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We consider, in the context of the Large Hadron Collider, some signals of the type-X two Higgs doublet
model (2HDM). The analysis takes into account all theoretical and observational constraints, and is based
on the final state comprising a same-sign dilepton pair and a pair of same-sign τ jets. The crucial ingredient
in making the signal clean is the same-sign feature of both the dilepton and the τ-jet pair individually. After
a detailed estimate of the signal and all noteworthy backgrounds, we show that this channel offers by far the
best signal significance among those studied so far, predicting discovery with an integrated luminosity of
3000 fb−1, and strong indications even with 1000 fb−1 if systematic uncertainties do not exceed about
10%. We also demonstrate that the recently developed dynamic radius jet algorithm is effective in this
connection.
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I. INTRODUCTION

Whether more than one scalar SUð2Þ doublets are
responsible for the still enigmatic phenomenon of electro-
weak symmetry breaking (EWSB) continues to remain an
open issue. One reason behind this is the repetitive
occurrence of spin-1=2 fields, and the unanswered query
as to why scalar fields in the electroweak (EW) theory
should be immune to such repetition. Thus there remains
continued interest in two Higgs doublet models (2HDM)
[1,2], the simplest examples of an extended scalar sector.
Such scenarios are consistent with electroweak precision
tests (EWPT), and, in spite of the data on the 125-GeV
scalar suggesting closeness to the “alignment limit” [3],
the potential for new phenomenology is quite rich. Such
prospects, however, depend on what type of 2HDM it is.
Since the unconstrained coupling of both the doublets to
T3 ¼ þ1=2 as well as −1=2 fermions can lead to tree-
level flavor violation, a frequent practice is to impose Z2

symmetries on the Yukawa terms in various ways, so that
each fermion couples to one doublet only. One thus ends
up with models belonging to type-I, type-II, type-X or

lepton-specific and flipped type [1,2]. The experimental
signatures, too, depend on which type one is concerned
with. This happens essentially because of different
patterns of Yukawa interactions in the different models.
It is therefore imperative to find out about distinctive
signals of each kind of 2HDM, since the probability of
Nature choosing any one of them is prima facie the
same. We are concerned with some signals of the type-X
2HDM in this paper.
It is also worth mentioning that, for mA ≲ 100 GeV,

this model contributes [4,5] substantially to the anoma-
lous magnetic moment (g − 2) of the muon, where an
apparent excess in the measured value over the standard
model (SM) has been reported over the years [6–8]. On
the other hand, some lattice calculations of the hadronic
vacuum polarization contribution [9–14] claim that the
SM deficit is actually taken care of. Nonetheless, one
has to remain alert to the contributions in Type-X
2HDM, since uncertainties in long-distance QCD are
not entirely removable. Muon (g − 2) can also act as a
piece of data constraining any electroweak scenario
contributing to it. We have included this piece of data
in our parameter scan of type-X 2HDM, for selecting
our benchmark points.
It is thus important to closely examine the predictable

signals of type-X 2HDM at the Large Hadron Collider
(LHC), particularly when the high-luminosity run takes
place [15]. Though some earlier studies have partially
constrained the parameter space [16], one needs to proac-
tively devise search strategies using various final states
pertaining to this particular model, where a considerable
scope for improvement remains is still there.
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Studies have taken place, suggesting reconstruction of A
in the μþμ− channel1 [23]. It is also important to find
signatures of the heavier neutral and charged scalars
H;H�. For this, the muonic channel of at least one A
which results from decays of the heavier states have been
made use of [24]. Although this results in apparently clean
signals, rates are suppressed by the A → μþμ− branching
ratio, thus making it difficult to rise above the 3σ-level with
an integrated luminosity of 3000 fb−1.
We go beyond these studies and consider instead 4τ

signals which arise, for example, via the hard scat-
tering channels pp → HA;H�A, followed by H → ZA
andH� → W�A. Each of the two A’s thus produced decays
dominantly to a τ pair. The novelty of our approach lies in
the following points:

(i) The events corresponding to charged and neutral
heavy scalars can be clubbed together since their
masses are constrained to be small from electroweak
precision observables. Moreover, we analyse events
where the Z or the W decays into jets.

