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We study the prospect for discovering the cg → bHþ → bAWþ process at the LHC. Induced by the top-
flavor changing neutral Higgs coupling ρtc, the process may emerge ifmHþ > mA þmWþ , whereHþ and A
are charged and CP-odd Higgs bosons in the general two Higgs doublet model (g2HDM). We show that the
cg → bHþ → bAWþ process can be discovered at LHC run 3, while the full run 2 data at hand can
constrain the parameter space significantly by searching for the same-sign dilepton final state. The process
has unique implications on the hint of gg → A → tt̄ excess at mA ≈ 400 GeV reported by CMS. When
combined with other existing constraints, the cg → bHþ → bAWþ process can essentially rule out the
g2HDM explanation of such an excess.
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I. INTRODUCTION

The discovery of the 125 GeV Higgs boson h [1] at the
Large Hadron Collider (LHC) and subsequent measure-
ments of its couplings [2] confirm that the Standard Model
(SM) is the correct effective theory at the electroweak scale.
While there is no compelling experimental evidence so far
for new physics (NP) beyond SM, additional Higgs bosons
may well exist in nature. Most ultraviolet (UV) models
have extensions of the Higgs sector, while their effective
descriptions at sub-TeV scale should resemble the SM. The
two Higgs doublet model (2HDM) [3], with two scalar
doublets Φ and Φ0, is one of the simplest renormalizable
extensions of the SM. While the extra scalars could be at
the so-called decoupling limit [4] and heavy, more inter-
esting is when they are sub-TeV in mass, with the h boson
couplings to fermions and gauge bosons SM-like as
observed [5–7].
Our context would be the general two Higgs doublet

model (g2HDM). Unlike the popular 2HDM-II (which
automatically arises with supersymmetry), in the absence
of any discrete symmetry, both the Φ and Φ0 doublets
couple to F ¼ u and d-type quarks (as well as charged
leptons). After diagonalization of the fermion mass matri-
ces, two separate Yukawa matrices, λFij ¼ δij

ffiffiffi
2

p
mF

i =v (with
v ≃ 246 GeV) and ρFij, emerge. The λ matrices are real and
diagonal as in SM, but the ρ matrices are in general

nondiagonal and complex. It has been shown that complex
ρtt [8] and ρbb [9] can each account for the observed matter-
antimatter asymmetry via electroweak baryogenesis
(EWBG). Our focus of interest, however, would be the
flavor changing neutral Higgs (FCNH) coupling ρtc, which
is found [8] to be also capable of driving EWBG [8] when
Oð1Þ and with near-maximal phase.
Despite the attraction of EWBG, and the fact that we

have the least knowledge about extra top Yukawa cou-
plings, it has been raised long ago [10] the preferred
absence of flavor changing neutral couplings (FCNC), such
as ρtc. It is customary, therefore, to invoke a Z2 symmetry
to enforce the natural flavor conservation (NFC) condition
[10], that there be only one Yukawa matrix even in the
2HDM context. Caution was first raised by Cheng and Sher
[11] that the NFC condition may be overkill, and, e.g.,
ρij ∝

ffiffiffiffiffiffiffiffiffiffiffimimj
p =v, which reflects the quark mass and mixing

hierarchies, could help alleviate the concerns of Ref. [10].
As the pattern implies ρtc would be the largest FCNC,
thereby anticipating [12] future t → ch or h → tc̄ search, it
was asserted that indeed the mass-mixing hierarchies
illustrate nature’s “design,” while one does not have to
adhere to the Cheng-Sher ansatz strictly.
More recently, with the SM-like hð125Þ lighter than

the top—whereby ATLAS and CMS immediately started
t → ch (and also h → τμ) search [13]—one notes [14] that
the tch coupling should be modulated by cos γ ≡ cγ, the
h −H mixing angle between the two CP-even Higgs
bosons of 2HDM. With subsequent emergence of the
“alignment” phenomenon [2], that h resembles the SM
Higgs boson so well, a further nonflavor mechanism was
added to nature’s design for hiding the effects of tree level
FCNC’s arising from the Higgs sector: small cγ . Indeed,
one may not need the ad hoc NFC condition.
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The FCNH coupling ρtc can be discovered at the LHC
via the cg → tA=tH → ttc̄ process, i.e., the same-sign top
signature [15,16] (see also Refs. [17,18]). With both top
quarks decaying semileptonically, the cg → tA=tH → ttc̄
process provides a clean discovery mode for ρtc, even for
cγ ¼ 0. For moderate cγ values, one may also have the
cg → bHþ → bhWþ process, which provides another
sensitive probe for ρtc [19] (see also Ref. [20]).
In this article we study the prospect of probing ρtc via the

