Eur. Phys. J. C (2023) 83:1112
https://doi.org/10.1140/epjc/s10052-023-12277-1

THE EUROPEAN ()]
PHYSICAL JOURNAL C e

updates

Regular Article - Theoretical Physics

Prospects for extra Higgs boson search via pp > H, A — tu, 11
at the high luminosity Large Hadron Collider

Wei-Shu Hou!?, Rishabh Jain'*, Chung Kao>*

! Department of Physics, National Taiwan University, Taipei 10617, Taiwan
2 Homer L. Dodge Department of Physics and Astronomy, University of Oklahoma, Norman, OK 73019, USA

Received: 11 July 2023 / Accepted: 21 November 2023 / Published online: 7 December 2023

© The Author(s) 2023

Abstract We extend heavy Higgs searches at the Large
Hadron Collider for H — T by CMS, and H — 7171
by ATLAS and CMS, to study discovery prospects of extra
Higgs states in pp — H, A — tu, vt with e + E7 and
Jeit+ E7 final states, where j; = 7, p, ay and E7 is miss-
ing transverse energy. In a general two Higgs doublet model
without Z, symmetry, extra Yukawa couplings pr; and p,
can drive H, A — 71 and T channels at hadron colliders,
following gluon—gluon fusion production with extra p,; cou-
plings. The light Higgs boson 4 (125) is found to resemble
closely the Standard Model Higgs boson; in the alignment
limit of cos y — 0 for ~—H mixing, flavor changing neutral
Higgs couplings such as 4 — T are naturally suppressed,
but the couplings of the heavier H is optimized by siny — 1.
We define various signal regions for H, A — T and 77 and
evaluate physics backgrounds from dominant processes with
realistic acceptance cuts and tagging efficiencies. Two dif-
ferent studies are presented. We first perform a parton level
study without any hadronization and with minimal detector
smearing. We then include hadronization using PYTHIA 8.2
and fast detector simulation using DELPHES to give event
level simulation. Results for /s = 13 TeV appear promis-
ing, which we extend further to /s = 14 TeV for the High
Luminosity LHC.

1 Introduction

A 125 GeV scalar, h, was discovered in 2012 by ATLAS and
CMS [1,2], which resembles the Higgs boson of the Stan-
dard Model (SM), marking the success of SM up to the elec-
troweak scale. Despite the remarkable resemblance of /2 with
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the SM Higgs, we are still unclear about the nature of elec-
troweak symmetry breaking (EWSB), and whether the SM
Higgs sector is complete remains a mystery. Many extensions
of SM expand the Higgs sector by adding additional doublets
[3] like two Higgs doublet models (2HDM), minimal SUSY
(MSSM), three Higgs doublet model (3HDM) [4].

In this article, we study one of the simpler extensions of
SM, a.k.a. 2HDM, where we extend the SM Higgs sector
by an additional Higgs doublet, with both doublets coupling
to fermions. As a result, we have two Yukawa matrices that
cannot be simultaneously diagonalized, and thus we have
off-diagonal flavor violating terms. The off-diagonal Yukawa
terms can generate tree level flavor-changing neutral Higgs
(FCNH) interactions; this version is referred to as 2HDM-IIT
[5] or general 2HDM (g2HDM). The FCNH interactions are
usually avoided by introducing some ad hoc Z, symmetries
to enforce the Glashow-Weinberg natural flavor conservation
(NFC) condition [6], giving rise to 2HDM Type 1, I, X, and
Y versions [3]. However, we do not enforce Z, symmetries
but let nature provide us with its true flavor.

Recently, the Fermilab Muon g-2 experiment [7] con-
firmed the previous result of the BNL Muon g-2 experiment.
Their combined result is,

a, (Exp) = 116592061(41) x 10~(0.35 ppm), (1

which deviates from the community consensus SM expecta-
tion [8], @, (SM) = 116591810(43) x 10~'1(0.37 ppm), by
4.20. The muon g — 2 anomaly can be explained in g22HDM
by flavor violating p;, couplings, as discussed in Refs. [9—
11]. The lepton flavor violating (LFV) p;, and p,,; couplings
can drive & — tu, which can be of concern as the limit [12]

Bh — ) <0.15%, )

is rather stringent. However, one can overcome the strong
bounds with the help of Alignment [13]. Under alignment the
properties of & closely resembles that of SM Higgs, which
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requires the mixing angle between the two CP-even scalars
h, H to approach zero, cosy — 0, with the At coupling
X pPrp COSY.

In g2HDM, the exotic scalar H benefit from alignment
with siny — 1, and there is no suppression for H — tu
or A — tu LFV processes. This property was exploited
in Ref. [14,15], where a detailed collider search was per-
formed. Subsequently, CMS published [16] a detailed search
for H — tu for myg € [200, 900]GeV with 35.9 fb!
data. No excess was found, placing strong limits on the
gg — H — tpu cross section, but CMS has yet to update
with full Run 2 data. The o, pur couplings along with
pir also contribute to T — py via two-loop Bjorken-
Weinberg (or Barr-Zee) mechanism, which dominates over
the one-loop mechanism, provided that p;; ~ O(;) [17,18].
The one-loop effect would be suppressed if one takes [19]
Prr = Pru = Pur = Ae ~ 0(0.01). We further extend
our work from Ref. [14] by respecting the current limits on
gg — H — tpu cross-sections and B(t — uy).

