PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: January 7, 2019
ACCEPTED: February 23, 2019
PUBLISHED: February 28, 2019

Enhanced di-Higgs production in the two Higgs
doublet model

K.S. Babu and Sudip Jana

Department of Physics, Oklahoma State University,
Stillwater, OK, 74078, U.S.A.

E-mail: babu@okstate.edu, sudip. jana@okstate.edu

ABSTRACT: We show that the rate for di-Higgs production at the LHC can be enhanced
by a factor as large as 25 compared to the Standard Model value in the two Higgs doublet
model, while being consistent with the known properties of the observed Higgs boson
h. There are correlated modifications in tth and resonant Zh production rates, which
can serve as tests of this model. Our framework treats both Higgs doublets on equal
footing, each with comparable Yukawa couplings to fermions. The Cheng-Sher ansatz for
multi-Higgs doublet model is shown to be strongly disfavored by current experiments. We

propose a new ansatz for the Yukawa couplings of the Higgs doublets ®, is proposed,
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fermion ¢ and v the electroweak vacuum expectation value. Such a pattern of couplings can
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explain the observed features of fermion masses and mixings and satisfies all flavor violation
constraints arising from the exchange of neutral Higgs bosons. The rate for y — ey decay

and new contributions to CP violation in By — B mixing are predicted to be close to the
experimental limits.

KEYWORDS: Beyond Standard Model, Higgs Physics

ARX1v EPRINT: 1812.11943

OPEN AcCCESS, (© The Authors.

Article funded by SCOAP?. https://doi.org/10.1007/JHEP02(2019)193


mailto:babu@okstate.edu
mailto:sudip.jana@okstate.edu
https://arxiv.org/abs/1812.11943
https://doi.org/10.1007/JHEP02(2019)193

Contents

1 Introduction 1
2 Brief review of the two Higgs doublet model 4
2.1 Higgs potential in the rotated basis )
2.2 Yukawa sector of the 2HDM 6

3 A modified ansatz for the Yukawa couplings 7
4 Higgs mediated flavor phenomenology 9
4.1 Constarints from tree level Higgs induced FCNC processes 9

5 Collider implications of the 2HDM 15
5.1 Higgs observables at the LHC 15
5.2  Deviations in h Yukawa couplings and LHC constraints 20
5.3 Constraints from measurements of flavor violating Higgs boson couplings 21
5.4 CP-even Higgs phenomenology 22
5.4.1 Di-Higgs boson production 23

5.5 Pseudoscalar Higgs phenomenology 28
5.6 Other collider implications for heavy Higgs searches 33

6 Electroweak precision constraints, boundedness and unitarity 35
7 Conclusion 37
A Scalar potential 38

1 Introduction

The observation of a new particle with properties matching that of the Higgs boson pre-
dicted by the Standard Model (SM) by the ATLAS and CMS experiments [1, 2] has been
an important step towards understanding the mechanism of electroweak (EW) symmetry
breaking. With this discovery, attention has now shifted to testing whether the Higgs boson
exhibits any property that deviates from the Standard Model expectation, and to searching
for additional Higgs bosons that may take part in EW symmetry breaking. Experimental
results to date, including Run—II data from the LHC, have shown no deviations from the
SM. Furthermore, no signals of new resonances which could take part in symmetry break-
ing have been observed. However, as detailed in this paper, there is plenty of room for
new physics in the symmetry breaking sector. Di-Higgs production has not been measured
to date, with an upper limit set to about 25 times the SM prediction. tth production



measurement allows its rate to be as large as 1.9 times the SM value (or as small as 0.5 of
the SM value), and Zh production rate is allowed to be as large as 2 times its SM value.
The purpose of this paper is to study these processes and their correlations in the context
of the two Higgs doublet model (2HDM).

There are a variety of motivations for extending the SM with the addition of a sec-
ond Higgs doublet. Supersymmetric models require a second Higgs doublet to generate
fermion masses; electroweak baryogenesis can be consistently realized with a second Higgs
doublet [3-5]; TeV scale dark matter can be realized in such extensions [6, 7]; vacuum
stability can be maintained all the way to the Planck scale with a second doublet [8] unlike
in the SM [9], and small neutrinos masses may by generated as radiative corrections with a
second doublet (along with a singlet scalar so that lepton number is broken) [10], to name
a few. A second Higgs doublet appears naturally in models with extended symmetries
such as left-right symmetric models [11], axion models [12, 13], and grand unified theories.
While the second doublet may have a mass of order the scale of higher symmetry breaking,
it may also survive down to the TeV scale, in which case its signatures can be observed
experimentally. It is to be noted that a second Higgs doublet which participates in the
EW symmetry breaking can easily be made consistent with EW precision measurements,
as the p parameter maintains its tree-level value of 1. The 2HDM also provides a foil to
test the properties of the SM Higgs boson.

The phenomenology of 2HDM has been extensively studied over the years [14]. How-
ever, most studies restrict the form of the Lagrangian by assuming additional discrete
symmetries. The type-II 2HDM, for example, allows only one doublet to couple to up-type
quarks, with the second doublet coupling to the down-type quarks and charged leptons.
While this is natural in the supersymmetric extension, a discrete Z symmetry has to be
assumed to achieve this restriction in other cases. One motivation for such a discrete sym-
metry is to suppress Higgs-mediated flavor changing neutral currents (FCNC) [15]. How-
ever, it has been recognized that there is no need to completely suppress such FCNC [16],
an appropriate hierarchy in the Yukawa couplings can achieve the necessary suppres-
sion. We present a modified ansatz for the Yukawa couplings of Higgs doublet ®,, where
Yig-a) = \/icfja )min{mi, m; } /v which is valid for the couplings of each of the Higgs doublet.
Here C’i(;-l) are order one coefficients, m; stands for the mass of fermion 7 and v ~ 246 GeV
is the electroweak vacuum expectation value (VEV). Our modified ansatz can be realized
in the context of unification [17]. We refer to the 2HDM with no additional symmetry as
simply the two Higgs doublet model (2HDM), with no qualifier, as opposed to type-I or
type-II models, which require additional assumptions.

The modified Yukawa coupling ansatz that we propose, viz., Y;;‘” =
\/ﬁCz(Ja )min{mi, m;}/v, improves on the Cheng-Sher (CS) ansatz [16] which assumes
Yiga) = \@ija )\/nij Jv. (A factor v/2 has been inserted in both ansatze as we nor-
malize v =~ 246 GeV, rather than 174 GeV used in ref. [16].) The pattern of quark mixings
is compatible with both these ansatze, as we shall illustrate. The order one coefficients

in the CS ansatz will have to be somewhat smaller than unity for explaining the quark
mixings, while in the modified ansatz we present some C’l(]a ) are slightly larger than unity.



We find that the overall goodness to fit is similar in the two cases as regards the CKM
mixings. We compare the two ansatze for their consistency with Higgs mediated flavor
violation and show that in processes such as K9 — KO mixing, Bgs — Ed,s mixing, and
especially p — e7, the modified ansatz gives a better description of current data. We also
find that the rate for y — ey decay and new contributions to CP violation in By — B
mixing in the modified ansatz are close to the experimental limits, which may therefore
provide tests of the model.

In the 2HDM framework that we adopt there is no fundamental distinction between
the two Higgs doublets. The top quark, bottom quark and tau lepton Yukawa couplings —
most relevant for LHC phenomenology — with both doublets are then comparable, unlike in
the case of type-I or type-II 2HDM. We shall see that these additional couplings, especially
of the top and bottom quarks, would lead to distinct signatures in the hh, tth and Zh pro-
duction rates in a correlated manner. Here h is the standard model-like Higgs boson of mass
125 GeV. While there would be some deviations in the properties of h from the SM predic-
tions, in our analysis we ensure that such deviations are within experimental limits. Modi-
fications in hh, tth and Zh production rates will also be correlated with such deviations in
the properties of h. Discovery of these correlated modifications would be tests of the model.

tth production. Theoretically, tth production process is very interesting, as its rate is
proportional to Y;2, the square of the top Yukawa coupling with the Higgs boson. Within
the SM, Y; is known to a good accuracy, as it is related to the top quark mass. But this
proportionality relation is disrupted in the 2HDM we present. In Run—1I of the LHC, a not-
so-small signal of tth production was observed by the ATLAS and CMS collaborations in
several channels. Assuming SM-like branching fractions of the Higgs boson, the tth signal
strength normalized to the Standard Model prediction was found to be p.z, = 2.3f8:g by the
combined ATLAS and CMS collaborations with an observed significance of 4.40 [18]. With
data collected in the LHC Run—II with 13 TeV center of mass energy, both ATLAS and
CMS have presented results for tth production, with ATLAS quoting a u value of 1.321“8:%2
with an observed significance of 5.80 [19, 20], and CMS quoting a p value of 1.2670-3% [21, 22]
with an observed significance of 5.2¢. (In the SM, ¢th production cross-section is ~ 0.509
pb.) As can be seen with the errors associated with these measurements, pz, can be as
large as 1.9 and also as low as 0.5. Such large deviations can be achieved in the 2HDM, as
shall be shown below. If any significant deviation in tth production rate is observed at the
LHC, the 2HDM framework we present can serve as an excellent platform for explaining it.

Di-Higgs production. ATLAS and CMS collaborations have reported new results on
di-Higgs boson searches [23-30] using 36 fb~! data from Run—II of LHC at center of mass
energy of 13 TeV. These analyses are based on different final states in the decay of the two
Higgs bosons (bby~y, bbr™ 77, bbbb and bbW W ™). Current experimental searches exclude
non-resonant hh production to be less than 19 times the SM prediction [23, 25-28], whereas
for resonant di-Higgs production, this limit is correlated with the resonance mass and can
be as large as 25 times [25-28] the SM value, or even larger. In the SM, hh production
cross-section is ~ 33.5 fb. In the 2HDM, the signal strength pup;, can be enhanced by a factor
of 25, including both resonant and non-resonant di-Higgs boson production, which gives



ample room for its potential observation at the LHC. While other extensions of the SM, such
as the singlet scalar extension, can enhance the di-Higgs production, the enhancement is
much smaller compared to the 2HDM, owing primarily to severe constraints on the mixing
of the SM Higgs and the singlet scalar from the measured properties of h [31, 32]. Large
enhancement for di-Higgs is possible in the 2HDM, since both Higgs bosons couple to top
and bottom quarks, which allows for the properties of h to be within observed limits.

