - ---

0.15

0.1}

(1/N) dN/d(A0)

0.05

Ad(2u,7)

In the left panel we show the p7(up) distribution for the signal and background. In the right panel we show the azimuthal angle
separation between the muon pair and the highest p,z-tagged jet.

pr > 10 GeV accompanied with two light jets
and at least one tau-tagged jet of pr > 20 GeV.
Preselection cuts (b): We also demand a b-veto on
the final state. This helps to suppress the ¢7 + jets
and W + jets background.

The invariant mass of the dimuon system (M)
satisfies |M,, — M| < 2.5 GeV.

The p7 of the muon pair has a minimum threshold of
pr(up) > 90 GeV. This is chosen keeping in mind
that the muons coming from the A decay, which in
turn comes from the H* or H decay, are expected to
be boosted. The transverse momentum distribution
of the muon system is depicted in the left panel
of Fig. 2. The signal events are generated with
My =50 GeVand My, = 210 GeV. Itis evident
from the figure that a cut of 90 GeV on py(uu)
suppresses the background considerably.

Finally we also impose a minimum azimuthal
separation between the muon pair and the hardest
tau-tagged jet, i.e., A¢hy, ; > 1.6. This is because the
muon pair and the tau-tagged jet are expected to
arise from the decays of H* and the associated A,
respectively. Thus they are expected to have a large
azimuthal separation since H* and A are expected to
be almost back to back and therefore well separated.
This is depicted in the right panel of Fig. 2. It is
evident that a cut on A¢,, ; reduces a substantial
amount of the background.

Note that the leading dijet system in our analysis is
also expected to satisfy an invariant mass window of
|M; ;, —85.0] <20.0 GeV about the W or Z resonance,
which helps us in reconstructing the heavy Higgs mass.

(i)

(iii)
@iv)

)

IV. RESULTS AND DISCUSSION

In the previous sections we discussed the analysis
framework and simulation cuts that can be utilized to
improve the signal to background ratio. To quantify the
efficacy of different cuts, we consider a benchmark point
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TABLE IL

Cut flow table displaying effectiveness of different cuts used to enhance signal to background ratio.

Signal events are generated with M+ = My = 210 GeV and M, = 50 GeV. All the events are estimated with

integrated luminosity of 3000 fb~! data.

Signal Background
Cuts H*A HA whpm + jets 1T + jets Significance
Preselection cuts (a) 179 79 38610 25424 1.0
Preselection cuts (b) 173 72 37755 10125 1.1
M, —M,| <2.5GeV 151 63 9228 2444 2.0
pr(uu) > 90 GeV 108 44 2351 605 2.8
AD(up, j,) > 1.6 98 40 1742 354 3.0

with M, =50 GeV and Mpy: = My =210 GeV and a
step-by-step cut flow is presented in Table II. The events
are estimated with an integrated luminosity of 3000 fb~!.
Production cross section for a 210 GeV charged and neutral
Higgs boson along with a 50 GeV pseudoscalar is 120 and
60 fb, respectively. With these cuts we have analyzed the
signal (S) and background events (B), and present the
corresponding statistical significance (S) at each step in
the rightmost column. We estimate the significance using
the expression

S— \/2{(s+3>1n <1+%> —s].

It is clear from the event counts in Table II that a search
for charged Higgs bosons in the mass range of 200 GeV in
type X 2HDM is quite challenging. A prior knowledge of
the pseudoscalar mass, which in our case is motivated by
(9 —2), data, enables us to devise specific selection criteria
that helps us achieve only a reasonable significance (~30)
for its observation. We now aim to reconstruct the mass of
the charged Higgs boson with enough confidence in that
particular mass window. To do this, we have plotted the
invariant mass distribution of the yuj;j system for the signal
and background events in Fig. 3. Note that for signal
events, we have merged events coming from both the
charged Higgs and heavy neutral Higgs production chan-
nels. The background events represent the sum of 77 + jets
and 2u + jets processes. The signal events are generated for
a heavy scalar mass of 210 GeV with M4, = 50 GeV. In the
bottom panel of Fig. 3 we show the local significance
calculated for each bin of the invariant mass using the total
events to the estimated background events in each such bin.
Although the actual event shapes of the signal and back-
ground in the invariant mass distribution when combined
may not give a clear indication of a significant resonant
behavior, the local significance does indicate a clear peak at
210 GeV (mass of heavy scalars) at a robust ~2.2¢.
Now to explore a more general parameter space in
My — M, plane, we vary the charged Higgs mass from
180 to 270 GeV and estimate their signal significance.