The extra T Yukawa coupling p;, with alignment is the
main driver for the gg — H, A — 11 process. In addition,
prr cancarry acomplex phase, which can contribute to 7 elec-
tric dipole moment [20], or reveal itself in the CP structure
of the ATt coupling. The complex phase of the 4t t coupling
is extensively searched by ATLAS [21] and CMS [22]. In
addition, CMS [23] and ATLAS [24] have also searched for
the heavy exotic scalars decaying to 77 in the 200-2500 GeV
mass range. This motivates us to study the collider prospects
for H, A — 7t and provide predictions for HL-LHC.

This article is organized as follows. We first briefly review
g2HDM in Sect. 2, and derive in Sect. 3 the constraints
from the experiments on important couplings relevant to
our collider study. Section 4 discusses the prospects of
pp — H,A — tu + X, while Sect. 5 is reserved for
pp — H, A — 7 4 X. We present the discovery potential
of both T and 7t in Sect. 6 and conclude in Sect. 7.

2 The general two Higgs doublet model

In g2HDM, one can write the Higgs potential in the Higgs
basis, namely [13,25]

V(®, @) = ufy|OF + 13|07 — (u], @70 + h.o)
1 1
+5m|<1>|4+ 5nz|<1>’|4+ 3| @7’
1
+n4| DT ? + [(5775@1%’
+n6| @[ +n7|<1>’|2) <1>*<1>’+h.c.], 3)

where EWSB arises from ® while (®') = 0 (hence M%z > 0).
In Eq. (3), n;s are the quartic couplings and taken as real, as
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we assume the Higgs potential is CP-invariant. After EWSB,
one can find [13] from Eq. (3) the mass eigenstates i, H, A
and H™, as well as - H mixing, where we define the mixing
angle as y. In the alignment limit, cos y — 0.

The Yukawa couplings of the Higgs bosons to quarks are
given as [25,26],

1 _
A Yo fi [()»ifﬁijsy + ,Oij;-Cy)h
f=u,d

_()\if(s,'jCy - pl{-sy)H —1 sgn(Qf),oiJ;A] Rf;
—ii[(Vph)ijR — (p"TV)i;L]d;H* +hc., @)

where )\;./ =2m /v is the SM Yukawa coupling, o/ isthe
extra Yukawa matrix and ¢, (s,) = cosy(siny). An anal-
ogous equation holds for charged leptons, but with V set
to unity because of the rather degenerate neutrinos. As dis-
cussed in the Introduction, p/ can carry nonzero off-diagonal
flavor violating terms. From Eq. (4), the extra Yukawa matrix
p! is combined with ¢y for h, hence the hf f coupling
vanishes in the alignment limit of ¢, — 0. As a result,
all LFV processes such as h — tu as well as t — ch
are highly suppressed in g2HDM. On the upside, ¢, — 0
implies' sy — 1, and nonzero flavor violating couplings
like p;c, pr, can drive our signal gg — H, A — T
processes, or gg¢ — H, A — tc [27], even process like
cg —> tH,tA — ttc [28,29], cg — tH,tA — ttu and
cg — bHY — bth [30], PHWT(— bruW™t, btcW+
[10]). We hence see that, even in the alignment limit, g22HDM
can provide a rich phenomenology at the LHC.

The p;; coupling in the alignment limit is one of the
drivers for our second signal process, pp — H, A — tt.In
addition, with complex p;, the htt coupling can become
complex hence CP violating, with the phase [20],

¢y Im prr

(&)

tan = .
Phee ¢y Re prr + 5y Ar
In this article, we do not explore the complexity of p;; and
0z but keep them real for simplicity. Furthermore, unlike
Ref. [10], we follow the “normal” or conservative guessti-
mate [19] of the associated extra Yukawa couplings,

Prt = Prp = OMe),  pu = 0. (6)

3 Constraints on relevant parameters

The important parameters governing pp — H, A — tu+X
and pp — H, A — t7 + X are pry, Prr, P11, Cy. Finite pyc
candrive H, A — t¢ +tc [27] and dilute H, A — T, TT.

1" A and H* couplings are unaffected by alignment, as is evident from
Eq. (4).
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Fig. 1 Limits from CMS and ATLAS on B(H — tu, t7) under the
assumption of SM-like (exotic) H production

Note that p.; suffers strict constraints from B,—B; mixing as
it enters the process via top-loop [31], while p;.c) is bound
by direct searches by CMS and ATLAS for ¢t — ch decay.
Recently, CMS [32] puts the most stringent bound on B(t —
ch) < 7.3 x 107* at 95% C.L. with h — yy (this has been
recently surpassed by ATLAS [33], though at comparable
sensitivity). Note that the bound depends on ¢, and in the
alignment limit (¢, — 0) the bound vanishes. An interesting
point about the t — ch — cyy channel is that both p.
through zch and p;; via hy y enters the decay chain. However,
in this article we do not explore the implications of the CMS
t — ch study on the interplay between p;; and p;. couplings,
since both effects vanish with alignment. Following a simple
scaling of [34-36],

Aich = pre€y = 1.92 x /B(t — ch). @)

we get p;c < 0.52 and 5.2 for ¢), =0.1, and 0.01, respectively.