Zh production. A third di-boson channel of experimental interest is the production
of h in association with a Z. The rate for Zh production will also be modified in our
2HDM framework. Recently the ATLAS collaboration has reported a small excess in
the pp — A — Zh cross section [33], corresponding to a potential pseudoscalar mass of
about 440 GeV. The statistical significance is larger if the pseudoscalar A is produced in
association with bottom quarks rather than through gluon fusion, but both production
processes show deviations. The statistical significance of this excess is too low to conclude
anything meaningful, but it does raise the question: would it be possible to account for such
a possible excess arising from a pseudoscalar resonance within a self-consistent framework?
We show that this can indeed be achieved in our 2HDM framework.

We base our numerical analysis of the 2HDM on data set which takes into account
the light Higgs boson properties as well as searches for heavy Higgs bosons. We also con-
sider theoretical constraints arising from boundedness, stability and perturbativity of the
scalar potential, and ensure that the data respects bounds from B-physics and electroweak
precision measurements.

The paper is organized as follows: in section 2, we briefly review the Higgs sector
and the Yukawa couplings of the 2HDM. In section 3, we present our modified ansatz for
flavor, and in section 4 we show the consistency of the ansatz with FCNC constraints. In
section 5, we perform numerical simulations for collider signatures of the 2HDM. Here we
discuss enhanced di-Higgs production, as well as modifications in ¢tth and hZ productions.
We show correlations among these as well as other modified properties of the 125 GeV Higgs
boson h. In section 6 we discuss EW precision constraints, boundedness of the potential
and unitarity constraints. Finally in section 7 we conclude.

2 Brief review of the two Higgs doublet model

We denote the two SU(2); doublet scalar fields with hypercharge ¥ = % as ®; and Ps.
The most general gauge invariant scalar potential of this 2HDM is given in appendix A,
eq. (A.1). Here we shall choose a particularly convenient rotated basis in which only one
neutral Higgs has a nonzero vacuum expectation value. The two Higgs doublets in the new
basis are denoted as Hy and Hs, with <H§> = 0., and <H?> = v/\/§ These new states are
related to ®; and @, by

Hy = ®1cos B+ e “ Dysinf3,
Hy = —e€ &y sin 8+ Py cos . (2.1)



The VEVs of the neutral components of ®; 5 are denoted as

(@) = \}ivl, (@) = \}éuz i (2.2)

and the mixing angle is given by

tan 8 = o2 (2.3)

(1
One then obtains

G+ H*
Hy=| 0 on | He={ : (2.4)
75 (v} +iGY) 75 (¥ +i4)

where ¢, ©§ are CP-even neutral Higgs fields (which are not the mass eigenstates), 4 is a
CP-odd neutral Higgs field, H* is the physical charged Higgs boson, and G* and G° are
unphysical Goldstone bosons . The vavuum expectation value is v = /v? + v5 ~ 246 GeV.
Here, for simplicity, we have set the phase £ to be zero.

2.1 Higgs potential in the rotated basis

Since the Higgs potential given in eq. (A.1) of appendix A is the most general, once the
Higgs fields are rotated as in eq. (2.1), the form of the potential would remain the same,
but with a redefinition of parameters. In the new rotated basis the Higgs potential is:

V = MAHIH, + M3,HHy — M3, HI Hy + h.c]

1 1
oA (H{H)? + S A2(HJHo)* + As(H{ ) (H Ha) + N (H| Hy) (H}Hy)
1
+ {2A5(H1TH2)2 + [As (H]Hy) + A7 (HYHo)| H Ho + h.c.} : (2.5)

The correspondence between the old (eq. (A.1)and the new (eq. (2.5) parameters is given
in egs. (A.2)—(A.12) of appendix A. Now the minimization conditions read simply as:

1 1
M121 = *5A1'U2, M122 == §A6'U2 . (26)

The 3 x 3 neutral scalar mass matrix defined in the basis {(, ©9, A} reads as:

Aqv? Re(Ag)v? —Im(Ag)v?
M? = | Re(Ag)v® M3+ 10%(Az + Ay + Re(As)) —m(A5)v? :
—TIm(Ag)v? —2Im(As)v? M3, + 3v%(A3 + Ay — Re(As))

(2.7)

The mass eigenvalues and eigenstates can be readily obtained from eq. (2.7). For

simplicity we shall assume the Higgs sector to be CP-conserving, and take the VEVs as

well as the couplings A5 to be real. The CP odd eigenstate will then decouple from the
CP even eigenstates in eq. (2.7). The CP -even mass eigenvalues in this limit are:

1
m%H =35 m?% + v (A + As) T \/[m?4 + (A5 — A)v?)? + 4A%04 | (2.8)



while the CP-odd and the charged Higgs boson masses are given by:
1
m% = mi. — §v2(A5 —A\y), (2.9)
1
mi . = MH + 51}2[\3, : (2.10)

Here H* = —€sin g3 <I>1i + cos 3 <I>2i is the physical charged Higgs, which is orthogonal to
the charged Goldstone boson G*.
The CP-even neutral Higgs mass eigenstates are given by:!

h = ¢ cos (a — B) + ¢Ysin (a — ), (2.11)
H = ¢Ycos (o — B) — ¥ sin (a — B), (2.12)
where ¢ and ¢§ are defined in eq. (2.4) and the angle (o — ) is defined as:
2A6v?
sin 2(a — B) = ——0—.. (2.13)
mi —m

The field & is identified as the observed Higgs boson of mass 125 GeV. We shall use these
results in the discussion of flavor phenomenology as well as collider physics.

2.2 Yukawa sector of the 2HDM

As noted in the Introduction, we treat the two Higgs doublets on equal footing. Thus,
both doublets will couple to fermions with comparable strengths. If the Yukawa coupling
matrices have a certain hierarchy, consistent with the mass and mixing angles of fermions,
then Higgs-mediated flavor changing neutral currents can be sufficiently suppressed [16].
This statement will be further elaborated in the next section. The original Higgs doublets
®; and @, will then have the following Yukawa couplings to fermions:

Ly = Yd(l)QLdRCI)l + Yd(Q)QLdR‘I)z +YVQrupd: + Y, P QLupd,
+Y-g(1)1,/_JL(I’1€R + n(Q)Q;L(pQER + h.c. (2.14)
Here Qr, = (u, ) and 1, = (v, €)% are the left-handed quark and lepton doublets, while
‘i’a = iqu)Z.

In the rotated Higgs basis (see eq. (2.1)) the Yukawa couplings can be written as
L, = YyQrdpHy + YyQrdrHs + YuQrurHi + YQrurHo

+Yr Hitg + Yeb L Hytog + hec. (2.15)
Here (Y, f/d), (Yu, ffu) and (Y, }N/g) are related to the original Yukawa coupling matrices
as
Y, = cos 8 Yd(l) + sin Be€ Yd(2), Y, = —sin Be % Yd(l) + cos 3 Yd(2)
Y, = cos 3 Yu(l) + sin e Yu(2), Y, = —sin e’ Yu(l) + cos B8 Yf)
Y, =cos 8 Ye(l) + sin Be€ Ye(2), Y, = —sin Be % Ye(l) + cos YZ(2) . (2.16)

!Since the original Higgs doublets ®; 2 were rotated by an angle 8 to go to the Hj o basis, defining
the CP-even Higgs mixing angle as o — 8 (rather than as ) would make it consistent with the standard
notation used in the literature [14].



Since the VEV of Hy is zero, the up-quark, down-quark, and charged lepton mass matrices
are given by
M, =Y, v/V2, My=Yzv/V2, M =Y,v/V2. (2.17)

We can diagonalize these mass matrices, which would simultaneously diagonalize the
Yukawa coupling matrices of the neutral Higgs bosons of the doublet Hy. Note, how-
ever, that the ¢} component of Hj is not a mass eigenstates. All Higgs-induced FCNC will
arise from the Yukawa coupling matrices of the neutral members of Hy. Thus, in the down
quark sector, such FCNC will be proportional to Y, of eq. (2.15), etc. We shall define the
matirces Yy, Y, and Y} of eq. (2.15) in a basis where M, 4¢ have been made diagonal.

In the type-II 2HDM one assumes Yd(2) = Yf) = Yu(l) = 0 in eq. (2.14), invoking a Zs
symmetry. This would lead to Y, and Yy being proportional in eq. (2.15) (and similarly Y, o
}7“, Y, x }75) Thus, in a basis where Y, is diagonal, Y, will also be diagonal. As a result,
type-II 2HDM would have no Higgs mediated flavor violation at the tree level [15]. In a sim-
ilar fashion, type-I 2HDM, where one assumes Yd(i{ ;= 0,Yyand ?f are diagonal simultane-
ously for f = d,u, ¢, resulting in neutral flavor conservation. The idea of alignment [14, 34]
assumes Yf(l) and Yf@) are proportional, again leading to neutral flavor conservation.

In our framework, the coupling matrices Yy, Yy and Y; are a priori arbitrary matrices.
To be consistent with flavor violation mediated by neutral Higgs bosons, we assume a
hierarchy in Y, similar to the hierarchy in Y, and so forth. This ansatz will be elaborated
in the next section. For collider studies, only Y;, Y and Y; couplings, defined as the (3,3)

elements of Y, Y; and Y] in a basis where M, 4 are diagonal, will play a role.

3 A modified ansatz for the Yukawa couplings

The 2HDM can potentially lead to flavor changing neutral currents (FCNC) mediated by
the neutral Higgs bosons at an unacceptable level. As already noted, one could completely
suppress tree level FCNC by assuming a discrete Zs symmetry [15]. One can also assume
alignment of the two sets of Yukawa couplings to alleviate this problem [14, 34]. However,
compete suppression of Higgs mediated FCNC is not necessary, as emphasized in ref. [16].
A hierarchical pattern of Yukawa couplings that can generate realistic fermion masses and
mixings may suppress excessive FCNC.

In ref. [16], a particular pattern of the Higgs Yukawa couplings was suggested, referred
to as the Cheng-Sher (CS) ansatz. The Yukawa couplings of the two Higgs doublets @,
are taken to be of the form

(v (), = W F=(ud 0. (3.1)

Here m; is the mass of the ith fermion, v = 246 GeV is the electroweak VEV, and C;; are
order one coefficients. We have inserted a factor /2 since v is normalized to 246 GeV in our
analysis (rather than 174 GeV). This is a well motivated ansatz, as this form can explain
qualitatively several features of the CKM mixing angles. With this form of the Yukawa
coupling matrices, the mass matrices will also take a similar form. The CKM mixing angles



will be given by

ng:Kij\/%v i<j. (3.2)
J

Here K;; are order one coefficients, expressible in terms of Cj; of eq. (3.1). Furthermore, in
this symmetric form of the Yukawa couplings, the form of eq. (3.1) is the maximal allowed
off-diagonal couplings consistent with the masses of fermions, assuming no cancellations
among various contributions.