(ii) Out of the 4τ final state, we have concentrated on
events where two same-sign τ’s have one-and three-
prong hadronic decays, while the remaining τ-pair,
also of the same sign, decay leptonically. In order to
do so, we have utilized the claim that the τ-induced
jets can have charge identification efficiencies of
99% and 70% in the one-and three-prong channels,
respectively [25]. Thus one looks for a pair of
same-sign leptons as well as a pair of same-sign
tau-jets. After convolution with the appropriate tau-
identification efficiencies, and on using suitable
event selection criteria, one thus ends up with
substantial signal rates along with a rather impres-
sive background reduction.

(iii) In addition to the decaysH → ZA, we have included
cases where the H directly decays into a τ-pair, thus
yielding events similar to those mentioned above.
The additional jets arise from showering. This
inclusion boosts the strength of the signal.

(iv) We have used a recently developed dynamic radius
jet algorithm [26] which is demonstrated to be as
good as the anti-kt algorithm.

The paper is organized as follows. A brief outline of
the type-X 2HDM has been provided in Sec. II, together
with the existing constraints on the parameter space. The
choice of benchmarks for our analysis is thus motivated.
Section III A contains a full-length discussion of the
proposed signal and its various backgrounds, which leads
to the adopted event selection strategy. The results are
presented and discussed in Sec. III B. We summarize and
conclude in Sec. IV.

II. TYPE-X 2HDM: PARAMETERS AND
CONSTRAINTS

As has been already mentioned, type-X 2HDM envisions
a situation where, in the Higgs flavor basis,Φ2 has Yukawa
interactions with all quarks, and Φ1, with leptons. This is
ensured by imposing a Z2 symmetry on the Yukawa
interaction, under which the fields transform as

Φ1 → −Φ1; Φ2 → Φ2; ð1Þ

QL;QR; LL → QL;QR; LL; LR → −LR; ð2Þ

where the subscripts L, R stand for left and right-chiral
projections, respectively.
The scalar potential, neglecting CP-violation, is given by

Vscalar ¼m2
11Φ

†
1Φ1þm2

22Φ
†
2Φ2þ λ1ðΦ†

1Φ1Þ2þ λ2ðΦ†
2Φ2Þ2

þ λ3ðΦ†
1Φ1ÞðΦ†

2Φ2Þþ λ4ðΦ†
1Φ2ÞðΦ†

2Φ1Þ

þ
�
−m2

12Φ
†
1Φ2þ

λ5
2
ðΦ†

1Φ2Þ2þH:c:

�
; ð3Þ

It should be noted that the Z2 is broken above by the soft
term proportional to m2

12 which does not reintroduce flavor
violation at the tree level. After the spontaneous EWSB, the
two Higgs doublets acquire vacuum expectation values
(vevs) v1 and v2, which usually are reparametrize as v ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
and tan β ¼ v2=v1. In terms of these parameters

and the neutral scalar mixing angle α, it is possible to
express the physical masses of the spin-0 particles, namely
h, H (the neutral scalars), A (the neutral pseudoscalar) and
H� (the charged scalars):

m2
H ¼ M2s2α−β þ

�
λ1c2αc2β þ λ2s2αs2β þ

λ345
2

s2αs2β

�
v2; ð4Þ

m2
h ¼ M2s2α−β þ

�
λ1s2αc2β þ λ2c2αs2β −

λ345
2

s2αs2β

�
v2; ð5Þ

m2
A ¼ M2 − λ5v2; ð6Þ

m2
H� ¼ M2 −

λ4 þ λ5
2

v2; ð7Þ

where M2 ¼ m2
12=ðsβcβÞ and, for an angle θ, sθðcθÞ

represents sin θðcos θÞ. Finally, once the scalar, pseudo-
scalar and charged scalar mass matrices are diagonalized
and the Goldstone bosons are separated out, the Yukawa
interactions of the various mass eigenstates are given by

1It should be noted that the best signal significance in this
channel was predicted for mA < mh=2, which has subsequently
been disfavored by the data in h → 4τ [4,5,17–22].
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LYukawa ¼ −
X
f

mf

v
ðξhff̄fhþ ξHf f̄fH − iξAf f̄γ5fAÞ

−
ffiffiffi
2

p

v
½VCKM

ud ðmuξ
A
u ūRdL þmdξ

A
d ūLdRÞHþ

þmlξ
A
l ν̄LlRHþ þ H:c:�; ð8Þ

The case-by-case details of these couplings for various
fermions are summarized in Table 1.
For the current analysis, we have implemented the model

in the Mathematica-based package SARAH [27,28] to
generate UNIVERSAL FEYNRULES OUTPUT (UFO) [29] and
SPHENO [30,31] compatible output. The SPHENO is then
used to generate a spectrum with masses and couplings for
a given input parameter point.
In this study, h is identified as the observed 125 GeV

scalar at the LHC [32,33]. The other CP-even physical
scalar H is kept heavier than h. The well-measured masses
of the gauge bosons, namely W and Z bosons, are
controlled by vev (v). This fixes the value of v at
246 GeV [34]. The remaining parameters in the scalar
sector are treated as free, subject to constraints from
theoretical considerations and experimental measurements.
The following constraints are relevant here:

