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CP violation effects in the diphoton spectrum of heavy scalars
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In a class of new physics models, an extended Higgs sector and new CP-violating sources are
simultaneously present in order to explain the baryon asymmetry in the Universe. The aim of this work is to
study the implications of beyond the Standard Model (SM) CP violation for the searches of heavy scalars at
the LHC. In particular, we focus on the diphoton channel searches in the CP-violating two-Higgs-doublet
model (CPV 2HDM). To have a sizable CPV in the scalar sector, the two heavy neutral scalars in 2HDM
tend to be nearly degenerate. The theoretical constraints of unitarity, perturbativity and vacuum stability are
considered, which requires that the heavy scalars My < 1 TeV in a large region of the parameter space. The
experimental limits are also taken into account, including the direct searches for heavy neutral scalars in the
final state of the SM &, W and Z bosons; the differential /7 data; those from the charged scalar sector which
is implied by the oblique 7 parameter; and the precise measurements of the electric dipole moments of
electrons and mercury. The quantum interference effects between the resonances and the SM background
are crucially important for the diphoton signals, and the CPV mixing of the quasidegenerate heavy scalars
could enhance significantly the resonance peak. With an integrated luminosity of 3000 fb~! at the LHC,
almost the whole parameter space of CPV 2HDM could be probed in the diphoton channel, and the CPV

could also be directly detected via the diphoton spectrum.
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I. INTRODUCTION

The discovery of the 125 GeV Standard Model (SM)
Higgs boson opens a new era in particle physics. But the
hierarchy problem, neutrino masses, dark matter and
the origin of matter-antimatter asymmetry still need to
be addressed in new physics models, such as supersym-
metry [1-3], composite Higgs models [4], and two-Higgs-
doublet models (2HDM) [5], as well as variants of these
models, etc. To explain the baryon asymmetry of the
Universe (BAU), three Sakharov conditions needs to be
accomplished in the new physics models beyond the SM
[6]. One of the most attractive mechanisms to explain BAU
is the electroweak baryogenesis (EWBG); we refer to
Ref. [7] for a recent review. To realize the mechanism,
the SM Higgs sector need to be extended in order to obtain
a strong first order electroweak (EW) phase transition,
which might induce deviation of a triple scalar coupling
from the SM prediction to be detected at high-energy
hadron colliders [8]. The CP violation (CPV) beyond the
SM is one of the three ingredients of Sakharov conditions.
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The 2HDM with complex parameters in the scalar potential
offers the most economical possibility to introduce new
CPV sources in the extended Higgs sector [9] and provides
one economical renormalizable framework to address the
BAU using EWBG [10-14].

To probe the CPV effects with extended Higgs sector, the
previous literature focuses on two distinct categories of
methods. (i) One may rely on direct measurement of the
CPV couplings of the 125 GeV SM-like Higgs boson at
colliders. A lot of effort has been made to study the physics
opportunities in measuring the parity of the SM-like Higgs
boson at the LHC [15-24] and future colliders [25-29].
(i1) One can look for the indirect CPV effects in particular
processes, e.g. the precise measurements of electric dipole
moments (EDMs). There has been incredible progress in
improving the upper bounds on the EDMs of electrons [30]
and mercury [31]. CPV beyond the SM is severely con-
strained by the increasing precision of the EDM measure-
ments (see e.g. [32]), except for the case where the SM-like
Higgs boson has a sizable CPV mixing of (0(0.1) and a
sizable cancellation exists in evaluating the Barr-Zee
diagrams for electron EDM [13,14]. The recent electron
and mercury EDM measurements could provide consid-
erable constraints on the parameter space of CPV 2HDM,
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as will be explored in this paper, which is largely
complementary to the direct searches for CPV in the
scalar sector of 2HDM at the LHC in the diphoton decay
mode.

At hadron colliders, the dominant production and
decay mode of the CP-even/CP-odd heavy scalar is the
gg — H/A — 11 process, which makes the 77 final states an
important channel to probe heavy scalars, but suffers,
however, from large systematic uncertainties and smearing
effects [33]. As a result of the clean and well-understood
background, the diphoton decay mode is very likely
one of the main channels to search for beyond SM
heavy scalars or even probe directly a new source of
CPV in the framework of 2HDM, as for the SM Higgs,
though the branching ratio (BR) to diphotons is usually
very small [34].