Take for example the case where the quark mixings arise entirely from the down quark
matrix. Using quark masses evaluated at the top quark mass scale, m;, ~ 2.75GeV,
ms ~ 52MeV, my ~ 2.76 MeV [35, 36], and with the central values of the CKM angles,
|Vus| = 0.2243, |Vp| = 0.0422, |V,,3| = 0.00394, one would obtain for the coefficients K;; of
eq. (3.2) the following values:

Kgs = 0974, Kg ~0.124, Kg ~0.307 . (3.3)

These coefficients are roughly of order one, which provides justification to the ansatz of
eq. (3.1). Note, however, that K4 ~ 1/8 in particular, is significantly smaller than order
one.

We shall present an updated analysis of flavor violation constraints for the CS ansatz in
the next section. There we show that with the current data, various order one coefficients
C;j appearing in eq. (cs) will have to be smaller than one, provided that the masses of the
additional Higgs bosons of the model are below a TeV. In particular, the constraint from
1 — ey decay sets |Ce,| < 0.12. Constraints from K° — KO mixing, B s — B s mixing and
DY — DO mixings on the relevant C;j are also of similar order. While these constraints do
not exclude the scenario, they do make the ansatz somewhat less motivated.

In view of the strains faced by the CS ansatz, we propose a modified ansatz, which
fares equally well in explaining the pattern of CKM mixing angles, but causes acceptable
FCNC mediated by the neutral Higgs bosons. We take the Yukawa couplings of the two
Higgs doublets &, to fermions to be of the form

Yig.a) = ﬁC;;)min{mi, mj}/v, (3.4)

where C;; are order one coefficients, m; is the mass of the 7th fermion and v ~ 246 GeV. The
main difference of this ansatz, compared to the CS ansatz of eq. (3.1) is that the Yukawa
couplings scale linearly with the lighter fermion masses, rather than as the geometric means.
We first show that this form of the couplings can generate reasonable CKM mixings. With
the form of eq. (3.4) for the Yukawa couplings, the CKM mixing angles would be given by

Vi = Kijﬁj, i< (3.5)
Since the mass hierarchies are stronger in the up-quark sector, this would imply that the
CKM angles scale as the mass ratios in the down-quark sector. Using the values of the



masses of (d, s, b) quarks evaluated at the top quark mass scale, and using central values
of the CKM mixing angles, this leads to the following K;; values:

de ~ 4.23, de ~ 3.93, Ksb ~ 2.23. (3.6)

These values are roughly of order one, and the overall goodness to fit to the CKM angles
is comparable to that of the CS ansatz (compare eq. (3.3) with eq. (3.5)). While in the
CS ansatz the K;; are somewhat smaller than one, in the modified ansatz they are slightly
larger than one.

We turn to the flavor phenomenology of the modified ansatz in the next section. There
we derive limits on the C;; parameters in the modified ansatz and compare them with the
limits on Cj; of the CS ansatz. We find that the modified ansatz allows for all C;;, at least
in the CP conserving sector, to be of order one.

4 Higgs mediated flavor phenomenology

In this section we derive constraints on the Cj; parameters for the modified ansatz as well
as the CS ansatz arising from FCNC mediated by the neutral Higgs bosons of 2HDM. We
write down the Yukawa couplings of the two Higgs doublets in a rotated Higgs basis H;
and Hs such that (Hy) = 0. The Yukawa Lagrangian is given in eq. (2.15). We define
the matrices ffu’d,g in a basis where the matrices Y, 4, are diagonal. This is the physical
mass eigenbasis. Since both Higgs doublets are treated on equal footing, the rotation that
is needed to go to the (Hj, Hs) basis should not change the form or the hierarchy of the
original Yukawa couplings of eq. (2.14). This is true for the CS ansatz as well as the
modified ansatz. Thus the form of the f/ij should be the same as that of Yig-a).

The Yukawa couplings of Hs will then take, in the modified ansatz, the following form:

\/i Cuumu Cucmu Cutmu \/§ C’ddTnd Cdsmd Cdbmd
Y. = 7 Ceumy Ceeme Cepme ) Yo = v Csamq Cssms Cgpmy )
Crumy Creme Cymy Cramg Cpsms Cppmy

Ceeme Ceume CeTm€

~ 2
g, - V2
v

Cueme Crpmy, Cprmy, (4.1)

Creme CT,umu CTTmT

We shall show that Higgs mediated FCNC allows all the C;; appearing in eq. (4.1) to
be of order one. The main constraints come from K° — K0 mixing, B} — BY;, mixing

and DY — DO mixing, mediated by neutral Higgs bosons of 2HDM at the tree-level. The
@ — ey decay, although it arises only at the loop level, is also found to provide important
constraints. We now turn to derivations of these constraints.

4.1 Constarints from tree level Higgs induced FCNC processes

There are accurate experimental measurements [37, 38] of neutral meson-antimeson mixings
in the K — K9, BY — BY, BY — BY and in D° — DY sectors, all of which are in agreement
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Figure 1. Feynman diagrams for various FCNC processes mediated by tree-level neutral Higgs
boson exchange: top left: K°— K9 mixing, top right: B? — BY mixing, bottom left: B} — BY mixing
and bottom right: D° — D9 mixing,.

with SM predictions. In the 2HDM there are new contributions to these mixings arising
through tree level Higgs boson exchange diagrams shown in figure 1. The SM predictions
will be modified with these new contributions; here we derive constraints on the 2HDM
parameters from these processes.

We can write down the neutral Higgs boson mediated contributions to AF = 2 Hamil-
tonian responsible for the neutral meson-antimeson mixings as [39, 40]:

1 _ k:l +P)/5 k*]‘ —75 2
Heg = _M (Qi |:}/; 9 + Y]z 9 g5 ) - (4.2)

Here Y/; denote the Yukawa couplings of ¢;, g; with Higgs mass eigenstate H k with k taking
values (h, H, A), and ¢; j represent the relevant quark fields contained in the meson.

The transition matrix element for meson mixing can be expressed as

I 2 *2
MYy = (| Hegt|) = — P e —— (ij + Y} ) - By - ma(p)

fs*me [_ 5 mg
+YkY R (1 + > - By - 774(#)} : (4.3)
150 \12 7 2 (mg, + myy)?

Here the neutral mesons (K°, BY, BY D) are denoted as ¢. We adopt the modified
vacuum saturation and factorization to parametrize the matrix elements, but use lattice

~10 -



evaluations of the matrix elements for our numerical study:

2

_ _ - 1
@1 £ %) (L F 1) f516) = fo*my (6 + W) By,
7 I n 5,9 mgy*
(Olfi(1 £ 75) fifi(1 £95) fil0) = — ¢ fo Mo

e ., (4.4)
mg, +myg,)?

We use the values: (Bg, By) = (0.66, 1.03) for the K° system, (0.82, 1.16) for the BY
and B? systems, and (0.82, 1.08) for the D system [40, 41]. The QCD correction factors
of the Wilson coefficients Cy and C4 of the effective AF = 2 Hamiltonian in going from
the heavy Higgs mass scale My to the hadronic scale p are denoted by na(p) and n4(u)
in eq. (4.3). These correction factors are computed as follows. We can write the AF = 2
effective Hamiltonian in the general form as

5 3
HH =) CiQi+> CiQ (4.5)
=1 =1
where
Q1 = G995 G 4, Qo = GRaiSTinas, Qs = G%ai Tinass,
Qs = G35 a5 qi%, Qs = Qi%Qj[z(ji€Qj%7 (4.6)

QLQ’:’) can be obtained from @23 by interchanging L < R.
For computing 72 4 we consider the new physics scale Mg to be 500 GeV. The evolution
of the Wilson coefficients from My down to the hadron scale p is obtained from

ZZ ) 4 nel™ )y Cy(M,). (4.7)

Here n = as(M;)/as(my). For our numerical study, we use the magic numbers a;, bgr’s)
and cgr’s) from ref. [42] for the K meson system, from ref. [43] for the By s meson system
and from ref. [44] for the D meson system. With My = 500 GeV, m¢(m;) = 163.6 GeV
and as(myz) = 0.118, we find n = a4(0.5 TeV)/as(m;) = 0.883.

At the mass scale of the heavy Higgs bosons, only operators Qs and ()4 are induced.

After evolution to low energies for the K° system we find

Ca(p) = Ca(M;) - (2.552), Ca(p) = Ca(M;) - (4.362),
C3(u) = Co(My) - (—7.43 x 107°), Cs(u) = Cy(My) - (0.157) . (4.8)

This leads to n2(p) = 2.552, n4(u) = 4.362 at = 2 GeV. Note that although non-zero Cj
and C5 are induced via operator mixing, their coefficients are relatively small.

Following the same procedure, we compute the evolution of the Wilson coefficients for
the B?l, . System and obtain

Co(p) = Co(M;) - (1.884), Cy(p) = Ca(M;) - (2.824),
03(/1’) = CQ(MS) : (_0'021)7 CB(:“) = C4(Ms) ' (0076)7 (49)

leading to ma () = 1.884, na(p) = 2.824 at p = Mp.
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Similarly, for the D° system we find

Ca(p)
Cs(p)

Ca(M,) - (2.174), Culp) = C4(M,) - (3.620),
Oy (M,) - (—0.011), Cs(p) = Cu(Ms,) - (0.128), (4.10)

leading to ma(p) = 2.174, na(p) = 3.620 at p = Mp. In all cases, we see that the induced
operators C'5 and C are negligible.

K° — KO mixing constraint. The neutral Higgs contributions will modify both the
mass difference AMp and the CP violation parameter ex. The mass splitting is obtained

from the relation Amjy = 2Re(ME), while the CP violation parameter e is given by
 Im(Mf5)

’€K| - \ﬁAniQK

experimental measurements: Amy =~ (3.484+0.006) x 107 GeV and |ef| ~ 2.232 x 1073,

Measured values of the Kaon mass and decay constant are used: myx = 498 MeV and

. We demand that the new contributions to these quantities not exceed the

fr =160 MeV. If we assume that Y, = Yag, and take these coupling to be real, we obtain
the constraint

2
- M
Y2 1.12 (500 geV)

1010 2 .
0.18 + {(mg%v) - 0.062} sin2(a — )

(4.11)

If we now set sin(a— ) = 0.4 and Mg = M4 = 500 GeV, we get a limit of |Yy,| < 1.8x1075.
Writing Yy = v/2Cys (mg/v), as suggested by the modified Yukawa ansatz of eq. (3.4), we
find Cys < 1.16. If we use instead the CS ansatz and write Yy, = ﬂCds(m/v), we
would get |Cys| < 0.26. These constraints are tabulated, along with other constraints, in
table 1.