The p;; coupling is responsible for the production of the
exotic scalars by gluon—gluon fusion via top-loop, and it is
constrained by B physics, especially Bq—Eq mixingand b —
sy, as well as direct searches for gg — tHtbh — tthb+h.c.
[37,38]. We find that [14] B physics puts stronger bounds
than direct searches. So we fix (Eq. (7) of Ref. [14])

mpg+ ) (8)

— 002 x (2H
Pue x (150 GeV

In Fig. 1 we present the limits on B(H — tu) and
B(H — t71) assuming SM-Like production for simplic-
ity. We do not enforce this assumption in the rest of the
article. An interesting result emerges: we find that CMS
H — 7 is much more stringent than the ATLAS H — .
For the case of pp — H — tu + X, the exotic Higgs
mass is reconstructed with the invariant mass, M, using
collinear approximation in tau decays that allows CMS to
put a more stringent limit than pp — ¢ — 77t + X, in
which they applied the less precise cluster transverse mass.

For pp - H — tt 4+ X with 330 GeV < mpy < 470 GeV,
the CMS limit appears mildly better than ATLAS. However,
it is probably within uncertainty.

In this article, for simplicity we set all off-diagonal p;; = 0
except o7, and all diagonal p;; ~ A; except p;; and pr;. The
limits on the extra T Yukawa couplings p, and p;; depend
on the choice of mass and mass differences for A, H and
H™*. We shall consider four different scenarios,

Case Al: mpg <myg =mpg+, ¢, =0.01,
Case A2: my <my=mpg+, ¢, =0.1,
Case Bl1: myq <myg =mpg+, ¢, =0.01,
Case B2: mp <mpyg =mpg+, ¢, =0.1. ©)]

ATLAS [39,40] and CMS [41] have placed limits on ¢, =
cos(B — «) for 4 types of Yukawa interactions in two Higgs
doublet models where extra Yukawa couplings are absent:
Type I (|c)| < 0.3), Type II, Lepton-Specific, and Flipped
(ley | < 0.1). With extra Yukawa coupling matrices, however,
it would be harder to constrain c,,. But the fact that 4 (125)
resembles the SM Higgs boson — alignment, for simplicity,
we choose ¢, = 0.1 and 0.01 in Eq. (9) as benchmarks for
the alignment limit.

We consider the mass difference [myg — m | = 150 GeV.
A higher mass difference of around 150 GeV may run into
various constraints. To show allowed parameter space, we
perform a random scan by setting m;, = 125.1GeV, n, €
[0,5] and 7 € [-5, 5], and for the lighter H case scan
mpy € [200, 500]GeV and m 4 € [200, 700] GeV. The scan
result is given in Fig. 2a, and vice versa for the lighter A case
in Fig. 2b. All the points in Fig. 2 satisfy (see e.g. Ref. [10])
vacuum stability, perturbativity, unitarity and 7-parameter
constraints.

We see from Fig. 2 that the allowed |m ;7 — m 4| difference
decreases as we increase the mass of H or A. We select
my = [200, 500] GeV for Cases Al and A2, and my =
[200, 500] GeV for Cases B1 and B2, using some random
points from scan that satisfy the mass-difference to get an
estimate of Appuy [42],2 i.e the trilinear-Higgs coupling for
H — hh.? In Fig. 3 we present the branching fractions for
different decay modes of H and A for all four cases of Eq. (9).
Note that ¢,, does not affect any fermionic decay width of A,
although I'(A — Zh) ¢, |%.

Using the branching fractions from Fig. 3, we estimate
the limits on o (pry = pur) from CMS, and find it to
be more stringent than from Belle, where p;, and p,; also
receive constraints from flavor physics, the most relevant one
from t — py. Belle recently measured [43] B(t — uy) <
4.2 x 107 at 90 % C.L., improving slightly over the BaBar
limit of B(t — puy) < 4.4 x 1072 [44] at 90% C.L. The

2 Requiring A g, /v < 1.0.
3 This is only relevant for Cases Al and A2.
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(@) my< ma = my-+

(b) ma< my = my+

250 300 350 400 450
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Fig. 2 Scan of allowed points in m 4-m p plane for Cases A and B (see text for more details)
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Fig. 3 Branching fractions for a, b H decays, and ¢, d A decays
branching fraction of 7 — py is [45],
48730 -
B(r = uy) = = (ALP + [ARP)B(r — pvriy).
F
(10)

where B(t — uv.v,) = 17.39% [46], and A g) are the
amplitudes based on different chiral structures coming from

@ Springer
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one- and two-loop diagrams. We include one-loop effects
from all A, H and H™, and likewise for Barr-Zee type two-
loop contributions. Bounds on p;, from Belle is given in
Fig. 4 red (dashed) for all four cases. We find the Belle bound
fromt — wy is weakerthanthe CMS bound from H — tu,
and for all cases p;, can be lower than A, near 2m; threshold;
the bounds for lighter A are even more stringent than lighter
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Fig. 4 Limits on p;, from H — tu (gray-shaded), 1 — 7 (blue-solid) and B(t — uy) (red-dashed)

H due to higher production cross section for the same values
of mass. The B(t — py) bounds show little mass depen-
dence, largely because of our p;; from Eq. (8), increasing py;
compensates the suppression from heavier scalar mass of the
two-loop diagram. We keep prr = A, ~ 0.01.