novel cg → bHþ → bAWþ process (conjugate process
implied). The production of cg → bHþ [21,22] is initiated
by the ρtc coupling (see Fig. 1), while Hþ → AWþ decay
can occur for mHþ > mA þmWþ. Like the same-sign top
signature, the process also does not depend on the mixing
angle cγ . We study the cg → bHþ → bAWþ process
followed by ρtc-induced A → tc̄ decay at 14 TeV LHC.
With semileptonic decay of t and leptonic decay ofWþ, the
cg → bHþ → bAWþ process could provide complemen-
tary probe for ρtc, and therefore shed light on the ρtc-driven
EWBG mechanism.
We analyze also the impact of the cg → bHþ → bAWþ

process on the CMS hint for gg → A → tt̄ excess [23]
at mtt̄ ∼ 400 GeV. The “excess” can be explained in
g2HDM [24] if ρtt ≈ 1.1 and ρtc ≈ 0.9 with mHðmHþÞ≳
500ð530Þ GeV. But this parameter range would induce
also the cg → bHþ → bAWþ process, which we show
that it would contribute abundantly to some control
region of an existing CMS search [25], hence can essen-
tially exclude the g2HDM explanation of such an
excess.
This paper is organized as follows. In Sec. II we discuss

the framework and available parameter space. In Sec. III
we study the prospect for the cg → bHþ → bAWþ process
at the LHC. Section IV is dedicated to the impact of
cg → bHþ → bAWþ on interpreting the CMS excess in
gg → A → tt̄. We conclude with some discussions in
Sec. V.

II. FRAMEWORK AND PARAMETER SPACE

A. Relevant interactions

The most general CP-conserving two Higgs doublet
potential can be written as [26,27]

VðΦ;Φ0Þ¼μ211jΦj2þμ222jΦ0j2−ðμ212Φ†Φ0þH:c:Þ
þη1

2
jΦj4þη2

2
jΦ0j4þη3jΦj2jΦ0j2þη4jΦ†Φ0j2

þ
�
η5
2
ðΦ†Φ0Þ2þðη6jΦj2þη7jΦ0j2ÞΦ†Φ0þH:c:

�
;

ð1Þ

in the Higgs basis, where the ηi’s are the quartic couplings
and we follow the notation of Ref. [27]. The vacuum
expectation value v arises from the doublet Φ via the
minimization condition μ211 ¼ − 1

2
η1v2, while hΦ0i ¼ 0

(hence μ222 > 0) and the second minimization condition
is μ212 ¼ 1

2
η6v2. The mixing angle γ diagonalizes the mass-

squared matrix for h, H, and satisfies [26,27]

c2γ ¼
η1v2 −m2

h

m2
H −m2

h

; sin 2γ ¼ 2η6v2

m2
H −m2

h

: ð2Þ

In the alignment limit of cγ → 0, h approaches the SM
Higgs boson. The scalar masses can be expressed in terms
of the parameters in Eq. (1),

m2
h;H ¼ 1

2

h
m2

A þ ðη1 þ η5Þv2

∓
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

A þ ðη5 − η1Þv2Þ2 þ 4η26v
4

q i
; ð3Þ

m2
A ¼ 1

2
ðη3 þ η4 − η5Þv2 þ μ222; ð4Þ

m2
Hþ ¼ 1

2
η3v2 þ μ222: ð5Þ

The scalar bosons h, H, A, and Hþ in g2HDM couple to
fermions by [26,28]

L ¼ −
1ffiffiffi
2

p
X

F¼U;D;L

F̄i½ð−λFijsγ þ ρFijcγÞh

þ ðλFijcγ þ ρFijsγÞH − isgnðQFÞρFijA�PRFj

− Ūi½ðVρDÞijPR − ðρU†VÞijPL�DjHþ

− ν̄iρ
L
ijPRLjHþ þ H:c:; ð6Þ

where PL;R ≡ ð1 ∓ γ5Þ=2, i, j ¼ 1, 2, 3 are generation
indices, V is the Cabibbo-Kobayashi-Maskawa (CKM)
matrix, whereas in flavor space, the U,D, and L matrices
are defined as U ¼ ðu; c; tÞ, D ¼ ðd; s; bÞ, L ¼ ðe; μ; τÞ,
and ν ¼ ðνe; νμ; ντÞ. The matrices λFijð≡δij

ffiffiffi
2

p
mF

i =vÞ are
diagonal and real, while ρFij are, in general, complex and
nondiagonal. In what follows we shall drop the superscript
F for simplicity.