We have also derived the constraints on Cys from Ampg and |ex| by assuming Y;; =
Yj*l = %C’ijei‘z’. Here ex gives a much more stringent constraint on the phase ¢. These
results are summarized in table 2 where we present three benchmark points for the phase
parameter. While both the CS ansatz and the modified ansatz require a relative small
phase, the modified ansatz fares better than the CS ansatz.

BY — ?g mixing constraint. For the B — B system we demand that the new contri-
butions be less than the experimental value of [37, 38] Amp, = 1.1688 x 107! GeV. Using

mp, = 5.37 GeV and fp, = 295 MeV, we obtain with Vs = Ya the constraint

2
- M
Y2 3.09 (500 geV)

10—7 2
" 104 [(wf)”gev) = 0.062] sin2(a — 3)

(4.12)

If we take Yps to be real as well, the limit is |Chs| < 3.17.

Bg — Eg mixing constraint. As in the other cases, we demand the new contribution to
the Bg — Bg mixing to be less than the experimental value of Amp, = 3.12 x 10713 GeV.

- 12 —



Upper bound on Cj; Cheng-Sher Ansatz | Our Ansatz

K9 — KO mixing constraint | 0.26 1.16
BY — BY mixing constraint | 0.436 3.171
BY — Fg mixing constraint | 0.379 11.984
D° — DO mixing constraint | 0.222 4.893

Table 1. Upper bounds on the coefficients C;; from K° — KO BY — BY, BY — Fg and D° — DO
mixing constraints. Here we have set Y;; = Yj;, assumed the couplings to be real, and took
My = M4 = 500GeV.

Using as input mp, = 5.281 GeV, fp, = 240 MeV and with Yy = fﬁ,d, the constraint is

2
~ M
v 1.243 (ﬁ)

(4.13)
108 2
7 104+ [(BOS%V) - 0.062] sin2(a — )

Under the assumption that the Yukawas couplings are also real, we get |Cpy| < 11.98 in
our modified ansatz.

D° — DO mixing constraint. For the D° — DO mixing, we use [37, 38] Amp = 6.25 x
1071% GeV. With mp = 1.864 GeV, fp = 200 MeV, with Yy, = Y,,, we find

2
- M
Y2 4.04 (500 ge\/)

(4.14)
My 2 T2
0.193 + [(s,oocev) - 0-062] sin?(a — )

When Y, is also real, we get |Cue| < 4.9.

Upper bound on the coefficients C;; from K° — K9, BY — BO, BY — Fg and D° — DO
mixing constraints are summarized in table 1 for the modified ansatz, and compare them
with the constraints from the CS ansatz. Since the coefficient Cj, is near one, one could
expect new sources of CP violation in By — By, which is small in the SM.

Constraints from p — e~y. Here we derive limits on the flavor violating leptonic
Yukawa couplings from the loop-induced process p — ey. Both Higgs doublets have cou-
plings to charged leptons in our 2HDM framework. As a result, there are one-loop and
two-loop “Barr-Zee” contributions for y — ey decay. Representative one- and two-loop
Feynman diagrams contributing to this decay in the 2HDM are shown in figure 2. We fol-
low the analytic results given in ref. [45] to evaluate these diagrams. The leading one-loop
contribution to 4 — ey has the 7 lepton and a neutral scalar inside the loop, with the
photon radiated from the internal 7 line. It was pointed out in ref. [46] some time ago that
certain two-loop diagrams may in fact dominate over the one loop contributions owing to
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Be{;ﬁ?ﬁ?:rk Mass Matrix Ansatz | Bound on C;; from Amg | Bound on Cj; from ek
Cheng-Sher Ansatz 0.269 0.048
Phase ¢ = 0.1

Our Ansatz 1.171 0.210
L Cheng-Sher Ansatz 0.267 0.152

Phase ¢ =10
Our Ansatz 1.159 0.661
3 Cheng-Sher Ansatz 0.267 0.481

Phase ¢ =10
Our Ansatz 1.159 2.09

Table 2. Upper bound on the coefficients Cy, from K° — KO mixing and measurement of C'P
violation parameter |ex|. Here we choose Yi; = Y]’; = @Cijeid’ in our modified ansatz, with the
factor mg changed to /mgmg for the CS ansatz.

; w
h, H, A
g B N \\hHA VA N hH A
/ A\ ’YaZ N 7> \

\ \ AN
al - L - - L — » - -
BT § e e 1 e It It e

Y

Figure 2. Representative one and two loop Feynman diagrams contributing to (x4 — e7y) process
in the 2HDM.

smaller chiral suppression. The loop suppression is overcome by a chiral enhancement of
the two-loop diagram, relative to the one-loop diagram. This effect was noted by Barr and
Zee [47] in the context of electric dipole moments.

In figure 3, we compute the branching ratio Br (ux — ev) as a function of the mixing
angle sin(a — ) in two scenarios; one following CS Yukawa coupling ansatz, and the other
following our proposed modified ansatz. For these plots we set Y; = 1. As can be seen
from the figure, for order one coefficient C,,, in the CS ansatz, most of the parameter space
is ruled out by experimental limit [48] Br(u — ey) < 4.2 x 10713, Tt is also clear from
the figure that with the modified ansatz, C¢, can be of order one, even when sin(a — f3)
is as large as 0.6. For a specific choice of My = 500GeV and sin(a — ) = 0.4, we get
Br(p — ey) = 2.5 x 10_116’62# for the case of the CS ansatz, which requires |Ce,| < 0.12
in this case. With our modified ansatz we get Br(u — ey) = 1.21 x 10_13082“ which leads
to a much weaker constraint |Ce,| < 1.9.

Thus we see that the modified Yukawa ansatz fares better as regards the Higgs me-
diated FCNC compared to the CS ansatz. We have already noted that both ansatze give
reasonable values of the CKM matrix. Since in the modified ansatz C¢, is close to one, we
would expect the decay p — ey to be potentially observable.
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Figure 3. Branching ratio Br (i — e7) as a function mixing sin(a — ) in two scenarios: Left: our
modified ansatz where amplitude goes as m., Right: Cheng-Sher ansatz where amplitude goes as
7Vm;m’ Here we set YV; =1, and Cepy = Cpe = 1.

5 Collider implications of the 2HDM

In this section we analyze the implications of the 2HDM at colliders. We pay special
attention to the allowed parameter space of the model from observed properties of the
125 GeV h boson, and investigate possible deviations in tth, di-Higgs and Zh production
rates. As we shall see, in spite of the consistency of the h boson with SM predictions,
ample room remains for the above-mentioned signals deviating from the SM.

5.1 Higgs observables at the LHC

The propertis of the 125 GeV Higgs boson h in various production modes and decays into
various final states at LHC so far seem to agree with the SM predictions. But uncertainties
still remain in some of these measurements. This encourages to explore potential deviations
in certain observables, and their correlations. One possibility that we have explored is to
see if the new Yukawa couplings of the top quark in the 2HDM can lead to deviations
in the tth production cross section at the LHC. This has recently been observed by the
CMS [21, 22] and ATLAS [19, 20] collaborations. We numerically analyze the effects of
anomalous top and bottom (and tau) Yukawa couplings on the tth production as well as
the signal strengths of Higgs boson decay modes for h — v, WW, ZZ,bb, 77, Z~. Then
we try to identify the parameter space which is consistent with both the recent ATLAS
and CMS results from the LHC Run-2 (37 fb~!) data. Then remaining within the allowed
parameter region, we analyze possible conspicuous signals such as enhanced di-Higgs boson
production allowed by the 2HDM.

The parameter space of our model relevant for LHC study is spanned by the three new
Yukawa couplings of ¢, b and 7 in the rotated Higgs basis, mass of the heavy neutral Higgs
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boson H and the mixing angle o — 3:2
{};%7 }7[)7 };7'7 MH7 Sln(a_/B>} (51)

There are several search channels for the 125 GeV h [18] at the LHC by ATLAS and
CMS collaborations. These results can give strong bounds on the free parameters of the
2HDM affecting Higgs observables. While the properties of the h boson are consistent with
SM expectations, there is still enough room to look for new physics. To characterize the
Higgs boson yields, the signal strength u is defined as the ratio of the measured Higgs
boson rate to its SM prediction. For a specific Higgs boson production channel and decay
rate into specific final states, the signal strength is expressed as:

ot - BRy

: =t g 5.2
sa - (BRpsu "M 2

u§r=(

where o; (i = ggF,V BF,Wh, Zh, tth) is the production cross section for i — h and BRy;
(f = ZZ*, WW*,yvy,7777,bb,utn™) is the branching ratio for different decay modes
h — f. The current status on signal strengths constraints [18, 23] for various decay modes
are summarized in table 3:

Now the partial decay widths for various SM Higgs decay modes within the 2HDM are
calculated as:

_ .2 SM
Chozy = HZ’thHZ’W

—_
=]

Thosyy = 62, 15N, (5.3)
Dhssis = Rl hson: (5.4)
Chowws = KD (5.5)
Thozze = #5270, (5.6)
Lhosgg = 'ﬂﬁfihﬁgg, (5.7)
Dhortr = R2IR5 1, (5.8)
Thosee = Dhices (5.9)
5.10)

—~

where one can find the SM partial decay widths in ref. [49].
In order to study the constraints from the current LHC data, the scaling factors which
show deviations in the Higgs coupling from the SM in the 2HDM are defined as:

kw,z = cos (o — f), (5.11)
Y
Kt = [COS (a—pB)+ o sin(a — ,8)] , (5.12)
= — Yiv sin(o —
Kp = [COS (a—p) + o ( B)] ; (5.13)

