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We employ a general two Higgs doublet model to investigate the discovery potential of flavor

changing neutral Higgs (FCNH) interactions for a Higgs boson decays into leptons in pp colli-

sions, pp → φ0 → τ∓µ±+X from gluon fusion, where φ0 could be a CP-even scalar (h0, H0) or

a CP-odd pseudoscalar (A0). The light Higgs boson h0 is found to resemble closely the standard

Higgs boson at the Large Hadron Collider (LHC). In the alignment limit of cos(β −α) ∼= 0, for

h0–H0 mixing, FCNH couplings of h0 are naturally suppressed, but such couplings of the heavier

Higgs bosons (H0,A0) are sustained by sin(β −α) ≃ 1. We evaluate physics backgrounds from

dominant processes with realistic acceptance cuts and tagging efficiencies. We find promising

results for the LHC with
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s = 14 TeV, and future pp colliders with
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s = 27 TeV and 100 TeV.
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1. Introduction

Recent studies at the CERN Large Hadron Collider (LHC) by ATLAS and CMS experiments

confirm that the properties of the discovered Higgs boson are in good agreement with the expecta-

tions from the Standard Model (SM) Higgs boson [2, 3]. The most important experimental goals

of the LHC and future high energy colliders are to test the Standard Model with precision and to

search for new physics beyond the Standard Model.

There has been a lot of interest in the flavor changing neutral Higgs (FCNH) interaction among

leptons at the LHC. There was a 2.4σ excess of h0 → τµ above the background in CMS Run 1

data, with the best fit branching fraction [4] B(h0 → τµ) ≃ (0.84± 0.38)%, which is consistent

with ATLAS Run 1 result [5] of B(h0 → τµ)≃ (0.77±0.62)%. But the excess was ruled out by

2016 CMS data [6], with upper limit B(h0 → τµ) <∼ 0.25%.

Our investigation was motivated by the CMS experimental 2σ hint for h0 → τµ [4]. While it

has subsequently disappeared [6], it in fact motivates further the search for H0, A0 → τµ , involving

heavy Higgs bosons, as we shall explain. Note in particular that, in face of the current semileptonic

anomalies in B decays, a general two Higgs doublet model (g2HDM) had been invoked [7] over the

disfavored conventional Type II of two Higgs doublet models (2HDM-II) [8]. While the situation

with the anomalies are as yet inconclusive, we adopt the g2HDM without the usual Z2 symmetry

to forbid flavor changing neutral Higgs couplings [9]. The alignment [10] of two Higgs doublets

may be at work instead of Z2 or Natural Flavor Conservation [9]. Removing interactions of the

extra scalars with vector boson pairs (H0WW and H0ZZ), other than the SM-Higgs, is known as

the alignment limit [11, 12, 13].

In SM, h0 → τµ is highly suppressed, but in g2HDM without any Z2 symmetry, this decay is

in principle possible at tree level. We adopt the following interaction Lagrangian [14, 15],

−1√
2

∑
F=U,D,E

F̄
{

[

κFsβ−α +ρFcβ−α

]

h0 +
[

κFcβ−α −ρFsβ−α

]

H0 − isgn(QF)ρ
FA0

}

PRF

−Ū
[

V ρDPR −ρU†V PL

]

DH+− ν̄
[

ρEPR

]

EH++H.c. (1.1)

where PL, PR ≡ (1∓ γ5)/2, cβ−α = cos(β −α), sβ−α = sin(β −α), tanβ ≡ v2/v1, and α is the

mixing angle between neutral Higgs scalars [8]. The κ matrices are diagonal and fixed by fermion

masses, κF =
√

2mF/v with v ≃ 246 GeV, while ρ matrices are in general not diagonal. The off

diagonal elements of ρ are tree level FCNH couplings.

The recent CMS data gives the bound on FCNH coupling [6]
√

|Yτµ |2 + |Yµτ |2 = ρ̃τµ |cβ−α |<
1.43 × 10−3, where ρ̃τµ ≡

√

(|ρτµ |2 + |ρµτ |2)/2. However, Yτµ = ρτµ cβ−α/
√

2 may be small

because of alignment [11, 12, 13] with cβ−α → 0. The leptonic FCNH Yukawa couplings of the

heavy H0 boson, YHτµ =−ρτµ sβ−α/
√

2 would approach the A0 FCNH coupling YAτµ =−ρτµ/
√

2

in the alignment limit, since sβ−α → 1. While the recent CMS limit implies B(h0 → τµ) must be

small, B(H0 → τµ) and B(A0 → τµ) can still be sizable and should be probed experimentally.