FIG. 1. Representative diagrams for ρtc induced cg → bHþ
(tA) process.
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We are interested in cg → bHþ → bAWþ, where ρtc
induces cg → bHþ production (Fig. 1), as one can see from
Eq. (6). Unlike Z2 symmetric cases such as 2HDM type-II,
intriguingly the production in g2HDM is CKM enhanced,
Vtbρtc [22]. There exist several direct and indirect con-
straints on ρtc which we shall return shortly. The decay
Hþ → AWþ on the other hand arises through

−
g2
2
ðA∂μHþ −Hþ∂μAÞW−

μ þ H:c:; ð7Þ

where g2 is SU(2) gauge coupling. Note that the cg →
bHþ → bAWþ process is independent of the mixing angle
cγ , while we consider A → tc̄ → bWþc̄ final state, with
both Wþ bosons decaying leptonically.

B. Constraints on parameter space

There exist several direct and indirect constraints on ρtc.
For cγ ≠ 0, ρtc is constrained by t → ch search, i.e., the
bounds on Bðt → chÞ. We take

Bðt → chÞ ≈ c2γ jρtcj2
7.66þ c2γ jρtcj2

; ð8Þ

where we approximate the total width of t quark as the sum
of t → bWþ and t → ch partial widths. Both ATLAS and
CMS have searched for the t → ch decay and set 95% C.L.
upper limits on the branching fraction. The latest ATLAS
limit is Bðt → chÞ < 1.1 × 10−3, based on 36.1 fb−1 data
[29] at 13 TeV, while the CMS limit of Bðt → chÞ <
4.7 × 10−3, based on similar dataset [30], is weaker. We
find that jρtcj≳ 0.3 is excluded at 95% C.L. for cγ ∼ 0.3.
The limit weakens for smaller cγ and vanishes in the
alignment limit.
There are also constraints from flavor physics. For

example, ρtc enters through loops with charm quarks
and a charged Higgs into Bs − B̄s mixing and BðB →
XsγÞ [31]. Reinterpreting the limits from Ref. [32], we find
that jρtcj≳ 0.9ð1.2Þ is excluded formHþ ¼ 300ð500Þ GeV.
For the ballpark mHþ values we shall consider, the flavor
constraint is rather weak.
The most stringent limit on ρtc turns out to be the CMS

search for four-top production [25], and comes from the
control region for tt̄W background, called CRW. With
the signature of a same-sign dilepton pair, two b-tagged jets
and Emiss

T , the cg→bHþ→bAWþ→btc̄Wþ→bbc̄WþWþ
process would contribute to CRW abundantly. This is
similar to the four-top constraint placed on the cg →
tA=tH → ttc̄ processes [16,24], which have identical final
state topologies if both of the same-sign top quarks decay
semileptonically. We shall therefore give a detailed collider
study in Sec. III.
At this point we also remark that the process cg →

bHþ → bAWþ can also be induced by ρct for which a
similar search strategy can be adopted. In what follows we

set all ρij ¼ 0 except ρtc for simplicity, with the impact of
other ρij’s discussed later in the paper. Furthermore, as the
cg → bHþ → bAWþ does not depend on cγ , we simply
assume the alignment limit and set cγ ¼ 0 throughout
the paper.
The cg → bHþ → bAWþ process requires mHþ >

mA þmWþ . Before exploring this mass spectrum, one
needs to ensure the dynamical parameters in Eq. (1) satisfy
perturbativity, tree-level unitarity, and vacuum stability
conditions, for which we use the public tool 2HDMC
[33]. We express the quartic couplings η1, η3−6 in terms of
m2

h, m
2
H, m

2
Hþ , mA, μ222, γ, and v [26], i.e.,

η1 ¼
m2

hs
2
γ þm2

Hc
2
γ

v2
; ð9Þ

η3 ¼
2ðm2

Hþ − μ222Þ
v2

; ð10Þ

η4 ¼
m2

hc
2
γ þm2

Hs
2
γ − 2m2

Hþ þm2
A

v2
; ð11Þ

η5 ¼
m2

Hs
2
γ þm2

hc
2
γ −m2

A

v2
; ð12Þ

η6 ¼
ðm2

h −m2
HÞð−sγÞcγ
v2

: ð13Þ

The quartic couplings η2 and η7 do not enter scalar masses.
Imposing mHþ > mA þmWþ , we randomly generate the
phenomenological parameters γ, mA, mH, mHþ , μ22, η2, η7
in the following ranges: μ22 ∈ ½0; 1000� GeV, mHþ ∈
½300; 600� GeV, mA∈ ½200;600−mW �GeV, mH ¼ mHþ ,
η2 ∈ ½0; 5�, η7 ∈ ½−5; 5�, with mh ¼ 125 GeV and cγ ¼ 0

held fixed.
The randomly generated parameters are fed into

2HDMC [33] for scanning. 2HDMC uses Λ1−7 and mHþ

as input parameters in the Higgs basis with v ≃ 246 GeV.
We identify η1−7 as Λ1−7 and take −π=2 ≤ γ ≤ π=2.