2The masses of the pseudoscalar A and the charged Higgs boson H * are nearly degenerate with the
mass of H, and thus not independent in our study.
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Higgs Physics Constraints from LHC Run II Data
Collaboration | Luminosity (£) [fb~'] | Decay Channels | Production Modes | Signal Strength Limit (1) | References
99F 1157534
36 ¥y VBF 0.687032 [53, 54]
Wh 3.71H 50
Zh 0.0%5:08
99F 122753
36 727" VBF —0.09% 592 [59, 60]
CMS Wh 0.055:52
Zh 0.055:206
ggF 1.351’?,:?3
36 wWw* VBF 0.281055 [70, 71]
Wh 3.91138¢
Zh 0.96%1%5
99F 1.054G:3
36 Tt VBF 1.127945 (73, 74]
ggF + VBF +Vh 1.0619 3%
36 bb Vh 1.0670 38 [77, 78]
36 whpT g9F + VBF +Vh 0.71°9 [85]
ggF 0.807919
36 v VBF 2.1015:89 [55, 56]
Vh 0.7015-90
g9gF L1755
36 77" VBF 4.0%219 [61-64]
ATLAS Vh 0.0%150
99F 1.0258:33
6 WW* VBF 1.7078 5, [67-69]
Vh 321934
ggF 2.0%5:50
36 Tt VBF +Vh 1.2419:58 [73, 74]
g9F + VBF +Vh 1.431043
36 bb Vh 0.915:28 [75, 76]
36 Z~ ggF + VBF +Vh 0.0734 (79, 80]
36 wp g9F + VBF +Vh —0.107 550 86]

Table 3. Signal strength constraints from recently reported 13 TeV LHC data along with references.
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kr = |cos(a—B)+ \/};7:; sin(a — 5)] ) (5.14)
4 U/\hH+H—FO(mh)
gHtF1/2(mh) + Fi(my) cos (a — B) + B —

H’Y’Y = HY 5 (515)

3F j2(my) + Fr(my,)

(1 — §sin® 0w ) ke Fy jo(ma) + Fi(my,) cos (a — )

P COSQW
! cosOW (1 ) Sln2 HW) Fl/Z(mh) + Fl(mh)
UAhHJFH*)‘ZHWLH*FO(mh)
2mH+ (
) 5.16)
c050 (1_ 3 sin HW) Fl/Q(mh)+F1(mh)
1.034k¢ + eprp
T Y 5.17
I [ 1.034 + € ] (5.17)
(5.18)

where the loop function are given by:

Fi(e) = —2? 2072 4+ 327 + 3207 = 1) f(@ )],
Fipp(e) = 202 [57 + (@1 = DY) |
f(z) = arcsin® /z

ey, = —0.032 + 0.0354 ,

with z; = 4m?/m3 (i =t,W).

In the 2HDM, the charged Higgs boson will also contribute to h — vy and h — Z~
decay via loops, in addition to the top quark and W boson loops. These contributions to
h — vy and h — Z~v are negligible, as long as the mass of H* is kept above 300 GeV to
be consistent with the current experimental constraints [37, 38, 50-52].

The Run-1 data reported by ATLAS and CMS collaborations have been combined?
and analyzed using the signal strength formalism and the results are presented in ref. [18].
Recently, ATLAS and CMS collaborations have reported the results [23] on Higgs searches
based on 36 fb~! data at 13 TeV LHC. The individual analysis by each experiment examines
a specific Higgs boson decay mode corresponding to the various production processes which
are h — vy [53-58], h — ZZ* [59-66], h — WW* [67-T1], h — 77 [72-74], h — bb [75-T8]
and h — Zv [79-81]. In figure 4, we have used the most updated constraints on signal
strengths reported by ATLAS and CMS collaboration for all individual production and
decay modes as shown in table 3 at 95% confidence level. As a consistency check, we have
used also the combined signal strength value for a specific decay mode considering all the
production modes and which is relatively stable with the results of figure 4.

3Since Run-II 37 fb~! data of ATLAS and CMS collaborations have not combined and reported yet, we
have used the following formalism to combine the ATLAS and CMS reported results for the signal strength

for a specific production and decay mode: if x1,...,xny are unbiased measurements of the same unknown
S, wig
SN, wi

quantity z with different variances o2...0%, then the weighted average is: X = , where w; = 01—2

1

is unbiased (< X >= z) with variance % = SN
i=1 "t
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Figure 4. Top Left: contour plot of u!*" in {Y;,sin(a — 3)} plane. Here ¥; = —0.09 is kept fixed.
Top Right: contour plot of p** in {Y;,Y,} plane. Here we choose sin(a — 8) = 0.5. Bottom:
contour plot of p™ in {sin(a — B),Y;} plane, with Y; = 1.25 fixed. The yellow, cyan, green, red
and purple shaded regions are excluded from the signal strength limits for various decay modes
(v, 77,bb, ZZ*, WW*) respectively. The white shaded region simultaneously satisfies all the ex-
perimental constraints.
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Figure 5. The two-dimensional best-fit of the signal strength modifiers for the processes tth, h — bb
versus tth,h — VV* (V. = W,Z) (left) and tth,h — 777~ versus tth,h — VV* (V. = W, Z)
(right). Three benchmark points (BP) are also shown in this contour plot.

5.2 Deviations in h Yukawa couplings and LHC constraints

Now, we evaluate the signal strength ut{h (= k?) for the production of SM Higgs associated
with the top quark pair. Since the tau Yukawa term, Y-, has no significant contribution to
the total decay width of SM Higgs compared to Y;, we set the value of Y; small and equal
to 1072 for the rest of our analysis. This choice does not affect the phenomenology that we
focus on. The upper left segment of figure 4 shows the contour plot of £t in {Y;,sin(a—p)}
plane for a fixed value of ¥; = —0.09, while the right segment shows the contour plot of
ptH in {Y;,Y,} plane for a fixed value of sin(ar — ) = 0.5. The bottom segment of figure 4
shows the contour plot of pf™" in {Yj,sin(a — 8)} plane for a fixed value of ¥; = 1.25.
Figure 4 clearly indicates that within the 2HDM, tth can be produced upto 1.9 times the
SM predicted cross-section at the LHC, satisfying all the current experimental constraints
from the 125 GeV Higgs boson searches within our model as we allow a variation of Y,
between —2 and 2. As we shall see in the next section, pz, will be further constrained
from experimental limits on heavy Higgs boson searches. It is also to be noted that tth
production rate can be as low as 0.5 times weaker than the SM predicted values within the
2HDM. We see from figure 4 that sz, value gets suppressed if either sin(a — 3) or Y; is
negative as shown in eq. (5.12). Due to the different interference patterns between Yukawas
(Y;,Ys, Y,) and the mixing sin(a—/3) in different decay modes, these plots are not symmetric
about the central axes. It should be noted that, within our model there are additional
modes of tth production via SM Higgs h production in association with the pseudoscalar
A or heavy Higgs H, followed by the decay of A and/or H to tt. Since the hA production
via quark fusion is dictated by the coupling ZhA, which is suppressed by sin(a — 3), and
also due to the significant loss in quark luminosity compared to gluon luminosity in the
production, we have found its contribution in tth production to be less than 1%. On the
other hand, hH or hA production via gluon gluon fusion will occur through triangle and
box diagrams with top quarks. Due to the destructive interference between these two
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Channel Observed Limit on Signal Strength ()
ATLAS CMS

Run-1 Combination e, = 2.310°1

bb pen = 0-847081 | pgn = 0.917973
Multilepton g = 1.6795 e, = 1.6070:98

2z paan < 77 i, = 0.00%535

00 pen = 05508 | pup, = 214505
Combined analysis | g, = 1.3279:28 | 11,5 = 1.26703%

Table 4. Current summary of the observed signal strength p measurements and tth production
significance from individual analyses and the combination as reported by ATLAS and CMS collab-
oration [19-22].

diagrams, the production rate will be small. In addition, there will be another suppression
in the subsequent branching ratios for H — tt, or A — tt. Although its contribution to the
total tth production is found to be less than 2%, we take these effects into account. The
white shaded region in figure 4 simultaneously satisfies all the experimental constraints.
We have also scanned the parameter space for negative Y; and found that the most of
the parameter space is ruled out by the current experimental constraints provided that tth
production is decreased with compared to the SM. We also calculate the signal strength for
Z~ channel which is well consistent with the available experimental data [79-81]. The signal
strength in Z~ channel can vary from 0.7 to 1.4 satisfying all the constraints. Considering
the best possible scenario in the available allowed parameter space for the Higgs boson
production associated with a top quark pair, followed by the Higgs boson decays to WW™*
and ZZ*, the limit will go upto 1.6 times of the SM, where we allow | Y; | values upto 2,
since it will be suppressed by an extra cos? (o — ) term due to the different KWW and
hZZ coupling and which can simultaneously explain the recently reported ATLAS and
CMS results [19-22] on tth production. The two-dimensional best-fit of the signal strength
modifiers for the processes tth, h — bb versus tth,h — VV* (V = W, Z) (left) and tth,h —
7T~ versus tth,h — VV* (V = W, Z) (right) is shown in figure 5. Three benchmark
points (BP), mentioned later in next sub-section, are also shown in this contour plot.

5.3 Constraints from measurements of flavor violating Higgs boson couplings

Constraint from the exotic decay of top quark ¢ — hc. In the 2HDM, an exotic
top quark decay t — hc will be generated for non-zero EN/JC as well as f’lft The decay
branching ratio for ¢ — hc is:

20 ytc|2 yet|2 2\ 2
BR(t — he) = S0 (@ 5)24; "+ )7;1: (1— :ig) , (5.23)
¢
- 2
Yisin (a — B)
~ 1073 [ . .24
3% 10 < NG (5.24)
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Here we adopt I'y = 1.41 GeV for the total decay rate of the top quark. The current
experimental bound at the 95% C.L. [82] is reported as:

BR(t — hc) <4 x 1073 (5.25)

Our model is well consistent with this constraint as it predicts very suppressed branching
ratio BR(t — hc) = 7.33 x 107 %sin?(a — B3) for order one coefficient C.

Constraints from lepton flavor violating Higgs boson decays. Searches for the
lepton flavor violating Higgs boson decays h — er, h — ut constrain the lepton flavor vio-
lating Yukawa couplings 176” and Y'". CMS collaboration recently reported their updated
results with an integrated luminosity of 35.9fb~! at /s = 13 TeV:

BR(h — pr) < 0.25 %, (5.26)
BR(h — er) < 0.61 %, (5.27)

at 95% C.L. [83, 84]. Our model predicts the branching ratio BR(h — u7) to be

sin? (o — B) (172712 + [V 2) my,

BR(h — pur) = T, , (5.28)
V7 sin(a—8)
e sin (o —
=0.24 2
0.24% ( 5% 103 > : (5.29)

where the total decay rate of the Higgs boson is given by I', = 4.1 MeV. Similarly the
2HDM predicts
- 2
- Ve sin (a — §)

Hence lepton flavor violating Higgs boson decays do not put any significant bound on the
parameters of our 2HDM framework.