Theoretical constraints The electroweak symmetry
breaking minimum for the scalar potential corre-
sponds to a stable vacuum, provided [35,36]

λ1;2 > 0; λ3 > −
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
; and

λ3 þ λ4 − jλ5j > −
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
:

Furthermore, we restrict the model to satisfy the pertur-
bative unitary constraints. All the quartic couplings,
therefore, should satisfy jλij < 4π, (i ¼ 1; 2;…; 6), in
order for the Lagrangian to be perturbative. Further,
tree-level unitarity in any scalar-scalar to scalar-scalar
scattering demands that the real part of each term in the
partial wave decomposition of 2 → 2 scattering ampli-
tude should be smaller than 1=2. This leads to the
following conditions on the λ parameters [2,37,38]:

a� ¼ 3

2
ðλ1 þ λ2Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9

4
ðλ1 − λ2Þ2 þ ð2λ3 þ λ4Þ2

r
≤ 8π;

ð9Þ

b� ¼ 1

2
ðλ1 þ λ2Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4
ðλ1 − λ2Þ2 þ λ24

r
≤ 8π; ð10Þ

c� ¼ 1

2
ðλ1 þ λ2Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4
ðλ1 − λ2Þ2 þ λ25

r
≤ 8π; ð11Þ

e� ¼ λ3 þ 2λ4 � 3λ5 ≤ 8π; ð12Þ

f� ¼ λ3 � λ4 ≤ 8π; ð13Þ

g� ¼ λ3 � λ5 ≤ 8π; ð14Þ

where a�; b�;…; g� are the eigenvalues of the scatter-
ing amplitude matrices involving all possible 2 → 2
scalar-scalar scattering.

Higgs properties and scalar searches In this model, the
properties of the 125 GeV scalar are bound to deviate
from predictions of the SM. Although the measured
values of its couplings are almost consistent with the
SM prediction, there is a small window in the
experimental measurement where new physics can
be accommodated. This, in turn, restricts the param-
eters of any given model. Also, searches for the
additional scalars yield upper limits on their produc-
tion cross section. Constraints thus arising are in-
cluded in publicly available packages called
HiggsSignals [39] and HiggsBounds [40,41], which restrict
the parameter space of the model in consideration.

Oblique electroweak parameters The precision meas-
urement of the electroweak observables has widely
been studied at the Large Electron Positron (LEP)
collider. The essence of these lies in the Peskin–
Takeuchi parameters, namely S, T, and U [42,43]. In
type-X 2HDM, the values U parameter is known to be
very small. In the limit U ¼ 0, the current measured
values are S ¼ −0.01� 0.07 and T ¼ 0.04� 0.06
with a 92% correlation between them [34]. We used
the covariance matrix in the S − T plane to calculate
χ2 after the calculation of S and T at one-loop using
SPHENO [30,31] for each parameter point. The param-
eter points are then subject to passing the constraint at
the 90% C.L.

We have performed a thorough scan of the parameters
subject to the above constraints. For the scan, the six
parameters, namely λ1, m12, mH, mH� , mA, tan β, some of
which can be traded off with the quartic couplings in the
Lagrangian given in Eq. (3), have been varied in the
following range:

TABLE I. Scale factors of the SM fermion couplings to the
2HDM physical scalars.