In this article, we study the discovery potential for the decays H0, A0 → τ±µ∓, followed by τ

decays into an electron and neutrinos or into a τ-jet (π,ρ , or a1) and neutrino. Some promising re-

sults are presented for 14 and 27 TeV center of mass (CM) energies for an integrated luminosity L

= 300 and 3000 fb−1, in sync with future High Luminosity (HL) and High Energy (HE) LHC [16].
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2. Constraints on Relevant Parameters

To evaluate the production rate of pp → φ0 → τµ +X ,φ0 = H0,A0, the most relevant param-

eters are ρτµ , ρµτ for the decay φ0 → τµ , and ρtt for the production gg → φ0 via the top loop. A

potentially large ρtc induces [17] φ0 → tc̄, t̄c, which can dilute the H0/A0 → τµ branching ratio,

while ρct is subject to tight constraints by B physics data: ρct < 0.1 [17].

The LHC data favor the alignment limit with |cos(β −α)| ≪ 1. We take cos(β −α) = 0.1

for illustration, although larger values are allowed in the general 2HDM [17, 18]. As for other

ρ matrix elements, we set ρ f f = κ f =
√

2m f/v for diagonal elements except ρtt , and ignore off-

diagonal ones except ρτµ , ρµτ and ρtc. Degenerate extra scalar masses, i.e. MH0 = MA0 = MH± ,

is assumed for simplicity. In general ρtt is complex and it may contribute to CP violation and

Baryogenesis [19]. For simplicity, we will take it to be real in this work.

Constraints on ρτµ and ρµτ by various low-energy processes containing tau and muon are

discussed in the literature [20, 21, 22, 23]. It is found that τ → µγ is most relevant.

The FCNH coupling ρtc induces t → ch decay [24, 25], and the recent ATLAS limit [26] of

B(t → ch0)< 1.1×10−3 (95% C.L.) (2.1)

directly constrains ρtc if cβ−α is nonzero. Let us define ρ̃tc =
√

|ρtc|2 + |ρct |2/
√

2 as a convenient

FCNH coupling [17, 27]. Combining experimental limits from LHC Higgs data and B physics, we

consider ρτµ = ρµτ < 0.01, and |ρ̃tc cβ−α | = λtch . 0.064 [26]. To be consistent with B physics

constraints, we choose

ρtt = 0.2× (Mφ/150GeV), (2.2)

for φ0 = H0 or A0, which always satisfies the b → sγ constraint for the heavy Higgs scalar mass

considered in our study.

3. Higgs Signal and Physics Background

In this section, we discuss the prospect of discovering FCNH interactions from heavy Higgs

bosons H0 and A0 decaying into τ±µ∓. The ATLAS and CMS experimental constraints suggest

that cβ−α must be very small to be consistent with the alignment limit. We will choose cβ−α = 0.1

for case studies.

3.1 The Higgs Potential and Decay Final States

For the heavy CP-even H0 boson, the most important SM decay channels are bb̄, tt̄,WW , and

ZZ. In addition, tc and h0h0 channels might become dominant in some regions of parameter space.

The CP-odd pseudoscalar A0 boson has significant decays into bb̄, tt̄, as well as possible dominant

contributions from tc and Zh0 channels.

To study heavy boson H0 or A0 decays involving the light Higgs boson h0, let us consider a

general CP-conserving Higgs potential [11]

V = m2
11|Φ1|2 +m2

22|Φ2|2 −
[

m2
12Φ†

1Φ2 +h.c.
]

+
1

2
λ1|Φ1|4 +

1

2
λ2|Φ2)|4 +λ3|Φ1|2|Φ2|2

+ λ4(Φ
†
1Φ2)(Φ

†
2Φ1)+

[

1

2
λ5(Φ

†
1Φ2)

2 +λ6|Φ1|2(Φ†
1Φ2)+λ7|Φ2|2(Φ†

1Φ2)+h.c.