5.4 CP-even Higgs phenomenology

Here we turn to the production and decay of the heavy neutral scalar, H, in the context
of the LHC experiments. The most relevant interaction, in the context of collider phe-
nomenology of H, is the Ag term in the scalar potential involving Hhh coupling which
gives rise to tree-level decay of H into Higgs pairs, H — hh. There are also contributions
to WEWT and ZZ decay modes of H arising from its mixing with the SM Higgs boson.
H has a tree level Yukawa couplings with the quarks and leptons. As a consequence, H is
also allowed to decay into a pair of top quarks, bottom quarks, tau leptons and even into
a pair of gluons. The HW*WT, Htt, HHtH~ couplings allow H to decay into vy, Z7,
27, WEWT, gg, hh and Zh pairs at the one loop level. However, all the loop induced
decays are too suppressed compared to tree level hh, WEWT, ZZ tt,bb,7"7~. H has loop
induced coupling to a pair of gluons due to its coupling to ttH at tree level. As a result
H will be dominantly produced via gluon gluon fusion at the LHC. Branching ratios to
different decay modes of H as a function of the mixing term sin(a — ) is shown in the
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figure 6 for two different masses of H (Mg = 500 and 280 GeV). As we can see, below top
quark mass threshold (Mpy < 2M;), heavy Higgs H mostly decays to hh, W W=, ZZ, bb.
On the other hand, when My > 2M;, one of the dominant decay modes become H — tt.
However, we see that di-Higgs mode is the most dominant decay in all scenarios. In fig-
ure 7, we have shown the branching ratios to different decay modes of H as a function of the
mass Mp. Here we fix the value of three Yukawas and mixing as: fft = 1.25, ffb = —0.09,
Y; = 1072, and sin(a — 8) = 0.5) to be consistent with the figure 4 constraints from prop-
erties of h. Throughout our analysis, the charged Higgs boson (H¥) mass is kept almost
degenerate with H and well above 300 GeV to be consistent with the current experimental
constraints [37, 38]. We also keep the mass splitting between charged and neutral member
of the Hj to be below 100 GeV [14].

5.4.1 Di-Higgs boson production

The di-Higgs production has drawn a lot of attentions [31, 32, 87-95] since it is the golden
channel to directly probe the triple Higgs-boson self-interaction within the SM, and there-
fore, tests the EW symmetry breaking mechanism. In the SM, the 125 GeV Higgs boson is
pair produced through a triangle and a box diagram. The di-Higgs boson production rate
in the SM is very small mainly due the smallness of the strength of individual diagrams,
and also due to the negative interference between the triangle and box diagrams. At the
13 TeV LHC, the hh production cross section is about 33.5 fb, which is almost 1295 times
weaker than the single Higgs production and it cannot be measured at current luminosity
owing to the small branching fraction of h decaying into ZZ* and WW™* and the large SM
background. In the SM, di-Higgs production is thoroughly studied in ref. [96].

Within the 2HDM framework, extra contribution to di-Higgs production arises from
the decay of H after being resonantly produced mainly via gluon gluon fusion process at
the LHC. Also, change in the tth coupling compared to the SM could give a significant
deviation on di-Higgs production cross-section. These effects could significantly enhance
the di-Higgs production rate and make it testable at the LHC. Therefore, it is important
to analyze how largethe cross section can be, consistent with SM Higgs boson properties.
The most promising signal for di-Higgs search is the bby, since it benefits from the large
branching ratio of h — bb decay (~ 58%) and also due to the clean diphoton signal (due to
high m.~ resolution) on top of the smooth continuum diphoton SM background. On the
other hand, due to the higher branching ratios of the SM Higgs boson decays to bb and
7777, the bbbb and bbr 7~ channels have larger signals, but they suffer from large QCD
background.

The signal strength relative to the SM expectation upp, is defined as following:

_olpp = hh)egpy (07 (pp — hh) + NN RS (pp — bR, 5,

— — 5.31
R = (pp — hh)su o(pp — hh)sm (5:31)

where,

o (pp — hh) = o(pp — H) x Br(H — hh) (5.32)

- 2
o(pp — H) = o(pp — h(Mg)) x (— sin(a — 3) + \/%y;% cos (v — 5)) (5.33)
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Figure 6. Branching ratios of H as a function of mixing parameter sin(a — j3).
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In the 2HDM, di-Higgs (hh) production will occur both resonantly and non-resonantly.
Non-resonant di-Higgs (hh) production will be largely affected by the deviation of tth and
hhh couplings, whereas the resonant production of hh, absent in SM, will occur significantly
due to the large Hhh coupling which exists at the tree level. In figure 8, we show the
correlation between tth enhancement and hh production enhancement when compared to
the SM. Here we implement the current experimental limits [23-30] on di-Higgs production
which is indicated by the black, pink and cyan colored meshed zone looking at different
final states bbyvy,bbbb and bbrt7~ respectively. Although, we calculate all the current
experimental limits from hh,tt, WTW = and ZZ resonant production, the most stringent
limit is occurs from resonant di-Higgs production limit [23-28, 30] and from resonant ZZ
and WTW ™ production limits [97-100]. We choose four different set of parameters {sin(a—
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Figure 7. Branching ratios of H as a function of its mass My.

B) = 0.5,Y, = —0.09,Y, = 1073} for top left, {sin(a — 3) = 0.3,Y; = —0.09,Y, = 103}
for top right, {sin(a — ) = 0.4,Y, = 0.02,Y, = 1073} for bottom left and {sin(a — ) =
—0.2,Y, = 0.04,Y; = 1073} for bottom right]. Figure 8 clearly indicates that we can
satisfy enhanced gz, value of upto 1.9 and the pupp, value as big as 25 depending upon
the heavier Higgs mass. This is significant enough to observe the hh pair production in
the upcoming run or at the high luminosity LHC. These plots signify that if ¢tth signal
strength remains higher than the SM, the 2HDM is a great platform to explain it with a
smoking gun signal of di-Higgs production at the LHC. In a recent study [101], it is shown
that the SM like di-Higgs production with a cross section of 33.45 fb can be observed with
3.60 significance [101], if LHC luminosity is upgraded to 3 ab~!. IN our 2HDM scenario,
the enhanced di-Higgs production rate is so large that it can potentially be observed with
the 100 fb~! LHC luminosity, which is close to the data set currently analyzed. The newly
proposed future hadron-hadron circular collider (FCC-hh) or super proton-proton collider
(SppC), designed to operate at 100 TeV centre of mass energy, can easily probe most of
the parameter space in 2HDM through the hh pair production [102-104].

A few benchmark points within the 2HDM and the corresponding upp and gy, are
summarized in table 5. Let us focus on one of the benchmark points, say BP1 in detail.
Since k¢ is enhanced by a factor ~ 37%, resonant SM Higgs boson production will also
be enhanced in gluon gluon fusion. But, due to tiny enhancement in the hbb coupling
and a decrease in the effective couplings hyy, WWW,hZZ and h7T, the branching ratios
for the decay modes h — vy, WW, ZZ, 77 will be suppressed to ~ 52%, 75%, 75%, 84%
respectively. Overall, production times branching ratio will get adjusted within the signal
strength constraints at 95% confidence level.

Since the effective hZZ or hWWW couplings are suppressed in these scenario via mixing,
it may lead to tension in VBF, Wh and Zh production and subsequent decay of h to WW
or ZZ, as the signal strength will be suppressed naively by a factor of cos* (a — 3) due
to mixing. Although, there is a huge uncertainty in these measurements accrording to
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Figure 8. Contour plot of upp in pz-Mpyg plane. The scaling of ppp is shown on right side of
the each figure. Black, pink and cyan colored meshed zones are excluded parameter space from
current di-Higgs limit looking at different final states bbyy, bbbb and bbr 7~ respectively; red and
blue meshed zone is the excluded parameter space from the resonant ZZ and W W~ production
constraints. We have used a typical set of parameters (sin(o — ) = 0.5,Y; = —0.09,Y; = 10~3) for
top left; (sin(a — B) = 0.3,Y;, = —0.09, Y, = 10~3) for top right; (sin(a — 8) = 0.4,Y, = 0.02,Y, =
1073) for bottom left and (sin(a — 8) = —0.2,Y, = 0.04, Y, = 10~3) for bottom right.

the updated results of 13TeV 36 fb~!' data, the central value prefers suppressed signal
strength as low as 0.05 [59, 60]. Such a suppression, if needed, can be achieved in our
scenario compared to the SM. The suppression factor is 0.56 in our case for BP1. Hence,
our allowed parameter space can satisfy all the experimental constraints [23] at 20 level
and simultaneously can lead to enhanced di-Higgs and tth production rates as well.

The two-dimensional best-fit for the signal strengths for gluon gluon fusion (ggF) and
vector boson fusion (VBF) production modes compared to the SM expectations (black
spade) looking at h — ~vy [53, 54] and h — ZZ* — 4l [59, 60] channels are shown in
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Benchmark | Y Yo Y- sin(aa — B) | Mg [GeV] | Scaling Factors Wizh | Hhh
Points
BP1 +1.01 | —0.10 | 107® | 4+0.50 500 kw = 0.866 1.89 | 15
kz = 0.866
ke = 1.374
Ky = —1.001
ks = 0.915
Ky = 0.723
Kz = 0.778
BP2 -1.0 | +0.01 | 107* | —0.10 600 kw = 0.995 1.2 10
kz = 0.995
Kkt = 1.096
kp = 0.958
Ky = 0.985
Ky = 0.966
Kz, = 0.976
BP3 1.25 +0.05 | 107 | —0.20 680 kw = 0.980 0.53 | 11
kz = 0.980
ke = 0.728
RKp = 0.61
K+ = 0.960
Ky = 1.05
Kzy = 1.08

Table 5. Sample points on parameter space and corresponding ppp, and fisgy, -

figure 9 using 36fb~! data of 13 TeV LHC. Uncertainty in these two channels are least
compared to other channels and hence impose the most stringent limits. ggF is the most
dominant and VBF is the second dominant production mode for single h production. In
the SM, the ratio of resonant single Higgs boson (h) production in VBF production to
the ggF production is ~ 0.085. In the 2HDM this ratio can deviate largely compared to
the SM prediction which is reflected in the figure 9. For three of the benchmark points
listed, this ratio becomes 0.034, 0.07 and 0.154 respectively. As the branching ratios also
deviate from the SM simultaneously, these points lie within the 20 confidence region for
the two-dimensional best-fit of the signal strengths for ggF and VBF production modes.