Forc, # 0, slightly away from the alignment limit, pp —
h — 7t also puts constraints on p;; along with pp —
H — 1t direct search by ATLAS and CMS. From Fig. 1,
we select min(CMS, ATLAS) and use the p;; ansatz of Eq. (8)
to estimate the bounds on p,; for the four cases of Eq. (9).
Our results are presented in Fig. 5, where we keep p;, = A¢.

The p;,, and p;; bounds are correlated, but since neither
T nor 77 are the dominant decay mode, a closer look at the
limits of Figs. 4 and 5, we find that they do not deviate much
above O(A;). We have checked that increasing one does not
significantly affect the limits on the other from CMS and
ATLAS searches. For t — uy, pr; only comes at one-loop
level which is chiral-suppressed, hence Belle limits on p;,
have no effect. We present the production cross sections for
pp > H,A — tpuand pp - H,A — 77 in Fig. 6a, b,
respectively, using the p;, ansatz of Eq. (8) and branching
fractions from Fig. 3.

4 Collider prospects for H, A — T

In this section we demonstrate our approach towards search-
ing for the H, A — tu channel at LHC. For t decay, we
include T — ev,v; and T — j, v, decay modes, where
Jjr = m, p, a;. We divide our collider study into two parts, (a)
fully leptonic channel, pp — H, A — T — eu+Er+X,
and (b) semileptonic channel, pp — H,A — i —
Jeit + E7 + X. We consider all four cases of Eq. (9). For
simplicity we keep pr,, = prr = A, but for estimating sta-
tistical significance, we follow the limits derived in previous
section.

Analysis procedure and event generation. Two types of
collider studies are performed: (a) parton level (PL) without
hadronization or detector effects; (b) event level (EL) with
hadronization using PYTHIA 8.2 [47] and detector effects
simulated by DELPHES 3.5 [48]. For the parton level analy-
sis, we use our code for phase-space integration using the
VEGAS algorithm [49]. For the signal, we use analytic
expressions from [50] to calculate gg — H, A production at

@ Springer
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Fig. 5 Limitson p;; from CMS [57] (salmon region) and ATLAS [58] (pink region) measurements of B(h — 77) to within one standard deviation.
Also shown are the bounds from CMS [23] and ATLAS [24] searches for pp — H — tt + X (blue lines)

tree level, then use HIGLU [51] to estimate higher-order cor-
rections. We use CT14LO [52] parton distribution functions
to calculate leading order (LO) processes.

For the backgrounds, we use MadGraph5 [53] and HELAS
[54] libraries to extract matrix elements for all possible Feyn-
man diagrams at LO and scale them using K -factors. We
apply minimal smearing of lepton and jet momenta follow-
ing ATLAS [55] and CMS [56] specifications. For simplicity,
we keep the smearing for e and p the same:

AE 0.6 .

F = iy @003 (e,

AE 0.25

- = ViAo @ 0.01 (leptons). (11)

We use collinear approximation [59] for T decay at the parton
level.

For the event level analysis, we first generate parton level
events with Madgraph, then pass it to PYTHIA 8.2 and then
DELPHES 3.5. We use the anti-k7 algorithm [60] for jet clus-
tering and keep all parameters at default values, as described
in the DELPHES card for the CMS detector. The decays of
7 leptons are modeled using TAUOLA [61].

@ Springer

Fully leptonic channel and backgrounds. Witht — ev,v,,
our signal is pp - H,A — i — euw + E7 + X. So
in the final state we have two opposite sign, different fla-
vor leptons along with missing transverse energy. Important
backgrounds come from WHW—, tf,tW* and Z, y* — 1T,
We use TOP++ to estimate the K -factor for 77 background
[62], and MCFM 8.0 [63] to estimate the NLO corrections to
remaining backgrounds. Since u comes directly from Higgs
decay, it is quite energetic, so we select events with pr () >
60 GeV and |n(u)| < 2.4. For electron, we select events with
pr(e) > 10GeV,|n(e)| < 2.4.In addition, we veto all events
with extra jets and require £7 > 20 GeV.

For selected events, we reconstruct the transverse mass
[64] of a lepton (£) and missing transverse energy (£7),
My, E7), £ = e or u, with
M Er) = (pr(© + Ep)* — (pr() + Ep)®.  (12)
where pr(£) is the transverse momentum of electron or
muon, while M., is the reconstructed invariant mass of t
and p with a pronounced peak near mgy, ¢ = H or A, using
collinear approximation [65]. In the collinear approximation,
the T coming from H, A decay is highly boosted, hence we
assume that its decay products are also boosted in the same
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Fig. 6 Production cross sections for a pp — H, A — tu + X, and b 77 + X for i/s = 13 TeV. The CMS2019 limits on 7 cross section and

min(CMS,ATLAS) limits on tt are also shown

Table 1 Cuts applied for leptonic and semileptonic channels in
H, A — tp study

Variables Leptonic Semileptonic
pr(e) > 10 GeV NA

pr (i) > 60 GeV > 60 GeV
pr(Jjz) NA > 30 GeV
[n(e)l <24 NA

[n ()] <24 <24

Er > 20 GeV > 20 GeV
My (e, ET) < 100 GeV NA

Mr(u, ET) > 100 GeV > 100 GeV
Mr (je, ET) NA < 105 GeV
(M) —mpy| <02my <02my
A (e, E7)| <1.0 NA
AR(jr, 1) NA > 0.4