ξhu ¼ ξhd ξhl ξHu ¼ ξHd ξHl ξAu ¼ −ξAd ξAl
cos α
sin β − sin α

cos β
sin α
sin β

cos α
cos β cot β tan β
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mH ∈ ð150; 500Þ GeV; mH� ∈ ð150; 350Þ GeV; mA ∈ ð60; 100Þ GeV;
tan β∈ ð40; 100Þ; m2

12 ∈ ð450; 2500Þ GeV2; and λ1 ¼ 0.1: ð15Þ

The coupling constant λ1 appears as λ1v21 in the neutral
scalar mass matrix. In our setup, tan β ¼ v2=v1 ≫ 1, and,
therefore, the mass and mixing angles are almost indepen-
dent of the value λ1. Since our analysis is mostly unaffected
by the exact value of this constant, we have kept λ1
constant, with an illustrative value of 0.1.
In Figure 1, we show the allowed parameter points that

satisfy the above constraints. The points on the tan β and
mH plane in Fig. 1(a) are allowed by theoretical and
experimental limits. The feature of having upper limits
(approximately linear in tan β) of mH and mH� is due to
the restriction of the parameter m2

12. The lower limit on
m2

12 is to avoid making various physical masses (mA,
mH�) too small to satisfy phenomenological constraints,
while the upper limit confines one to regions where the
extended scalar sector lies within the LHC. The scatter
plot in Fig. 1(b) shows the allowed points in the mH −
mH� plane. The red circled points are after the imposition
of constraints from the oblique parameters S and T. This
restricts the mass splitting between H and H� to small
values.
In the high tan β limit and alignment limit (β − α ≃ π=2),

the couplings of the quarks to the SM-like Higgs boson are
very similar to the SM Higgs. On the other hand, the
couplings of the additional Higgs bosons, namely H�, H,
and A, to any quarks or vector bosons, are suppressed
by 1= tan β in the type-X 2HDM setup. Therefore, the
new physics contribution of these additional scalars, via
the loops, to the low energy processes like quark flavor

violating processes is negligible. Hence the type-X 2HDM
model is mostly unconstrained from quark flavor-violating
observations.
Finally, we take into account the numerical require-

ments for explaining ðg − 2Þμ which serves as a motivation
for type-X 2HDM [6–8]. Originally, a scenario with
mA ≈ 30–40 GeV, consistently with all phenomenology,
was found to explain the observed excess rather nicely [16].
However, the limit on 4τ searches at the LHC [17–22] has
subsequently brought in some constraints on the on-shell
decay h → AA → 4τ. Therefore, it appears more appro-
priate ifmA is a little above the pair-production threshold in
h-decay. Even after respecting this constraint, one still finds
[4] a substantial parameter region consistent with the latest
result on ðg − 2Þμ [6–8,44–46] at the 3σ level. The estimate
in [4] includes contributions from two-loop Bar-Zee dia-
grams, following Refs. [47–49]. Our analysis is based on
benchmarks within this region.
Keeping the above discussion in mind, an interesting and

at the same time consistent region in the type-X 2HDM
parameter space is

mh

2
< mA ≲ 100 GeV; tan β > 40 GeV;

200 GeV≲mH ≃mH� ≲ 400 GeV:

This prompts our four benchmark points tabulated in
Table II, for the collider analysis presented in the following
sections.

FIG. 1. (a) Scatter plot ofmH vs. tan β allowed by HiggsSignals [39] and HiggsBounds [40,41]. The different colors on the points represent
the variation of the mA. The upper limits of mH and mH� are because of the chosen range of m2

12 for the scan. (b) Scatter plot of mH vs.
mH� allowed by HiggsSignals and HiggsBounds. The points with red circles are allowed by the measurement of EWoblique parameter S and
T parameter at 90% C.L. [34]. The colors of the points represent the value of χ2ðS; TÞ.
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III. COLLIDER STUDY

A. Signal and background

We consider signals arising out of the hard scattering
process pp → HA and pp → H�A at the 14 TeV LHC.
The fact that mH and m�

H are constrained to be closely
spaced enables us to club together these two hard scattering
processes, and analyse the resulting final states with the
same kinematic criteria. The dominant decay modes of H
or H� are to a massive weak boson Z or W� whereas the
pseudoscalar A predominantly decays to a pair of τ�
leptons [50,51]. The weak bosons decay hadronically.
Therefore, the following signals ensue from both of the
above production channels.