In two Higgs doublet model with additional discrete Zs symmetry, there will be res-
onant di-Higgs production which has been extensively studied in [105]. The resonant
di-Higgs production rate is much larger in our framework compared to the type-II 2HDM.
It is easy to understand this difference. In the type-II 2HDM, resonant production cross
section of H is suppressed since H has no direct coupling to top quark. Such a coupling is
induced proportional to the Higgs mixing angle sin(a — (), which is strongly constrained
from the properties of h. In our case, H has direct coupling to the top quark.

The viability of a scenarios where the sign of the b-quark coupling to h is opposite to
that of the Standard Model (SM), while other couplings are close to their SM value, has
been studied in ref. [106] in the context of type-I and type-II 2HDM. Our analysis here
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Figure 9. The two-dimensional best-fit of the signal strengths for ggF and VBF production modes
compared to the SM expectations (black spade) looking at h — v [563, 54] and h — ZZ* — 41 [59,
60] channels. The dashed red and black line represent the 20 standard deviation confidence region
for h — v [53, 54] and h — ZZ* — 4l [59, 60] channels respectively. Red and blue shaded regions
are 2HDM predicted region. Three benchmark points (BP) are also shown in this contour plot.

includes such effects, as we allow both signs for Y,. Using scans over the full parameter
space, subject to basic theoretical and experimental constraints as described previously,
we found that a sign change in the down-quark Yukawa couplings can be accommodated
in the context of the current LHC data set at 95% C.L. as shown in the benchmark points
of table 5. We have shown that such a scenario is consistent with all LHC observations.

5.5 Pseudoscalar Higgs phenomenology

Now we turn to the production and decay of the heavy pseudoscalar- A in the context of the
LHC experiments. The most promising signal is the tree-level decay of A into di-boson pairs
(Zh, ZH). Although, the decay mode A — Zh arises due to the mixing (sin(a—/3)) between
heavy Higgs H and SM Higgs h, this leads to a smoking gun signal of the 2HDM in the
channel pp — A — Zh — [T17bb. The pseudoscalar-A has loop induced coupling to a pair
of gluons due to its ttA coupling at tree level. It will be then dominantly produced via gluon
gluon fusion at the LHC. On the other hand, for sufficiently large bottom Yukawa coupling,
Y} ~ 0.1, another promising mode is the production of A in association with two bottom
quarks. Representative leading order Feynman diagrams for pseudoscalar A production in
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Figure 10. Representative leading order Feynman diagrams for pseudoscalar A production in asso-
ciation with b quarks and simulataneous decay to Z and h boson. The diagrams that can be obtained
by crossing the initial state gluons, or radiating the Higgs off an antibottom quark are not shown.

association with b quarks and subsequent decay to Zh is shown in figure 10. After being
produced at the LHC, it will dominantly decay to Zh, ZH, tt,bb. The unique signals at the
LHC will be resonant production of pseudoscalar A and its subsequent decay to SM Higgs
in association with Z boson (pp — A — Zh) and di-Higgs production in association with
Z boson pp > A — ZH — Zhh. If the mass splitting between H and A is kept small, for
large mixing, A — Zh will be the most promising mode and we will focus on this scenario
from here on. In figure 11, branching ratios of A to different decay modes are shown.

The Higgs boson production in association with a Z boson has drawn a lot of atten-
tions as it is the channel to probe the ZZh coupling in the SM, and therefore, tests the
electroweak symmetry breaking mechanism. In the SM, the hZ production rate at the
13 TeV LHC is 869 fb. In the 2HDM, Zh production cross-section can significantly deviate
from the SM value. Within the 2HDM, extra contributions to Zh production arises from
the decay of A after being resonantly produced via gluon gluon fusion process. Hence the
signal strength pzj, relative to the SM expectation can deviate and can be as large as the
current experimental limit [33], large mixing sin (o — /) is allowed within our framework.
Contourplost of pz, and ppp in pg,-Mpy plane are shown in figure 12. For simplicity,
we consider the case of degenerate H and A. The white dashed line indicates the differ-
ent values of pzp. As we can see, there is strong correlation between ppp, tz, and pzp.
Black, pink and cyan colored meshed zones are excluded parameter space from current
di-Higgs limit looking at different final states bbyy, bbbb and bbr+ 7~ respectively; red,blue
and brown meshed zones are the excluded parameter space from the resonant ZZ, WTW~
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Figure 11. Branching ratios A decaying into various modes as a function of sin(a — ) for M =
500 GeV.

and Zh production constraints. Here we also impose the constraint from pp - A — Zh
searches [33] at the LHC and the brown meshed zone is the exclusion region from that.
We have used a typical set of parameters (sin(aw — 8) = 0.5,Y;, = —0.09,Y, = 10~3) for
top left; (sin(a — ) = 0.3,Y, = —0.09,Y; = 103) for top right; (sin(a — ) = 0.4,Y, =
0.02,Y,; = 1073) for bottom left and (sin(a — 8) = —0.2,Y, = 0.04,Y; = 10~3) for bottom
right. For better illustration, we concentrate on one of the figures (top left). Here we see
that if Mg = M4 = 500 GeV, we can get simultaneous enhancement in tth, hh and Zh
channels (uan = 1.7, ppn, = 10 and pzp = 1.5). If any of these above mentioned modes
is discovered at the LHC, our framework would indicate a correlated enhancement on the
other signals, which can be tested at the LHC.
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Figure 12. Contour plot of pzp, and ppp in piz-M g plane. The scaling of ppp, is shown on right side
of the each figure, whereas the boxed numbers for the dashed contours indicate different values of
wzn- Black, pink and cyan colored meshed zones are excluded parameter space from current di-Higgs
limit looking at different final states bby~y, bbbb and bbr 7~ respectively; red, blue and brown meshed
zone is the excluded parameter space from the resonant ZZ, W+W ~ and Zh production constraints.
We have used a typical set of parameters (sin(ow — 8) = 0.5,Y, = —0.09,Y, = 10~3) for top left;
(sin(a — ) = 0.3,Y, = —0.09, Y, = 10~3) for top right; (sin(a — §) = 0.4, Y} = 0.02,Y, = 10~3) for
bottom left and (sin(a — 8) = —0.2,Y; = 0.04,Y; = 10~3) for bottom right.
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Figure 13. The parameter space in bottom Yukawa (Y3) and Br (A — Zh) plane consistent with
440 GeV excess. The blue and green regions correspond to the 1o and 20 bands on the observed
limit.

Recently, ATLAS collaboration reported a small excess of 440 GeV resonance while
searching [33] for a heavy, CP-odd Higgs boson decaying into a Z boson and a CP-even
Higgs boson h with a mass of 125 GeV at a centre-of-mass energy of 13 TeV corresponding
to an integrated luminosity of 36 fb~!. The local significance of this excess is estimated to
be 3.60 and the global significance is 2.40. The statistical significance is larger in case the
pseudoscalar A is produced through bottom-quark annihilation rather than gluon fusion,
but both production processes indicate a deviation. In figure 10, we show the representative
leading order Feynman diagrams for pseudoscalar A production in association with b quarks
and subsequent decay to Zh. The diagrams that can be obtained by crossing the initial
state gluons, or radiating the Higgs off an antibottom quark are not shown. To explain this
excess two ingredients are needed: (a) one bottom quark Yukawa coupling (bbA) and (b)
AZh coupling which can occur through mixing. In figure 13, we show the parameter space
in bottom Yukawa (Y3) and Br (A — Zh) plane consistent with a 440 GeV excess. The blue
and green regions correspond to the 1o and 20 bands on the observed limit. If any model
can reproduce this parameter space consistent with the other experimental data, one can
explain the excess. The statistical significance of this excess is too low to indicate anything
meaningful. Since in our 2HDM framework we can have large mixing and hence larger
A — Zh production rate, we can have significant production rate of the pseudoscalar A in
association with bottom quarks and subsequent decay to Zh. We compute the production
cross section for the process pp — bbA — bbZh and subsequent decay of h to bottom
quarks. The cross-section in bottom Yukawa (Y;) and mixing(sin(aw — f3)) plane for is
shown in figure 14 for different values of top Yukawa Y; = O(top left), -0.3 (top right) and
0.5(bottom). The colored region is excluded from SM Higgs properties. As we can see
from figure 14, we get maximum enhancement in the production rate either for the wrong
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sign of bottom Yukawa or a negative sign of mixing sin (o — [3) term. While we are setting
same sign large bottom Yukawa(ffb) to get the larger production rate, it modifies SM hbb
coupling due to the presence of non-zero mixing. On the other hand, if we start with either
wrong sign bottom Yukawa(Y;) or negative sign mixing sin (o — j3), the deviation factor
kp will be close to one with different sign without effecting SM Higgs properties. The thin
white bands with cross-section 0.1-0.3 pb above the SM background in the second and the
fourth quadrants can simultaneously explain the observed excess.

5.6 Other collider implications for heavy Higgs searches

For completeness, we discuss the prospects for charged Higgs boson and other pseudoscalar
searches at the LHC within the 2HDM. LHC experiments have already set very strong
bounds on the singly charged Higgs mass in the low mass region Mg+ < my for the
pp — HTtb process, assuming the decay HT — 77v [37, 38, 50-52]. To be consistent
with the current experimental constraints, we consider the singly charged Higgs mass well
above 300 GeV. However, the smallness of T' parameter does not allow for a large mass
splitting between H*, H and A. A variety of production mechanism is involved in singly
charged Higgs production. It can be pair produced at the LHC via gluon gluon fusion
through the Higgs portal, via quark fusion through s channel Z or v exchange and also
via photon initiated processes [107]. HT can also be produced in association with fermions
via gluon gluon fusion. There is another production mode of H™ in association with the
SM Higgs h via s-channel W boson exchange. The significant decay modes of HT are
HY — 7tv, Ht — tb, HY — Wh in the higher mass region. We choose mass splitting
such that H™ — WTH, H" — WTA are not kinematically allowed. In this scenario,
it mostly decays to tb since Ht — WTh is suppressed partially by the mixing angle
sin(a— ). The detailed phenomenology of charged Higgs is beyond the scope of this study.
We will give some naive estimates of cross-sections and required luminosity to discover
it at the LHC for the three sample points shown in table 5. For simplicity, we choose
M+ = My = 505,705 and 605 GeV for the three sample points (BP1,BP2 and BP3)
respectively. Pair production cross-section of H* corresponds to 1.35fb, 0.5 fb and 0.48 fb
respectively. This signal strength is too small, while the H+ — tb channel suffers from high
QCD background. The tau channel benefits from being rather clean compared to the other
channels. hHT production will give rise to tbh signals. The production rate of hRH™T gets
a suppression due to mixing. For the three sample points, the estimated hH T production
cross-sections are 0.628 fb, 0.211fb and 0.049 fb respectively. We consider also the signal
pp — H'tb — tbrTv. For this process, the total cross-section is 0.043fb, 0.013fb and
0.016 fb respectively for the three BP. After naive estimation of the background, we get that
we need atleast ~ ab~! luminosity at the upcoming run of the LHC for the discovery of H™.