FIG. 2. Scan points satisfying mHþ > mA þMWþ and consis-
tency conditions in the mHþ–mA plane. See text for details.
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For positivity of the Higgs potential, Eq. (1), one requires
η2 > 0, along with other more involved conditions imple-
mented in 2HDMC. We further conservatively demand
jηij ≤ 5. These scan points are plotted in themHþ–mA plane
in Fig. 2.
One also needs to consider constraints from electroweak

precision [34] observables, which further restricts the
hierarchical structures between the scalar masses mH,
mA, and mHþ [35,36], and therefore ηis. For the sake of
simplicity, we have taken mH ¼ mHþ , which corresponds
to twisted custodial symmetry [37]. In general, for non-
degenerate mH and mHþ , the randomly generated param-
eters that passed unitarity, perturbativity, and positivity
conditions from 2HDMC, can easily be tested for the
oblique parameter constraints [38] also in 2HDMC.1

It is clear from Fig. 2 that there exist a significant range
of scan points that can facilitate Hþ → AWþ decay. We
choose two benchmark points (BPs) from Fig. 2 for
illustration, and list the parameter values in Table I.

III. PROSPECT AT THE LHC

We now discuss the constraint from the CRW region of
the CMS 4t search on ρtc, and illustrate with our BPs.

A. Constraints from CMS 4t-CRW

The CMS search for SM 4t production [25] is based on
137 fb−1 data at

ffiffiffi
s

p ¼ 13 TeV, i.e., with full run 2 data.
Based on the number of b-tagged jets and charged leptons
(e, μ), the CMS search divides its analysis into several
signal regions (SRs) and two control regions (CRs). The
baseline selection criterion requires each event should have
at least two same-sign leptons. The remaining selection
cuts goes as follows [25]: The leading and subleading
leptons should have pT > 25 and 20 GeV, respectively,
with electron (muon) pseudorapidity satisfying jηj < 2.5
(2.4), whereas all jets should satisfy jηj < 2.4. Events are
selected if pT of the jets and b jets fulfill any of the
following three criteria [42]: (i) both b jets satisfy
pT > 40 GeV; (ii) one b jet with pT > 20 GeV and 20 <
pT < 40 GeV for the second b jet, but pT > 40 GeV for
the third jet; (iii) both b jets should satisfy
20 < pT < 40 GeV, but with two extra jets each with
pT > 40 GeV. Defining HT as the scalar sum of the pT of
all jets [25], CMS requiresHT > 300 and pmiss

T > 50 GeV.

To reduce the charge-misidentified Drell-Yan (Z=γ�) back-
ground with electrons, events with same-sign electron pairs
with mee < 12 GeV are rejected. With these selection
criteria, the expected total number of events (SM back-
grounds plus 4t) in the CRWare 335� 18, with 338 events
observed [25].
It is found [16,24,43,44] that the most stringent con-

straint on ρtc arises from the CRW, or tt̄W control region
[25]. These works studied the ρtc-induced cg → tH=tA →
ttc̄ processes. When both the same-sign top quarks decay
semileptonically, these processes would contribute to the
CRW. But the cg → bHþ → bAWþ process with A → tc̄
would also contribute to the CRW if the top decays
semileptonically and the Wþ decays leptonically. To
estimate the CRW constraints for our BPs, one has to
add contributions from both cg → bHþ → bAWþ and
cg → tH=tA → ttc̄ coherently, as both effectively give
cg → lþlþbbνlνlc̄, which we denote as the same-sign
dilepton with 2b plus extra jet (SS2l − 2bj) signature.
Because of multiple contributing processes that are added
at the amplitude level, one cannot obtain simple σ × B
scaling formulas for the BPs. Therefore, unlike mass vs ρtc
exclusion contours as in Refs. [16,43,44], here we test
directly whether a reference ρtc value survives the CRW
constraint. In particular, we take the relatively low ρtc ¼
0.15 for illustration.
Under the aforementioned assumptions on couplings,

i.e., turning off all other ρij except ρtc, the total decay width
of Hþ is the sum of Hþ → cb̄ and Hþ → AWþ partial
widths, while for H it is the combination of H → tc̄þ t̄c
and H → AZ decays for both the BPs, with
BðA → tc̄þ t̄cÞ ¼ 100%. For ρtc ¼ 0.15, the total decay
widths of A, H and Hþ are 2.04 (2.27), 0.029 (0.35), and
2.65 (2.9) GeV for BPa (BPb).
We first generate SS2l − 2bj events for both the BPs atffiffiffi
s

p ¼ 13 TeV using MadGraph5_aMC@NLO [45] (denoted as
MadGraph5_aMC) at leading order (LO) with default parton
distribution function (PDF) set NN23LO1 [46], and inter-
face with PYTHIA 6.4 [47] for showering and hadronization.
The events are then fed into DELPHES 3.4.2 [48] for fast
detector simulation. Here in our exploratory analysis we
use the default CMS-based detector card of DELPHES 3.4.2

for the CMS CRW to incorporate detector effects such as b
tagging and light-jet misidentification efficiencies, etc. The
jets are reconstructed via anti-kT algorithm with radius
parameter R ¼ 0.5. The effective model is implemented in
the FeynRules [49] framework.