pp → HA → ZAA → 4τ þ jets ð16Þ

pp → H�A → W�AA → 4τ þ jets ð17Þ

pp → HA → 4τ ð18Þ

In this way, we finally have 2τþ þ 2τ− þ jets as final states
after all the decays cascading from heavy scalars or light
pseudoscalars. Being unstable, the τ decays to the other two
light leptons with a branching ratio at ≈35%. However, it
has a higher branching ratio of ≈65%, to jets via hadronic
decay modes. These jets formed out of the hadronic decays

of τ leptons are usually distinct from light QCD jets due to
their low multiplicity in terms of their constituents and
therefore can be tagged as τ jets. These jets, usually written
as τh, have almost 60% tagging efficiency with a very small
ð≈0.5%Þ mistagging rate [52] defined as the fraction at
which the other jets, falsely, are being tagged as τh. Even
with this relatively high efficiency and really small mis-
tagging rate, the signal in the said channel will tend to be
swamped by the QCD background, especially in the
regions of the τ-jets having pT around 10–50 GeV.
We, therefore, propose a subset of the 4τ final state, in

which SM backgrounds can be managed better. In order to
do so, we make use of the leptonic decay modes of two of
the four τ’s. Although the branching ratio in this channel is
modest, the cleanliness of the lepton detection compensates
for its low branching ratio. More precisely, we look for
those events where the two leptons for τ-decays are of the
same signs. At the same time, two τ-jets of the same sign
are tagged, thanks to the high τ-jets charge identification
efficiencies in the one-and three-prong channels, as already
mentioned [25]. Thus the final state we look at is
(2l� þ 2τ∓h þ jets). A representative Feynman diagram
of our signal cascading all the way down to the final
signal is illustrated in Fig. 2(a). The SM backgrounds are
substantially reduced on demanding the same charges for
the τ-jet pair and at the same time for the lepton-pair.
The main backgrounds considered in this analysis are

pp → VV þ jets

↪ 2τ� þ 2τ∓ þ jets

↪ τþτ−l�νl þ jets; ð19Þ
pp → tt̄; ð20Þ
pp → tt̄V: ð21Þ

TABLE II. The set of benchmark points chosen for further
collider studies. All three points are allowed by the theoretical
and experimental constraints described above.

mA (GeV) mH (GeV) mH� (GeV) tan β

BP1 63.1 210.7 204.0 61.8
BP2 63.2 249.0 250.2 60.0
BP3 70.2 217.0 213.5 69.8

FIG. 2. (a) Representative Feynman diagram for the signal process pp → HA and pp → H�A along with the final states after the
subsequent cascade decays. (b) Representative schematic diagram of different objects projected in the x − y plane of the collision.
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The primary background for the signal comes from
VV þ jets, where V ¼ γ�; Z;W�. In the case of both of
the vector bosons being γ� and Z, it can directly produce
2τ� þ 2τ∓ þ jets, and thereby end up becoming an irreduc-
ible background. On the other hand, if one vector boson is
W�, which decays to leptons and the other V being Z or γ�

decays to τ� pairs, it can also give rise to two same-sign
leptons. In that case, one lepton comes from aW boson and
the other comes from a τ. Two same-sign τ’s do not come
directly. However, a QCD jet mistagged as a τh gives rise to
two same-sign τhs in an event. In our study, we have
generated the VV þ jets background events in the two
above-mentioned scenarios explicitly, i.e., pp → 4τ þ jets
and pp → 2τ þW þ jets. Another set of important back-
ground channels turns out to be tt̄ and tt̄V because of their
large cross sections. One of the same-sign leptons appears
from the semileptonic decay of B meson and the other
appears directly from the W� decays. We also note that the
background pp → V þ jets → τþτ− þ jets has relatively
large cross section. However, its contribution to the final
state after requiring the same-sign leptons and τ-jets is found
to be negligible, with an efficiency of 10−7. Therefore, V þ
jets background has not been considered for further analysis.
For the backgrounds, the parton-level events were gen-

erated at the leading order (LO) in QCD and QED coupling.
Then an appropriate k-factor has been multiplied with the
cross section in each of the backgrounds to make up for the
correction at the next-to-leading-order (NLO) for tt̄V back-
ground, and at the next-to-next-to-leading-order (NNLO) for
VV þ jets and tt̄ backgrounds. The k-factors are 1.38, 1.57,
1.60, and 2.01, 1.72 for tt̄Z [53], tt̄W [54], tt̄ [55], τþτ−W þ
jets [56], and 2τ� þ 2τ∓ þ jets [57], respectively.
Before entering into further discussion on the back-

ground reduction strategy, we outline our tools and analysis
procedure. The parton-level signal and the background
events have been generated using Madgraph5 [58]. These
parton-level events have then been showered and hadron-
ized by the PYTHIA8 [59] event generator. We used the fast
detector simulator DELPHES [60] for the simulation of
detector effects. We employed two separate algorithms