N; NA 0 (PL)

direction. Under the collinear approximation, we can write,

Dvis =X pr, and p, =(1—x) pe, (13)

where p,;s is the four-momentum of the visible particle(s)
from t decay, p, is the total four momentum of all neutrinos
from 7 decay, and x is the fraction of T momentum carried
by pvis. We know the four-momentum of the visible particles
and £ coming from the v’s. After some algebra, we find

‘= pr(vis) -
JPais) + B2 + (py (vis) + Ey)?

Note that this assumption will only give reasonable results if
the 7 lepton is the only source of missing transverse energy,
and that it is highly boosted.

(14)

We select events that satisfy M7 (e, £7) < 100 GeV and
Mz (w, ET) > 100 GeV [16].

We define a moving mass window of |[M;, — mp ol <
0.2 x m g, 4 to estimate the irreducible background from SM
processes for a particular m . All the cuts discussed here are
summarized in Table 1. Cross sections of all backgrounds for
PL and EL are presented in Table 2. The signal cross sections
are given in Fig. 7a, b. It is important to note that two b-veto
plays a vital role in suppressing ¢7 background. In the CMS
[16] study, their ¢f enriched control region requires at least
1-jet to be tagged as a b-jet. We have checked that when we
select events that contain at least 1 b-jet the 17 becomes the
most dominant background almost 20 times the contribution
from WTwW~.

Semileptonic channel and backgrounds. When t decays
hadronically to j;, the signal becomes pp — H,A —
T —> jru + E7 + X, giving us a final state with one jet
tagged as a T-jet, one 1 and missing transverse energy. Impor-
tant backgrounds come from Wij, tt, WrW—,Z,y* - 11
and tW*. Event selection is similar to the leptonic chan-
nel. Following CMS [16], we require pr(j;) > 30 GeV
and |1(j;)| < 2.5, with muon selection the same as before.
We again reconstruct the transverse masses M7 (i, £1) and
Mr (jz, E1), then the collinear mass M;, using Eqgs. (13)
and (14) to reconstruct T four momentum. Cuts on the recon-
structed transverse masses are taken from CMS [16] and sum-
marized in Table 1. Background cross sections after all cuts
in Table 1 are applied for different Higgs masses are given
in Table 3. The signal cross sections as a function of Higgs
mass are given in Fig.7c, d. We scale the parton level sig-
nal cross section and Z, y* — 77 with €;, = 0.7 [66], and
the mistag rates at 1/35 for 1-prong and 1/240 for 3-prong t
decays [67].
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Table 2 Background cross sections for eu final state at parton and event levels

Backgrounds/m g 200 GeV 250 GeV 300 GeV 350 GeV 400 GeV 450 GeV 500 GeV
Parton level (pp — H, A — t)
wtw-— 9.73 b 11.6 fb 11.0 fb 9.6 fb 7.8 fb 6.4 fb 5.1 fb
Z,y > 17 6.36 fb 4.2 fb 2.7 fb 1.8 fb 1.2 b 0.8 fb 0.6 fb
twt 3.1fb 4.2 fb 4.0 fb 3.7tb 2.9 fb 2.4 fb 1.9 fb
tr 3.1fb 3.7 fb 33fb 2.7 fb 2.3 1fb 1.8 fb 1.4 fb
Total 22.3 fb 23.7 fb 21.1 b 17.8 fb 14.5 fb 11.4 b 9.0 fb
Event level (pp — H, A — )
WTw- 4.87 fb 5.8 fb 5.4 fb 4.5 fb 34 1b 2.9 fb 2.5tb
Z,y > 1T 2.94 fb 1.9 fb 1.3 fb 0.7 fb 0.3 fb 0.2 fb 0.1 b
twE 1.18 fb 1.7 fb 1.8 fb 1.5 fb 1.3 fb 1.0 fb 0.8 fb
tr 0.83 fb 1 fb 0.9 fb 0.7 fb 0.6 fb 0.5 fb 0.4 fb
Total 9.82 fb 10.4 tb 9.3 fb 7.51b 5.9 fb 4.4 tb 3.7fb
(@) Vs =13 TeV, pyy = prr = A, , PL (b) Vs =13 TeV, pyy = pre= A, EL
= ] ]
S0 = e Case A1 = 10% =
>: """""""""""""" _ Case A2 ] Ee oo ]
& 10 Y Case B1 4 405 T T s .
1 — Case B2
oy C ] o ]
L 3 3 U3 E
< f E : E
T L ] L ]
T ;107 E
Q F E E E
2 E ] E ]
b L . L .
BT . T A R B S R BT\ . T A R B S R
250 300 350 400 500 250 300 350 400 450 500
M4(GeV) M4(GeV)

(c) '\l; =13 TeV, Pty = Prr = A, PL

o(pp » HA - tu - 1ju + X) (fb)

1072

107"

h

250 300 350
M,(GeV)