TABLE I. Parameter values for the two benchmark points chosen from the scan points in Fig. 2.

BP η1 η2 η3 η4 η5 η6 η7 mHþ (GeV) mA (GeV) mH (GeV)
μ2
22

v2

a 0.258 2.79 2.279 −1.342 1.342 0 −1.671 354 210 354 0.93
b 0.258 2.31 3.966 −2.061 2.061 0 −1.171 531 396 531 2.67

1Further details on parameter counting and the scanning
procedure can be found in Refs. [28,39–41].
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Following the same event selection cuts of the CRW, the
SS2l − 2bj cross section for the two BPs are 0.283 and
0.245 fb. Multiplying by the 137 fb−1 integrated luminos-
ity, these translate to ∼39 and 34 events, respectively,
which should have shown up already in the CRW of CMS
4t search [25]. Demanding that the combination of the
number of events expected from the SM and the ρtc-
induced same-sign dilepton with 2b plus extra jet events
agree with the observed number of events within 2σ
uncertainty of the expected, we see that ρtc ¼ 0.15 is
barely allowed for either BPs. We note that ρtc ≳ 0.15 is the
ballpark exclusion limit found in Ref. [44] from SS2l − 2bj
arising from cg → tH=tA → ttc̄ processes alone, with a
mass hierarchy mH ∼mA ∼mHþ, but the cg → bHþ →
bAWþ process was not induced. This illustrates that
SS2l − 2bj events arising from cg → bHþ → bAWþ is
significant, and CRW constrains ρtc more stringently if
mHþ > mA þmWþ . Here we remark that the constraint
from CRW is extracted with default CMS based detector
card of DELPHES. In our exploratory analysis, we have not
validated the results of Ref. [25] which we leave out for
future. In any case, we would see shortly that a dedicated
SS2l − 2bj search could be more sensitive than the con-
straint from CRW.
ATLAS has also made similar search [50] but due to

difference in defining SRs and selection criteria, the
constraints [43] are found to be weaker than CMS.
Other searches such as for squark pair production [51],
and for new phenomena with same-sign dileptons and b jets
[52], both by ATLAS, have too strong selection cuts to give
meaningful constraint.

B. A dedicated SS2l − 2bj search
Even though the existing CMS 4t search with full run 2

data can set meaningful constraints on the parameter space,
it is not optimized for cg → bHþ → bAWþ search. This
motivates us to perform a dedicated search for SS2l − 2bj
for our BPs at 14 TeV LHC. Here, we closely follow the
analysis of Ref. [44].
There are several SM backgrounds for a dedicated

SS2l − 2bj search. The dominant ones are tt̄Z, tt̄W, with
4t, tt̄h and tZþ jets subdominant. In addition, if the lepton
charge gets misidentified (charge or Q flip), with mis-
identification efficiency at 2.2 × 10−4 [52–54], the tt̄þ jets
and Z=γ�þ jets processes would also contribute. We remark
that the CMS study [55] with similar final state topology
but with slightly different cuts finds “nonprompt” back-
grounds at ∼1.5 times the tt̄W background, which is
significant. As the nonprompt backgrounds are not prop-
erly modeled in Monte Carlo simulations, we simply add
this component to the overall background at 1.5 times the
tt̄W background after selection cuts. There are also some
tiny backgrounds such as 3tþW and 3tþ j, which we
neglect in our analysis.