for the formation of jets from the DELPHES eflow output2:
(a) standard anti-kt algorithm (AK) [61] with radius 0.5,
and (b) dynamic radius anti-kt (DR-AK) algorithm [26]
recently developed by some of us with an initial radius 0.4.
For the tagging of τ-jets, we used the DELPHES τ-tagger
with efficiency 0.6 and misidentification efficiency 0.01.
Since the signal is primarily coming from the cascade

decay of two particles with masses in the range 60–
200 GeV produced in hard scattering, the two same-sign
leptons, as well as the two same-sign τh’s, tend to have
large separations in the azimuthal plane as illustrated
schematically in Fig. 2(b). This is exhibited in Figs. 3(a)
and 3(b) via the distribution of Δϕðl1;l2Þ, where l1 and
l2 are the pT-wise leading and subleading leptons, respec-
tively. For both cases, the signals have peaks at Δϕ ¼ π
representative of the mentioned feature for the signal. The
combined background is more of a uniform distribution in
this variable. A similar feature is seen in Figs. 3(c) and 3(d)
for the Δϕ between the two same-sign τ-jets. Another
important variable HT , defined as

HT ¼
X

i∈ visible

jp⃗i
T j; ð22Þ

is particularly useful in discriminating signals from the
background. The distribution of this variable is plotted in
Figs. 3(e) and 3(f). In both AK and DR-AK cases, we can
see that the background tends to have higher HT compared
to that of the signals. So, overall, a lower cut on the Δϕ
between the two same-sign leptons or the two same-sign τ-
jets and an upper cut on the variable HT are useful in
separating signals from the backgrounds.

B. Result and discussions

We are now ready to present signal vs. background
analyses. For the current study, we performed cut-based
analyses with an integrated luminosity of L ¼ 3000 fb−1.
We employed the following set of kinematic acceptance
cuts on the DELPHES-generated same-sign leptons, same-
sign τ-jets, and QCD jets.

Acceptance Cuts :

8>><
>>:

pl1
T > 20 GeV; pl2

T > 15 GeV; jηlj < 2.5;

pj
T > 30 GeV; pτh

T > 30 GeV; jηj;τh j < 4.7;

Nl� ¼ 2; Nτ∓h ¼ 2; Nj ≥ 2; ΔRðτh; τhÞ > 0.6:

ð23Þ

As mentioned previously, we tried two different methods,
namely AK and DR-AK algorithms, to cluster the jets from
the DELPHES eflow outputs. These two algorithms show
very similar distributions for the signal and for the back-
grounds as shown in Fig. 3.
We have applied lower cuts (as selection cuts) on the Δϕ

between the two same-sign leptons and between the two

same-sign τ-jets. In Table III, we list the details of the cuts
and the number of events accepted after the specified cuts
for the three benchmark signals and for the backgrounds.
As expected from the distribution in Δϕ (shown in Fig. 3),

2Operationally, the DELPHES-implemented eflow outputs are
closer to particle flow output at the CMS [60].
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FIG. 3. Distribution in different event variables for signals and backgrounds. The left column is the distribution when the jets are
clustered using anti-kt algorithm with radius R ¼ 0.5. The right column is for the dynamic radius anti-kt algorithm with initial
radius R ¼ 0.4.
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the background is reduced by a factor of two whereas the
signals are reduced only by 20%. Additionally, the cut on
the variable HT further reduces the total background by
another factor of two with less than 10% reduction in the
signals.
The collider experiments, in general, are susceptible to

systematics uncertainty. In the HL-LHC also, we expect a
certain amount of uncertainty. We, therefore, choose to
present the signal significance with systematic uncertainties

S ¼
ffiffiffi
2

p �
ðSþ BÞ ln

�
1þ S

Bþ ϵ2BðSþ BÞ
�

− ϵ−2 ln

�
1þ ϵ2S

1þ ϵ2B

��1
2

; ð24Þ

where BðSÞ are the number of background (signal) events
after the selection cuts at a given luminosity and ϵ is the
overall systematic uncertainty fraction. We tabulate the
signal significance for the three benchmark points in
Table IV for four selected systematic uncertainties (5%,
10%, 15%, 20%). The expected signal significance for all
the benchmark points is quite good. For all the benchmark
points, the significances are approximately 5σ with 10%