400

500

10%

10

10~

102

(d) V; =13 TeV, Pry = Prr = A, EL

300

350 400
M,(GeV)

450 500

Fig. 7 Cross sections after all cuts at parton (a, ¢), and event (b, d) levels for pp — H, A — tu. Upper (lower) panels are for the (semi-)leptonic

channel
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Table 3 Background cross sections for j. u final state after cuts at PL

Backgrounds/m 200 GeV 250 GeV 300 GeV 350 GeV 400 GeV 450 GeV 500 GeV
Parton level (pp — H, A — t)

w*j 210.42 fb 192.7 fb 143.9 fb 98.6 fb 66.4 fb 452 b 313 fb
tr 9.49 fb 135 fb 129 fb 10.4 fb 7.8 fb 5.6 fb 4.11fb
wWtw-— 3.22fb 351 291b 22 1fb 1.7 fo 1.2 fb 0.9 fb
tW* 1.63 fb 221b 221b 1.9fb 1.4 tb 1.11fb 0.9 fb
Z,y > 1T 4.14 fb 2.11fb 2.01fb 1.6 fb 1.2 fb 0.9 fb 0.7 fb
Total 2289 fb 214.0 fb 163.9 fb 114.6 fb 78.5 fb 54.0 fb 37.8 fb

Table 4 Cutsfor H, A — 11

Variables Leptonic Semi-leptonic
pr(e) > 13 GeV NA

pr(pn) > 10 GeV > 30 GeV
pr(Jr) NA > 25 GeV
[n(e)| <25 NA

[n(w)| <24 < 2.5

(ol NA <23

Er > 20 GeV > 20 GeV
My (u, E7) < 50 GeV < 50 GeV
Mr(e, , ET) (0.4mpy,0.95mpy) NA

Mt (jr, i, ET) NA 0.4my,095mpy)
AR(e, 1t) (3.4.5) NA

AR(zj, ) NA > 2.4

N; NA 0

5 Collider prospects for H, A — 1T

The H, A — tt process is more challenging than H, A —
T to probe at LHC because mass reconstruction is poorer.
The tau pairs from gg — H, A — tt are back to back. It is
difficult to determine the invariant mass of tau pairs (M;z).
Thus we rely on the transverse mass with visible particles and
missing transverse energy from tau decays. Furthermore, for
Pt = Py = A, the H, A — 7 final state has half the
event rate compared to H, A — 7~ + t—uT. Although
there is no flavor violation, we consider the same final state
astt — euw+ Er, jou+ Er.

Contribution of 7 in 7. With the same final state, obvi-
ously H, A — tu can contribute to H, A — tt. However,
we find that M7 (i, £ 1) is a powerful variable in separating
the Tt signal from . This is because M7 (i, £7) > 100
GeV for T, while M7 (., E7) < 50 GeV for t7, as p from
the former comes from Higgs decay whereas for 77 it comes
from t decay.

For H, A — tt, both leptons (fully leptonic) and j; +
lepton (semileptonic) come from t decay, which give 4 and

3 neutrinos, respectively, in the final state. This makes the
collinear approximation weaker for mass reconstruction. So
we rely on cluster transverse mass of two visibly decaying
’sand E1 (M7 (Tvis1» Tvis2, £7)), which is given as [64],

2
MT(Tvislv Tvis2, ET)

2
= (\/lﬁT(Tvisl» Tvis2) |2 + M2 (Tyist» Tvis2) + ET)

- \2
- (13T(Tvisl, Tvis2) + ET) ; (15)
with M (Tyis1, Tvis2) and pr(Tyist, Tyis2) the invariant mass
and net transverse momentum of the two visible t decays,
respectively.

Following ATLAS [24], our selection rules for eun and
Jjr i final states are given in Table 4. The cross section for the
signal at both EL and PL for leptonic and semileptonic chan-
nels is presented in Fig. 8. The background cross sections are
given in Table 5 after all cuts at both EL and PL for leptonic
channel, and in Table 6 only at PL for semileptonic channel.

6 Statistical significance of the signal

We now estimate the discovery potential of all channels we
have discussed. We have kept p;;, = p;r = A, in Figs. 7
and 8 for simplicity. In this section, however, we consider
the constraints on p;, and p;; as discussed in Figs. 4 and 5.
We scale our signal cross section for Tu channel using the
most strict limit for each case. For the Tt channel, especially
with 7 — tt constraint coming into play, we use p;r < 0
limits to enhance the signal estimates for Cases Al and A2,
as Agrr ~ ACy — ,ons},.4 For Cases B1 and B2, A — 17
limits are more stringent for m4 < 2m;, and beyond which
we choose the magenta dashed (CMS +10) of Fig. 5 to stay
within experimental constraints.