For generating signal and background event samples, we
follow the procedure as in the previous section and adopt
MLM matching [56,57] prescription for a matrix element
and parton shower merging. We allow one additional parton
for tt̄Z, tt̄W, and tt̄þ jets, while for other backgrounds and
the signal we do not consider additional partons. This
restriction is due to computational limitations in this first
attempt, and we adopt a default ATLAS based detector card
of DELPHES 3.4.2.
The LO cross sections of tt̄Z, tt̄W− (tt̄Wþ), 4t, tt̄h, and

tZþ jets are normalized to next-to-leading order (NLO) by
the factors 1.56 [58], 1.35 (1.27) [59], 2.04 [45], 1.27 [60]
and 1.44 [45], respectively. The same QCD correction
factor is taken for the charge conjugate t̄Zþ jets back-
ground for simplicity. The Q-flip tt̄þ jets and Z=γ�þ jets
components are adjusted to NNLO cross sections by factors
of 1.84 [61] and 1.27, respectively, where we use FEWZ
3.1 [62] to obtain the latter.
To reduce backgrounds, we follow a cut based analysis

that differs from the CRW of Ref. [25]. The leading and
subleading leptons are required to have pT > 25 and
20 GeV, respectively, while jηj < 2.5 for both leptons.
All three jets should have pT > 20 GeV, whereas
jηj < 2.5. The Emiss

T in each event should be > 35 GeV.
TheΔR separation between any lepton and any jets (ΔRlj),
between the two b jets (ΔRbb), and between the same-sign
leptons (ΔRll), should all satisfy ΔR > 0.4. Finally, all
selected events should have HT > 300 GeV, with HT
defined according to ATLAS, i.e., including the pT of
the two leading same-sign leptons.
The background cross sections after selection cuts are

summarized in Table II, while the signal cross sections
along with significance for the corresponding BPs are given
in Table III. The significance is computed using the
likelihood for a simple counting experiment [63],

ZðnjnpredÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 ln

LðnjnpredÞ
LðnjnÞ

s
; ð14Þ

with Lðnjn̄Þ ¼ e−n̄n̄n=n!, where n (npred) is the observed
(predicted) number of events. For discovery, one compares
the signal plus background (sþ b) with the background

TABLE II. Background cross sections after selection cuts for
the dedicated SS2l − 2bj search.

Backgrounds Cross section (fb)

tt̄W 1.31
tt̄Z 1.97
4t 0.316
tZ þ jets 0.255
tt̄h 0.07
Q flip 0.024
nonprompt 1.5 × tt̄W
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prediction (b) and demand Zðsþ bjbÞ > 5, while for
exclusion we demand Zðbjsþ bÞ > 2.
We see from Table III that, for BPa one can reach the

significance of ∼3.3σð10.4σÞ with 300ð3000Þ fb−1, while
correspondingly ∼2.4σð7.5σÞ for BPb. Reanalyzing for a
reference value of ρtc ¼ 0.1, we find that significances at
∼2.8σð4.8σÞ, ∼2σð3.5σÞ are possible for BPa, BPb with
1000ð3000Þ fb−1. For exclusion, we find that ρtc ¼ 0.1 can
be excluded for BPa (BPb) with 600ð1000Þ fb−1 data.
Thanks to the presence of the cg → bHþ → bAWþ proc-
ess, these are well below the exclusion reach of HL-LHC
data based on the cg → tA=tH → ttc̄ process alone, as was
found in Ref. [44].

IV. IMPACT ON THE CMS EXCESS

In studying the prospect of cg → bHþ → bAWþ →
btc̄Wþ → WþWþbbc̄ at the LHC, because of interference
with the cg → tH=A → ttc̄ in the same final state, we find
elevated impact. Given the correlation [24] of the cg →
tH=A → ttc̄ process and the gg → A → tt̄ excess hinted by
CMS [23], the cg → bHþ → bAWþ process should there-
fore make strong impact on the g2HDM interpretation,
which we now turn to elucidate.
CMS has reported [23] a hint of excess in gg → H=A →

tt̄ resonance search with 35.9 fb−1 data at 13 TeV. The
search fits for a peak and dip structure [64] in the tt̄
invariant mass (mtt̄) from interference between gg →
H=A → tt̄ and the rather large gg → tt̄ QCD background.
A signal-like deviation is reported [23] around mA ¼
400 GeV and ΓA=mA ¼ 4% from a model-independent
analysis. The local significance is ð3.5� 0.3Þσ, becoming
1.9σ if one takes into account look-elsewhere effect. The
deviation depends mildly on ΓA=mA, while no deviation is
seen for the CP-even scalar boson H. CMS does not
provide the Att̄ coupling strength, using instead a “coupling
modifier” gAtt̄ [23], which is nothing but gAtt̄ ¼ ρtt=λt in
g2HDM, and one can utilize the Supplemental Material of
Ref. [23] to infer its value. Note that ATLAS [65] has
performed a similar search for distorted Breit-Wigner shape
in mtt̄ with 8 TeV data for mA;H > 500 GeV, with no
excess seen.
The CMS excess is rather close to the tt̄ threshold, and

one needs a better understanding of the interference with
signal near threshold, and even gg → tt̄ production in SM
as well. Nevertheless, it is of interest to see whether the