]

(3.1)
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Applying minimization conditions, we can express the triple Higgs coupling gHhh in terms of phys-

ical masses and mixing angles [11, 28]

gHhh ≃−cβ−α

v

[

4m2
A −2m2

h −m2
H +4λ5v2 +

2v2

tan2β
(λ6 −λ7)+

2v2

sin2β
(λ6 +λ7)

]

. (3.2)

For simplicity, we take the heavy Higgs states H0,A0 and H± to be degenerate and set λ6,7 = 0.

We observe that for a fixed value of tanβ , increasing λ5 from −1 to 0 lowers the cross section

of pp → H0 → τµ +X while increasing the trilinear Higgs coupling, gHhh, which enhances the

branching fraction of H0 → h0h0,

For the H0 boson, ρ̃tc, λ5 and tanβ play crucial roles in affecting the H0 → τµ branching ratio.

We use 2HDMC [29] to scan over 150 GeV ≤ MH ≤ 500 GeV and 1 ≤ tan β ≤ 10 for λ5 = 0. For

MH > 2mt , H0 → tt̄, h0h0 and tc channels might become significant.

The pseudoscalar A0 decays mostly into fermions. Only ρtc has significant impact on the

branching fractions. For ρ̃tc & 0.5, A0 → tc̄+ t̄c becomes dominant. Furthermore, for MA > 220

GeV, A0 →Zh0 also makes significant contribution. For MA > 2mt , the tt̄ channel starts to dominate.

3.2 Higgs Signal

Our main signal channel is the production and FCNH decay of a heavy Higgs boson (φ0 =

H0,A0) via gluon fusion, pp → φ0 → τµ +X [30, 31, 32, 33, 34, 35, 36]. With the τ decaying

leptonically, we are looking for a final state of two opposite sign leptons and missing energy. With

a hadronically decaying τ , a final state with a τ-jet ( jτ ), a muon, and missing energy is needed.

We have evaluated the FCNH signal cross sections with analytic matrix element and leading order

CT14 parton distribution functions [38, 37]. To include higher order corrections we calculate K-

factors with Higlu [39] for pp → φ0 +X .

3.3 Standard Model Backgrounds

The dominant background for leptonic final states comes from production of τ+τ− and ,

W+W−. For hadronic channel, we have considered pp → W± j → µ j+E/T +X as the most dom-

inant background along with the ττ channel. For hadronic channel, tt̄ contribution is highly sup-

pressed, when we veto any event with more than one b jet, with pT > 20 GeV and |η | < 4.7. We

have used MADGRAPH [40] and HELAS [41] to generate matrix elements for the backgrounds.

3.4 Realistic acceptance cuts

To study the discovery potential for the FCNH signal, we apply realistic acceptance cuts pro-

posed by CMS [4, 6] at
√

s= 13 TeV. In addition, we apply Gaussian smearing for particle momenta

to simulate detector effects based on ATLAS and CMS specifications.

We note that, as the Higgs boson mass increases, Mcol(τµ) cut becomes more effective. For

leptonic channel, pp →W+W−+X becomes more dominant than pp → ττ +X .

4. Discovery Potential

To estimate the discovery potential, we require that the lower limit on the signal plus back-

ground should be larger than the corresponding upper limit on the background with statistical

3
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fluctuations, which leads to [42]

σS ≥
N

L

[

N +2
√

L σB

]

(4.1)

where σS and σB are the signal and background cross sections, respectively, and L is the integrated

luminosity. Choosing N = 2.5, we obtain a 5σ significance.
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Figure 1: Discovery range at the LHC and future hadron colliders with
√

s = 14 TeV (green dark shading),

27 TeV (intermediate shading) and 100 TeV (light shading) for pp → A0 → τµ +X in the (MA, ρ̃τµ ) plane.

We require 5σ significance for 3000 fb−1. Top (bottom) row is for leptonic (hadronic) tau decay for ρ̃tc =

0.1 [(a) and (c)] and ρ̃tc = 0.5 [(b) and (d)].

4.1 Discovery Reach for Pseudoscalar A0

The pseudoscalar A0 has higher production cross section than H0, and with no suppression

coming from A0 → h0h0. Fig. 1 shows the discovery region for pp → A0 → τµ+X in the (MA, ρ̃τµ)

plane, for ρ̃tc = 0.1 and 0.5. Because of high QCD backgrounds, performance for hadronic τ decay

is worse than leptonic decay, despite its higher branching ratios.