To estimate significance, we assume Gaussian distribu-
tion, and denote Ng as the number of signal events, and

* We set s, as positive.
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(a) V; =13 TeV, pyy = prr = A, PL
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Fig. 8 Cross sections for pp — H, A — tt for both leptonic (a, b) and semileptonic (c, d) final states after applying all cuts at parton (a, ¢) and

event (b, d) levels

Table S Background cross sections for e final state after cuts at PL and EL in 77 channel

Backgrounds/m g 200 GeV 250 GeV 300 GeV 350 GeV 400 GeV 450 GeV 500 GeV
Parton level (pp — H, A — 17)

Z,y > 1T 195.0 fb 38.6 fb 23.1fb 153 fb 10.5 b 7.6 tb 5.61b
wtw- 412 tb 52.51b 533 1b 48.3 b 40.7 tb 3291b 26.1 fb
tr 3.60 fb 451b 4.8 b 4.71b 4.3 1b 39fb 3.4 fb
W 2.66 fb 6.0 fb 6.6 fb 6.6 fb 6.2 fb 5.6 fb 5.01fb
Total 243.5 tb 101.6 tb 87.8 fb 74.8 tb 61.8 fb 50 fb 40.0 tb
Event level (pp — H, A — t7)

Z,y > 17 71.7 fb 14.2 tb 9.3 fb 6.6 fb 4.6 tb 3.4 fb 2.6 fb
Wtw- 11.8 fb 15.0 fb 15.9 b 14.9 tb 13.2 b 11.1 fb 9.1 fb
tr 1.9 fb 2.4 1b 2.8 fb 3.1fb 3.11fb 3.0fb 2.7 fb
tW* 0.9 fb 2.11b 2.6 fb 2.7 b 2.6 fb 2.4 fb 2.11fb
Total 86.3 fb 33.7 fb 30.5 b 27.3 fb 234 tb 19.9 fb 16.5 tb
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Table 6 Background cross sections for j; u final state after cuts at PL in vt channel

Backgrounds/m g 200 GeV 250 GeV 300 GeV 350 GeV 400 GeV 450 GeV 500 GeV
Parton level (pp — H, A — 1)
wEj 2790.9 fb 3463.7 fb 3515.4 b 32155 fb 27943 fb 2365 b 1976.1 fb
Z,y > 11 97.9 fb 118.7 b 101.1 fb 81.2fb 63.6 fb 49.6 fb 38.8 fb
I 448 fb 78.3 fb 99.9 fb 1132 fb 112.2 fb 106.6 b 96.3 fb
W 8.1 b 12.9 fb 16.6 fb 18.6 fb 19.2 fb 18.8 fb 17.6 fb
Wtw- 6.6 fb 8.4 fb 8.7 fb 8.3 b 7.6 fb 6.8 fb 6.1 fb
Total 2948.3 fb 3681.1 fb 3740.2 fb 34353 fb 2997.0 fb 25475 fb 2133.7 b
102 (a) Case A, L = 3000 fb™’ ] 10% (b) Case B, .£ = 3000 fb™ ]
3 5 5
é‘ 4 4
] ; 1
T ol 80U TSEo 1 80 TS ... ]
2 N
[72]
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E 1 ]
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Fig. 9 Statistical significance Ngg for pp — H,A — tpu at PL,
where a, b are for the fully leptonic channel, and ¢, d for the semilep-
tonic channel. Both /s = 13 (blue) and 14 TeV (magenta) are given,

Np for background events (combining all background pro-
cesses). The statistical significance Ngg is evaluated with
[68]

N
Ngs = \/2(1\/3 1 Ng)ln (1 + N—S> — ONs. (16)
B

For a large number of background events (Np > Ny), it
simplifies to become the well known discovery significance

where solid (dashed) lines are for cos y = 0.01 (0.1). The left panels a,
care formy <my =mpy+,and b, d formy < myg = mpy+. We have
used pr;, = pyr = limits, derived in Sect. 3, i.e. Fig. 4

Ny

—_—. 17
NG (an

Nss =

We estimate the statistical significance for each signal point
using Eq. (16) at the parton level for H,A — tpu and
H, A — tr, for both fully leptonic and semileptonic chan-
nels. We present our estimates for Ngg at PL for H, A —
and H, A — 17, respectively, in Figs. 9 and 10 for /s = 13
and 14 TeV at £ = 3ab~!. In both figures, we give Ngg for
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Fig. 10 Same as Fig. 9 for pp - H, A — tt at PL

the purely leptonic channel in (a) and (b), and for semilep-
tonic channels in (c) and (d).

We only present Ngg for purely leptonic channel at EL for
simplicity, which is given in Fig. 11 for Tu in (a) and (b),
and for 77 in (c¢) and (d).

7 Discussion and conclusion

Extra T couplings p;; and p;, can act as good probes for
exotic H, A scalars below the ¢7 threshold at HL-LHC. We
have illustrated the prospects of discovering either H or A in
T and Tt final states. We studied the constraint on relevant
couplings from various searches and estimated the statistical
significance at the HL-LHC with 3ab~! for \/s = 13, and
14 TeV.
From our study, we offer the following comments.

e CMS H — tp with 35.9fb~! data puts stronger bound
on pr;, than the latest Belle limit on T — py, which is
limited to the mass range considered in this study. Intu-
itively, if H or A approach O(TeV), we expect Belle to

@ Springer
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do better. Limits from 2 — 7 depends on ¢y, strength-
ening as ¢, increases from 0.01 to 0.1.

e Constraints on pp — H — 1t from ATLAS and
CMS follow an interesting trend: ATLAS is better for
myg < 330 GeV, but after which CMS and ATLAS are
comparable. This again tells the amazing sensitivity of
CMS, as the data used is only a quarter that of ATLAS.
Constraints from pp — h — 171 become important for
¢, =0.1.