excess can be interpreted in g2HDM. Taking gAtt̄ ¼ 1.1
(hence ρtt ≈ 1.1), Ref. [24] treated the 95% C.L. upper limit
at mA ¼ 400 GeV with ΓA=mA ¼ 5% as the closest
(among the six plots given in Ref. [23]) to the reported
3.5σ excess with ΓA=mA ¼ 4%, but it would have been
preferable to have CMS provide the coupling modifier
value for the excess. It was found [24] that the excess at
mA ¼ 400 GeV with ρtt ∼ 1.1 can be compatible with ρtc ∼
0.9 andmH ≳ 500 GeV,mHþ ≳ 530 GeV in g2HDM. This
took into account various constraints similar to those
considered in Sec. II B, plus pp → t̄ðbÞHþ → t̄ðbÞtb̄
searches, and also neutral Higgs searches such as pp →
tt̄A=tt̄H → tt̄tt̄ [25], as well as the limits from gg → H →
tt̄ searches by CMS [23] and ATLAS [65]. These need
to be retraced with adding the amplitude induced by
cg → bHþ → bAWþ.
But before that, we remark that the sizable ρtc ∼ 0.9

value plays a mutually compensating role with the large
ρtt ∼ 1.1 needed to account for the CMS excess. Sizable ρtc
dilutes BðA=H → tt̄Þ (BðHþ → tb̄)) by A=H → tc̄þ t̄c
(Hþ → cb̄) decays, hence weakens the constraints from
pp → tt̄A=tt̄H → tt̄tt̄ and gg → H → tt̄ (pp → t̄ðbÞHþ →
t̄ðbÞtb̄) searches. In turn, ρtt ∼ 1.1 helps alleviate the
constraint on ρtc from cg → tA=tH → ttc̄ by finite
BðA=H → tt̄Þ. The most stringent constraint arises from
SR12 of CMS [25] search, the signal region (SR) for SM 4t
production, defined as at least three charged leptons (e, μ),
three b-tagged jets but restricting to four jets, plus some
Emiss
T . CMS observed 2 events in SR12 in the cut-based

analysis whereas 2.62� 0.54 events were expected [25].
With both ρtt ∼ 1.1 and ρtc ∼ 0.9, the cg → tA=tH → ttt̄
process would contribute to SR12 if all three top decays
semileptonically, but it was found to be compatible with
SR12 [24].
Most constraints analyzed in Ref. [24] remain the same,

but new LHC results on pp → t̄ðbÞHþ → t̄ðbÞtb̄ search
became available [66,67] and seem to pushmHþ toward the
heavier side, making the benchmark point analyzed in
Ref. [24] incompatible with the excess. We find a new
allowed benchmark point, summarized in Table IV, that can
account for the excess while satisfying perturbativity,
unitarity, positivity, and electroweak precision measure-
ments (checked via 2HDMC [33]), as well as all exper-
imental constraints described in Ref. [24], while taking into
account the new results from Refs. [66,67]. The total widths
of A, H and Hþ for this BP are ∼30, 87, and 105 GeV,
respectively. The respective branching ratios are A → tt̄
and tc̄þ t̄c ≈ 48% and 52%; H → tt̄, tc̄þ t̄c and
AZ ≈ 35%, 40% and 25%; and Hþ → tb̄, cb̄ and
AWþ ≈ 40%, 38% and 22%. We neglect tiny loop induced
decays for simplicity.
The spectrum in Table IV would again allow the

cg → bHþ → bAWþ process, and therefore contribute
to the CRW of Ref. [25]. We generate SS2l − 2bj events
from cg → bHþ → bAWþ and cg → tA=tH → ttc̄ at

TABLE III. Signal cross sections and significances with
300ð3000Þ fb−1 for the BPs of SS2l − 2bj search after selection
cuts.

BP Signal (fb)
Significance (Z)
300ð3000Þ fb−1

a 0.468 3.3 (10.4)
b 0.334 2.4 (7.5)
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p ¼ 13 TeV for this BP. Following the same selection
criteria and procedure as described in Sec. III A, we find the
SS2l − 2bj cross section to be ∼1.3 fb. Multiplying by
137 fb−1 integrated luminosity, this translates to an over-
whelming 179 events. This suggests that the BP and hence
the g2HDM interpretation of the CMS excess is already in
severe tension with the CRW of Ref. [25]. At this point we
also remark that the BP in Table IV has twisted custodial
symmetry i.e.,mHþ ¼ mH, which helped us evade stringent
electroweak precision observables such as T parameter. In
general mass splitting between mH and mHþ is possible
however, such choice would lead to stringent constraints
from electroweak precision observables. In addition, for
lighter mH, in particular for mHþ > mH þmWþ the cg →
bHþ → bHWþ process with H → tc̄ decay would also
induce SS2l − 2bj signature and contribute to CRW
region.
The presence of other ρij’s may reduce the required ρtc