(4.1)

To investigate the effect of the pseudoscalar mass, we
have analyzed the signal for three different values of the
pseudoscalar mass, viz. 40, 50, and 60 GeV for every
choice of the charged Higgs mass. Using the same cuts as
described in Table II we have estimated the signal signifi-
cance at 14 TeV LHC with an integrated luminosity of
3000 fb~!. The variation of the statistical significance as a
function of My= for different values of M, is shown in
Fig. 4. As the charged Higgs mass increases, the cross
section decreases leading to lower significance and the
same observation is true for pseudoscalar mass. Although
the production cross section is higher for light charged
Higgs bosons, the branching of H* to W*A is low
(see Fig. 1), which effectively decreases the overall
significance. We find that the best significance is achieved
for moderate values of charged Higgs mass, i.e., around
200-220 GeV where the production cross section is not
very low while the branching ratio for H — W*A wins
against BR(H* — 7v,). For instance, the branching ratio in
the W*A mode for M- = 210 GeV is 64%, 56%, and

100 ¢ Sigﬁal E
i —_— 7T A 1- -, Background —--- 1

> Lo -1 S ot Gk

5 I il

0]

o 1

«q 1

@ I

1= 1

[0}

>

L

Significance
- N

Muujj

FIG. 3. Invariant mass distribution of u*p~jj system for
signal and background events. Signal event are generated for
heavy scalar mass of 210 GeV with M4, = 50 GeV. The bottom
panel shows the binwise significance of the signal comparing
the total events to the estimated background events in each
invariant mass bin.

075008-5



EUNG JIN CHUN et al.

PHYS. REV. D 98, 075008 (2018)

3.5

- e ~~."~-.

1 = = ==

R34 " ~“~~ ......

e . /,r ~ e

o / SEmmmall el
S 25/ b
o [ A M, =40 GeV ;tanf =45

® ,bl|

w £ - M , =50 GeV ;tanB =50

— M, =60 GeV ;tanf =50

180 200 220 240 260
My =M,:(GeV)

FIG. 4. Significance vs M+ for M, = 40, 50, and 60 GeV. The
horizontal line represents the 3¢ limit.

53% for M, = 40, 50, and 60 GeV with tan f = 45, 50,
and 50, respectively (Fig. 1). Thus it would definitely
benefit the charged Higgs search in type X 2HDM if the
LHC were to accumulate more data than the 3000 fb~!.

V. SUMMARY AND CONCLUSION

We have successfully demonstrated the reconstructibility
of the charged and heavy neutral Higgs bosons within the
type-X 2HDM scenario, under the assumption of degen-
eracy of Mg+ and Mpy. In considering the channel
pp — H*A, and subsequent decays of H* — W*A,
W* - jj, with A — u*u~ or t+7~, we have taken advan-
tage of the favorable branching ratio of H* — W*A for
heavier H*. We have investigated the kinematic cuts that
can help in suppressing the dominant backgrounds to our
final state. To this end, the sharp invariant mass peak of the

dimuon system around the pseudoscalar mass and a tight
pr threshold on the muon pair is found to be effective in
containing the 2u + jets and ¢f + jets backgrounds. In
addition, invariant mass window on the dijet system around
the electroweak gauge boson masses also helps in the
reconstruction of the heavy charged Higgs mass. The
contribution coming from the heavy neutral Higgs pro-
duction to our signal yield is found to be relevant as it
happens to be nearly half of that of the charged Higgs
production for the given selection criteria. It is seen that
with the increase in the mass of the pseudoscalar from 40 to
60 GeV, the statistical significance diminishes and a heavy
charged Higgs in the mass range of 200-220 GeV with
M, = 40 GeV has the maximum discovery potential. The
analysis projects a significance of =3¢ for 3000 fb~! for
the above benchmark scenario, which can further improve
with a possible luminosity upgrade in the 14 TeV run.
For example, 5000 fb~! may hike the significance close to
about 4o.
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