e If A is lighter, like in Cases B1 and B2, we find that
the limits on p;, are the most stringent below 2m;,
but becomes even weaker than Cases Al and A2 (H
lighter) beyond 2m;,. This is mainly due to '(A — 7) >
I'(H — tr) with same mass. For all cases, the limits
from CMS is better than p;, = A, at and below 2m;
threshold.

e From our PL study of pp — H, A — T, we offer some
insight:

— Once we apply the p;, constraints, Cases B1 and B2
become almost identical.
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Fig. 11 Statistical significance Ngg at the event level for pp —
H,A - tiu —> eu+ Er + X (top row) and pp - H,A —
1t — emu + E1 + X (bottom row). Both /s = 13 (blue) and 14
TeV (magenta) are presented, where solid (dashed) lines are for cos y =

— For Cases Al and A2, lower value of ¢, does provide
better significance, but above 2m; they become pretty
close to each other.

— We see a slight bump for Case A2 around 2m;, which
is again a reflection of the limits that we see in Fig. 4
as well as the rise in pp — H cross section at t7
threshold.

— We find that below 400 GeV, H or A can be discov-
ered by HL-LHC with just a single channel. Above
400 GeV, significance can be improved by combining
leptonic and semileptonic channels.

e The pp - H, A — tt channel is much more chal-
lenging, owing to poor mass reconstruction for pp —
H, A — tt and lower branching fraction than 7y with
Prr = Py We draw the following remarks at the parton
level:

— Just like Cases B1 and B2 for 7 u, the statistical sig-
nificance overlaps. We see an upward bump at the ¢7
threshold, mainly due to the rise in production cross

(b) Case B, £ = 3000 fb™"

102

U3 3
10—1 PRI SRS SR SR S SR T T U T [N TN T T T [N T T T S N SO S S
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mu(GeV)
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0.01 (0.1). The left panels (a, ¢) are for mpy < my = my+, and (b, d)
forms < my = mpy+. We have chosen p;,, = p;; = limits, derived
in Sect. 3, i.e. Fig. 4

section. Beyond 2m;, the sharp rise of ¢7 Kills the Tt
channel.

— For Cases Al and A2, ¢, dependence is clearly visi-
ble, and we prefer lower ¢, for better significance.

— The semileptonic channel has a lower significance
due to high QCD background compared to the much
cleaner leptonic channel.

— HL-LHC can still discover this channel up to ¢f
threshold, beyond that, we need much smarter clas-
sification techniques.

— Unlike i« where we see less steep a fall in statistical
significance, for tt there is a sharp drop in signifi-
cance after 2m,. This is mainly due to the limits on
prt, which stay almost the same for nearly the entire
mass range for all four cases.

e At the event level, the statistical significance follows a
similar trend as PL for the eu channel as discussed. How-
ever, we see a drop in significance due to detector resolu-
tion and hadronization effects. But we can still discover
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the T channel below 2m;, and hopefully, by combining
with the semileptonic channel, the discovery range can
be further extended. However, Tt remains challenging.

As discussed in Sec. III, we have set o, = 0. A nonzero
pre can further dilute both signals. In Ref. [14], we showed
that p;c ~ 0.5 can dominate the branching fraction even
beyond the 77 threshold. However, we will need a very
detailed study on overall impact of p;. # 0, because it
would relax the constraints from H — 7 on p;, and from
H, A — 17 on p;;. As discussed in Ref. [69], for the mass
range considered here, p;. ~ 0.5 might be too high and a
more reasonable value would be p;. ~ 0.1. But in that study,
all p;js except p; are set to zero, and ¢, = 0 was taken.

Another big motivation to study p;; and pr is driven
by electroweak baryogenesis (EWBG). As discussed in Ref.
[70,71], complex extra T couplings can also drive EWBG
and explain matter—antimatter asymmetry of the Universe,
although it has been questioned [72] whether light fermions
can actually achieve this. The h, H,A — 1T processes
are also considered as good channels to study CP viola-
tion [22,73], a necessary condition for EWBG. On the other
side, there is EWBG driven by p;; and p;. [74], but it is
unclear which way to go. Nonzero p; and p;;, opens up
some exciting new channels, such as cg — tH,tA — ttp,
cg — bHT — bHW™' — bW™Ttu [14], hence providing
a rich phenomenology for LHC.

In this article, we find that beyond 2m; it is quite challeng-
ing to probe either H, A — tuor H, A — t1.However, we
have to keep in mind that we have not considered all r-lepton
decay modes, so by combining all channels of T decay and
performing more sophisticated machine learning classifica-
tions, the combined channels may hold promising future for
discovering H and A at the HL-LHC, or even future FCC-hh
or SppC colliders.

Although we have not focused on the case in this article, let
us end with a positive note by connecting pp — H, A —
T search with the recent confirmation of the muon g —
2 anomaly. In g2HDM, the muon g — 2 anomaly can be
accounted for by sizable p;, p;; and relatively low mass H
or A. If one takes the muon g — 2 anomaly seriously, it may
well mean that CMS pp — H, A — tu search might draw
a hint of a signal below the 2m;, threshold with full Run 2
data.
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