Similar to H the pseudoscalar A is also produced resonantly via gluon-gluon fusion
through the triangle loop with the top quark since A directly couples to t. After being
produced resonantly, it mainly decays to tf and bb. These channels are very challenging
from the point of background elimination. Due to mixing, it also decays to Zh. We restrict
ourselves such that A is not kinematically allowed to decay to W+ H ™~ by keeping the mass
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Figure 14. Cross-section in bottom Yukawa coupling Y, and mixing angle sin(«a — ) plane for
pseudoscalar A production in association with b quarks and subsequent decay to Zh. The colored
region is excluded from SM Higgs properties. We set top Yukawa Y; = 0 (top left), —0.3 (top right)
and 0.5 (bottom).
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splitting between A and H very small (~ 5GeV'). The detailed LHC phenomenology of A
and H is beyond of the scope of this study and will be presented in our future work.

bbh coupling is also modified in the 2HDM framework. bbh production rate will change
compared to the SM. On the other hand, as bbh coupling plays the most significant role in
SM Higgs branching ratio to different decay modes, large deviation from SM bbh coupling is
not possible as it could highly constrain the parameter space. For three of the benchmark
points used in table 5, the signal strength for bbh production is tppn, = 1.002,1.11 and 0.819
respectively. Similar to tth and bbh production, there will be also ttH and bbH production
in this model. For three of the benchmark points, the ttH production rate at the 13 TeV
LHC is 2.26 fb, 2.05 fb and 4.13 fb respectively. bbH production will give a unique signature
of six b-quarks via the process pp — bbH — bbhh — bbbbbb. The production cross section
for bbH at the 13 TeV LHC turns out to be 0.897 fb, 0.140 fb and 0.0478 fb respectively for
three of the sample points. This is too small to probe at the 13 TeV LHC for the current
luminosity. It requires very high luminosity (~ ab™!) to get the discovery reach limit via
these channels.

After being resonantly produced via gluon fusion at the LHC, the heavy Higgs boson
H can decay via lepton flavor violating processes such as H — u7 [108, 109], which is
a very clean signal at the LHC. But, due to the small Yukawa coupling (~ m,/v), the
branching fraction for H — u7 process is highly suppressed. For a benchmark point
(Mg = 500 GeV, Yy = —0.3, Y, = —0.2, Y, = 1073,sin (o — 8) = 0.3), the branching
ratio for H — ut process is computed to be 10~7. Since the branching ratio is highly
suppressed, even if for O(~ pb) resonant production rate of heavy Higgs H, it requires
very high luminosity (~ ab~!) to observe a single event. This is too small to probe at the
13 TeV LHC for the current luminosity.

6 Electroweak precision constraints, boundedness and unitarity

The oblique parameters .S, T" and U provide important constrains from electroweak pre-
cisiton data on many models beyond the SM. These parameters have been calculated
at the one loop in the two Higgs doublet model [110-112]. We focus on the scenario
where wH, A and H™ are nearly degenerate in mass. The condition for the degeneracy is
Ay = A5 = (my/v)? — A;. With this assumption, we scan for the predicted values of S and
T as a function of the mixing angle sin(a — ). Our results are shown in figure 15. We
see that the constraints from S and T parameters [37, 38| allow large parameter space of
interest in the 2HDM which can lead to observable signals at the LHC.

To ensure the existence of a stable vacuum, the 2HDM scalar potential must be
bounded from below, i.e. it must take positive values for any direction for which the value
of any field tends to infinity. This places some restrictions on the allowed values of the
quartic scalar couplings. We require Ag < 3.5 in order to avoid non-perturvative regimes.
Note that Ag term is related to My and sin(a — ) via eq. (2.13). As a result, for larger
mixing (sin(a — ) ~ 0.5), we can go upto a mass of ~ 700 GeV for the mass of the heavy
Higgs H, whereas for smaller mixing (sin(aw — ) ~ 0.1), My can be as large as ~ 1.5 TeV.
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Figure 15. Top: T parameter as a function of sin(a — 3) for different masses of the (degenerate)
heavy Higgs bosons. Bottom: S parameter as a function of sin(a — ) for different masses of the

heavy Higgs.

We have also checked all the boundedness conditions [113-115]. To ensure that the
scalar potential is bounded from below, we evaluate the eigenvalues and eigenvectors of the

following matrix:

T(Ag + A7)
0
1A —Ay)

[L(Ay + Ay + 2A3)

1
2
_1
2

_1
2

(Aﬁ + A7)

(Ag — A7)

0

0
5(Ay—As)

0

N[ [

(A1 — Ag)
(A — A7)
0

—3(A1 + A+ 2A5)

where we choose all the quartic couplings to be real. Here we present one set of values
of the quartic couplings: A1 = 1.4,A3 = 0.01,A3 = 1,A4 = 0.1,A5 = 0.001,A¢ = 3 and
A7 = —1.2. For this set, we found all the eigenvalues of the matrix to be {2.0527, —1.75315,
0.649943, —0.0495} . This satisfies the boundedness conditons. For this specific choice, we
obtain the three mass eigenvalues for the neutral scalar masses to be { 125 GeV, 751 GeV,
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706 GeV } from eq. (2.7) and the mixing angle sin(a — § = 0.458. The unitarity bounds in
the most general two Higgs doublet model without any discrete Zo symmetry has been stud-
ied here ref. [116]. Our choice of parameters are consistent with these unitarity constraints.

7 Conclusion

In this paper we have undertaken a detailed analysis of the collider implications of the
two Higgs doublet model. In our framework, both doublets are treated on equal footing,
which implies that they have Yukawa couplings with fermions with comparable strengths.
Such a scenario would have Higgs mediated flavor changing neutral currents, which can
potentially be excessive. It is customary to assume a discrete symmetry to forbid such
FCNC. Here we have proposed a simple ansatz for the Yukawa couplings of each of the
Higgs doublets that is consistent with the observed CKM mixing angles and also compatible
with FCNC constraints. Our ansatz, where the Yukawa couplings are taken to have a form
Yig-a) = \/§ij )min{mi, mj}/v, with Cj; being order one coefficients and m; being the
mass of fermion ¢, is an improvement over the Cheng-Sher (CS) ansatz [16] which assumes
v = v2ck). s v

We have studied the flavor phenomenology of the new ansatz and shown that all
Higgs mediated FCNC are within acceptable limits. We have also compared the FCNC
constraints with those from the CS ansatz, and found that the modified ansatz fares much
better.

We have studied the collider implications of the 2HDM framework with both Higgs
doublets coupling to fermions. The LHC phenomenology is sensitive mostly to the couplings
of the top and bottom quarks and the tau lepton. Taking these couplings to be comparable
for the two doublets, we have shown that resonant di-higgs boson production rate can be
enhanced by a factor of 25 compared to the SM. Such a large deviation is possible, as the
properties of the 125 GeV Higgs boson h can be within experimentally allowed range with
large Yukawa couplings of the ¢ and b quarks to both doublets.

We have studied the correlations between an enhanced di-higgs cross section with tth
and Zh production rates. These rates can also be modified by as much as 100% compared
to the SM, with such modifications inter-correlated. Possible signals of a resonant structure
in the Zh production can be explained consistently in terms of a pseudoscalar A within
this framework. Thus, the 2HDM offers a variety of tests at the LHC.

Acknowledgments

This work is supported in part by the US Department of Energy Grant No. de-sc0016013.
The authors would like to thank the theory group at Fermilab for hospitality during a
summer visit under a Fermilab Distinguished Scholar program. We thank A. Belyaev, B.
Dobrescu, Z. Liu and M. Sher for helpful discussions.

— 37 —



A Scalar potential
The most general gauge invariant 2HDM scalar potential is given by:
V = m3 ®l®) + m®l®y — [m3y® @y + huc)

1 1
+§Aﬂ®§®024—5&x¢§¢ﬁ24—Aﬁ¢ﬁ@1X@£®ﬁ—+XA®I®QX®§®Q

1
+ {2A5(<1>§<I>2)2 + [Me(@1@1) + A (@I Do) | DT Dy + h.c.} , (A1)

where m2,, m3,, and A1,---, A4 are real parameters. In general, mi,, A5, A\¢ and \; are
complex.

Correspondence of parameters. The transformation relations of the scalar potential
parameters between the original (eq. (A.1)) and rotated basis (eq. (2.1)) are given by:

M121 = m%lcﬁ + m2235 Re(m12e é)325 , (A.2)
M3, = m%lsﬁ + m220,3 + Re(miye”)sag, (A.3)
1 > . 7/
Mme = i(m% — mgg)sw + Re(m%2625)026 + i Im(m3qe 5) . (A.4)
and
1 . )
A = )\16% + )\23% + 5)\345835 + 2595 [C%Re()\ﬁelg) + S%RG()qelg)} , (A.5)
1 ) .
A2 = )\18% + )\20?3 + 5)\3458%5 — 2825 [8%]}6(/\6625) + C%Re(helé)} y (Aﬁ)
1 .
Ay = 1855 AL+ A2 = 22315) + A3 — szpcasRe[(As — Ar)e™], (A7)
1 .
Ay = ngg [)\1 + Ay — 2)\345] + s — SQﬁCQBRe[(Aﬁ — )\7)615] , (A.S)

Ase?® = 3555 (A1 + X2 — 2X345] + Re(A5€%) + icopIm(Ase)
—sagcapRe[(Ag — A7)e’®] — isgpIm[(Ng — A7)e®)], (A.9)
Age®s = —%Sgg [)\10% )\QSﬁ — A345C28 — ’LIIII()\5€2Z£):|
+cpezgRe(Ne™) + sgszpRe(Are™®) + iCﬁIIIl()\(;G 8+ zsﬁlm(Me 8, (A.10)
Are® = —%szg [/\13% — )\gc% + A3a5¢93 + Z'Im()\56215)}
+sgs3sRe(Nse’®) + caezgRe(Are’®) + zsﬁlm(Age )+ zcﬁlm()qe &, (A11)
where

A345 = A3 + Ay + Re(A5€7%) . (A.12)
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