We show our results for
√

s = 14, 27 and 100 TeV. At low masses with MA < 180 GeV, the

entire range of ρτµ is detectable for 3000 fb−1. For an intermediate range (200 GeV < MA <

300 GeV), our discovery region starts shrinking because of A0 → tc̄ as shown in Fig. 1. For higher

mass range (MA > 300 GeV), we see a slight increase in the 5σ region before and around MA ∼ 2mt ,

owing to the rise in production cross section for gg → A0. The A0 → tt̄ decay suppresses our signal

towards higher masses beyond MA & 360 GeV.

4.2 Discovery Reach for Heavy CP-even Scalar H0

For the heavy CP-even boson H0, the situation is quite different. The branching fraction for

H0 → τµ is very sensitive to ρtc, tanβ and λ5, that can affect the H0 → tc̄+ t̄c and h0h0 decays. In

4
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Figure 2: Cross section (in fb) of pp → H0 → τµ → eµ +X (blue solid) at (a)
√

s = 14 TeV, (b) 27 GeV,

and (c) 100 TeV, as a function of λ5 with MH = 300 GeV, ρτµ = 0.01, tanβ = 1, cβ−α = 0.1, and ρ̃tc = 0.1.

We also present the results for (d) ρ̃tc = 0.5 at
√

s = 100 TeV.

order to understand the effect of λ5, we perform a case study for pp → H0 → τµ → eµ +X with

MH = 300 GeV, ρτµ = 0.01, and scan over −1 ≤ λ5 ≤ 1 for tanβ = 1. Figure 2 shows cross section

of pp → H0 → τµ → eµ +X for
√

s = 14, 27 and 100 TeV and ρ̃tc = 0.1.

As a case study, let us choose the values of λ5 = −1, 0, with tanβ = 1 to preserve tree-level

unitarity and stability for a general 2HDM, which resembles the generic case with 0.001 ≤ ρτµ ≤
0.01 and 150 GeV ≤MH ≤ 500 GeV. The discovery contours for pp→ H0 → τµ+X are are shown

in Fig. 3. There is a large discoverable region in the low mass regime (MH < 180 GeV). However,

as we start increasing MH , first H0 → tc̄, then H0 → h0h0, then H0 → tt̄ become dominant. The

likelihood of detection increases as we reduce the value of λ5, from 0 to −1.

5. Conclusion

The general two Higgs doublet model offers a very rich phenomenology for flavor changing

neutral Higgs interactions with fermions. In the general 2HDM, the coupling probed is λhτµ =

ρτµ cos(β −α), which is expected to be small in the alignment limit of cos(β −α)→ 0, where the

light CP-even Higgs boson h0 approaches the standard Higgs boson.

For heavy Higgs states, the pseudoscalar A0 boson has FCNH coupling λAτµ = ρτµ that

is independent of cos(β −α), while the heavy CP-even scalar H0 has FCNH coupling λHτµ =

ρτµ sin(β −α), where sin(β −α) is expected to be close to unity. Thus, they offer great promise

to discover FCNH signals with lepton flavor violating production of pp → H0,A0 → τµ +X at the

LHC and future hadron colliders.
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Figure 3: Discovery regions at the LHC and future hadron colliders with the
√

s = 14 TeV (green dark shad-

ing), 27 TeV (intermediate shading) and 100 TeV (light shading) for pp → H0 → τµ +X in the (MH , ρ̃τµ )

plane. We require at least 5σ significance for 3000 fb−1. Top (bottom) row is for leptonic (hadronic) tau

decay with λ5 =−1 [(a) and (c)] and λ5 = 0 [(b) and (d)].

We have investigated the prospects of discovering H0,A0 → τµ for the LHC and future high

energy pp colliders, and find promising results for LHC with cos(β −α) = 0.1, ρ̃tc = 0.1, when

H0,A0 → tc̄+ t̄c is not yet overwhelming for MH up to 300 GeV. It should be noted that A0 is

more promising than H0 because of its higher production cross section and fewer decay channels

affecting its decay to τµ , but H0 decay depends also on Higgs potential due to h0h0 mode. If ρ̃tc

is considerably larger than 0.1, H0, A0 decay to tc̄ would suppress τµ observability, and a higher

energy collider with a higher luminosity would be needed.
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