systematics and are well above 3σ even with 20% system-
atics, which is moderately high according to the current
run of the LHC. The two methods, namely the fixed radius
and the dynamic radius anti-kt algorithm, of forming jets
yield almost similar results indicative of the performance
of the DR-AK algorithm at per with the traditional AK
algorithms.
While the AK algorithm has been in use for quite some

time, the DR-AK scheme [26], recently developed by us,
has been profitably used in other contexts, especially when
the physical origin of jets of differing radii are to be
distinguished. As can be seen from Fig. 3 and Tables III and
IV, the new algorithm is competitive and in fact performs
better in some kinematic regions.
The result presented here is for 3000 fb−1 integrated

luminosity, for which the signal significance often rises
to the discovery level in the 2l� þ 2τ∓ þ jets channel.
However because of its clean nature, the signal starts
having significance exceeding 3σ even at 1000 fb−1,
provided the systematics can be brought under sufficient
control (within 10%). This is indeed a possibility in the
CMS phase-2 detector at the HL-LHC with the improved
detector sensitivity in the CMS detectors [62]. Furthermore,
with the improved τ-tagging efficiency due to the incor-
poration of an online L1 tracker trigger [63] at the CMS,
finding the signal in our proposed channel can indeed be of
high significance.

IV. SUMMARY AND CONCLUSION

Type-X 2HDM is a phenomenologically well-motivated
BSM scenario. We have performed a scan over the
parameter space of this model, taking into account the
constraints coming from the theoretical consistency, meas-
urement of the electroweak oblique parameter at the LEP,
and various scalar searches at the LHC. The scalar searches
at the LHC constrain the mass of the CP-odd scalar (mA) to
be above mh=2 primarily because of the nonobservation of
any significant anomaly in the h → 4τ channel. On the
other hand, the electroweak oblique parameter measure-
ments prefer a region where mH ≃mH� . The anomalous

TABLE III. The cut-flow table for the 2l� þ 2τ∓ þ jets channel. The number of events after the specified cuts are
shown for standard anti-kt (AK) with radius R ¼ 0.5, and dynamic radius anti-kt (DR-AK) algorithm with initial
radius R ¼ 0.4 for the signals and backgrounds.

Number of events at L ¼ 3000 fb−1 at
ffiffiffi
s

p ¼ 14 TeV LHC

BP1 BP2 BP3 Backgrounds

Cuts AK DR-AK AK DR-AK AK DR-AK AK DR-AK

Acceptance [Eq. (23)] 65 66 62 66 72 76 138 137

Δϕðl1;l2Þ ≥ 1.5 57 56 53 57 60 66 82 78

Δϕðτ1; τ2Þ ≥ 1.0 53 53 49 54 55 61 68 66

HT ≤ 500 43 41 40 43 40 44 34 37

TABLE IV. The signal significances at the
ffiffiffi
s

p ¼ 14 TeV LHC
at L ¼ 3000 fb−1, for different levels of systematics. The sig-
nificances are shown for standard anti-kt (AK) with radius
R ¼ 0.5, and dynamic radius anti-kt (DR-AK) algorithm with
initial radius R ¼ 0.4 for the signals and backgrounds.

Significance (S)

BP1 BP2 BP3

Systematics AK DR-AK AK DR-AK AK DR-AK

5% 6.0 5.5 5.6 5.7 5.6 5.8

10% 5.2 4.8 4.9 4.9 4.9 5.0

15% 4.5 4.0 4.1 4.2 4.2 4.2

20% 3.8 3.4 3.5 3.5 3.5 3.6
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magnetic moment of the muon prefers low mA and
relatively high tan β regions.
We have chosen three benchmark points consistent with

the constraints discussed above to examine clean collider
signatures in the channel having two same-sign leptons,
two same-sign τ-jets, and at least two jets at the HL-LHC.
With the fixed-radius anti-kt algorithm, we achieve approx-
imately 5σ signal significance with moderate systematics of
10% at 3000 fb−1 integrated luminosity. A conservative
scenario with 20% systematics is also able to yield more
than 3σ signal significance. We have parallelly performed
the analysis using recently proposed dynamic radius jet
clustering algorithm, which produces similar results as the
traditional anti-kt algorithm and thereby establishing the

validity of the proposed algorithm. We further note that the
signal is likely to appear even with 1000 fb−1 luminosity at
the CMS phase-2 detector with the projected improved
sensitivity in the tracker and enhanced efficiency in the
τ-tagging [62,63].
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