for the excess, but would be subject to other stringent
constraints from flavor physics and LHC. For example, ρtu
can still be sizable [43], which would also induce SS2l −
2bj events via Vtb-enhanced ug → bHþ → bAWþ process,
as well as the ug → tA=tH → ttū process. Having both ρtu
and ρtc, one would need to consider stringent constraints
from D–D̄ mixing [31,32]. A nonvanishing ρττ may help
reduce the requirement of large ρtc. However, together with
ρtt, such parameter space would also receive several
meaningful constraints from flavor physics and low energy
observables (see, e.g., Refs. [21,32,68,69]). Presence of ρbb
would make the situation worse via Vtb enhanced pp →
t̄ðbÞHþ → t̄ðbÞtb̄ process, in addition to other stringent
constraints as discussed in Refs. [40,41]. We therefore do
not think in its minimal set up g2HDM can explain the
CMS hint for an excess at mA ≈ 400 GeV.

V. DISCUSSION AND OUTLOOK

We have analyzed the possibility of probing the
FCNH coupling ρtc at the LHC via the cg → bHþ →
bAWþ process at 14 TeV LHC. With the novel signature of
same-sign dilepton plus 2b and an extra jet (SS2l − 2bj),
the process can be discovered even for ρtc down to 0.1.
Some uncertainties in our results have not been covered.

The c-quark initiated cg → bHþ, tA=tH processes have
non-negligible systematic uncertainties such as from PDF
and scale dependence (see, e.g., Refs. [70–72]), which we
did not include in our analysis. Moreover, we have not
included nonprompt and fake backgrounds. These induce
some uncertainties in our results.

The FCNH coupling ρtu, as mentioned, can also induce
similar final state topologies via the ug → bHþ → bAWþ
process. One may distinguish between the ρtc and ρtu
induced processes via charge asymmetry of positively and
negatively charged dilepton signature, as discussed in
Ref. [43]. Presence of both ρtc and ρtu can obscure the
role of each other. However, in such a case, D–D̄ mixing
can provide some probe [31,32]. For example, Ref. [31]
found that jρ�tuρtcj ≳ 0.02 could be excluded by D–D̄
mixing for mH ≈mA ≈mHþ ≃ 500 GeV. Moreover, non-
zero ρtu, with the help of nonzero ρτμ, can induce
observable effects in the branching ratio of B → μν [73],
which is within reach of Belle-II [74].
We have focused mainly on the parameter space where

all other ρij’s vanish. However, the ρij couplings would
likely share [12,27] the same flavor organization as in SM,
i.e., ρii ∼ λi, while off-diagonal elements trickle off. This
would suppress the discovery potential of SS2l − 2bj
signature to some extent, where we have discussed the
impact of Oð1Þρtt in Sec. IV. Finite ρtt actually motivates
conventional searches such as gg → H, A → tt̄ and gg →
Htt̄ → tt̄tt̄ [75]. Furthermore, if ρtc and ρtt are both finite,
one may have the more exquisite cg → tA=tH → ttt̄ [15]
and cg → bHþ → btb̄ processes [22], where the latter may
emerge in LHC run 3.
We find that the SS2l − 2bj signature arising from cg →

bHþ → bAWþ and cg → tA=tH → ttc̄ processes together
can exclude a g2HDM interpretation of the gg → A → tt̄
excess hinted by CMS [25]. One may push Hþ to avoid
such constraint, but this should also be tightly constrained
by electroweak precision measurements as well as pertur-
bativity. The latter tension can be readily seen from the η3
value in Table IV. The presence of multiple nonvanishing
ρij may help alleviate the tension. However, we remark that
such an effort would require a more involved analysis,
which we leave for the future.
In summary, we have analyzed the prospect for discov-

ering the cg → bHþ → bAWþ process at the 14 TeV LHC,
and show that it receives stringent constraint from some
control region of the existing CMS 4t search. We find that a
dedicate search with the signature of same-sign dilepton,
two b-tagged jets plus an additional jet and missing
transverse energy can provide better probe of the parameter
space. The process can essentially exclude the g2HDM
explanation of gg → A → tt̄ excess observed by CMS. If
the cg → bHþ → bAWþ process is discovered, it would
not only confirm the existence of new physics, it may also
help us understand the mechanism behind the observed
baryon asymmetry of the Universe.

TABLE IV. Parameter values to interpret the gg → A → tt̄ excess hinted by CMS [23].

ρtt ρtc η1 η2 η3 η4 η5 η6 η7 mHþ (GeV) mA (GeV) mH (GeV)
μ2
22

v2

1.1 1 0.258 1.894 8.872 −4.772 4.752 0 −0.514 670 400 670 2.96
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