In general, for resonant particles at high-energy colliders,
e.g. the heavy neutral scalar in 2HDM, the interference of
resonances with the continuum SM background may have
non-negligible impacts on the shape and size of resonant
signals [35—41], which could help us to probe the spin and
production mode of the resonance particles. In the frame-
work of 2HDM, due to the relative phase between the
resonance and continuum background, various resonance
shapes can be obtained in the channels of g9 — H; — 7, yy
(H; being the heavy scalars in 2HDM) [35-37,41-44]. The
relative phase can be generated by either the (fermion) loop
diagrams or CP-violating interactions.

In the diphoton decay mode of heavy scalars in CPV
2HDM gg — H; — yy, a large interference effect can be
expected, since the continuum background gg — yy is a
one-loop process, while the resonance is via two—loop.1 In
particular, for heavy scalar masses above the mass
threshold of 2m,, the top loop in the production process
of gg — H; and the decay process H; — yy can induce
imaginary parts in the amplitude gg — H; — yy and then
change the magnitude of the cross section,” with the real
parts serving to shift the resonance shape [44]. When the
two heavy scalars are nearly degenerate with CP-violat-
ing mixing [41,45,46], there will be additional interfer-
ence effects in the heavy scalar sector, which tends to
amplify the nearly degenerate scalar resonance (as shown
in Fig. 12). The amplification could in principle be
directly probed at the high-energy colliders, which is
largely complementary to the indirect constraints from
the measurements of EDMs. One should note that the
CPV in the scalar sector of 2HDM depends nontrivially

lGenerally, one can expect relatively small interference in the
77 channel since both the gg — ZZ continuum background and
the resonance signal processes gg — H; — ZZ are both domi-
nated by one-loop diagrams [39].

?It should be noted that for a relatively large tan 8, the bottom
quark loop can also induce sizable imaginary parts [39,44].
However, this possibility is not favored by the CPV 2HDM
scenario explored in this paper.
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on the heavy scalar masses, which is significant only
when two heavy scalars are quasidegenerate [45]. That is
the reason why we focus in this paper only on the 2HDM
scenarios with a small mass splitting for the two heavy
scalars.

The layout of this paper is described as follows. In
Sec. II, we review the setup of CPV 2HDM, with
emphasis on the neutral scalars and their CPV mixings.
For our discussions, we set up the formalism for processes
involving two quasidegenerate heavy scalars. Their propa-
gators are written in the form of a 2 x 2 matrix, with the
off-diagonal elements possibly non-negligible for certain
parameter sets. All the theoretical and experimental
constraints on the CPV 2HDM are collected in Sec. III,
including the requirements of unitarity, perturbativity and
vacuum stability of the scalar potential; the direct searches
of heavy scalars decaying into WW/ZZ, hZ and hZ; and
the consistency of differential 77 data with the SM
predictions. The neutral-charged scalar mass splitting
My — M| is tightly constrained by the oblique T
parameter which could “transfer” the charged scalar limits
onto the neutral scalars. All these limits are exemplified in
Figs. 5-9 with the small mass splitting of heavy neutral
scalars set to be 1 GeV or 10 GeV. The electron and
mercury EDM limits are also considered, which exclude a
large region in the parameter space of 2HDM, as expected.
The diphoton signal in the CPV 2HDM is discussed in
Sec. IV, where we show the full parton-level (differential)
cross sections, including both the resonance and interfer-
ence contributions. By scanning the parameter space, it
turns out that the diphoton signals could probe almost all
the regions we considered at the high-luminosity LHC
(HL-LHC) 14 TeV run with an integrated luminosity of
3000 fb~!, at least at the 95%, that are allowed by the limit
above. The relation between the diphoton line shapes and
CPV mixing in the scalar sector is also discussed. It turns
out that the CPV can be directly probed in the diphoton
events, if the scalar masses are <600 GeV, when
tanf# = 0.5. The conclusions are given in Sec. V. The
formulas for differential H; — ¢ cross sections in the CPV
2HDM, the oblique parameters and the details of evalu-
ating the EDMs are respectively summarized in the
appendixes.

II. QUASIDEGENERATE HEAVY NEUTRAL
SCALARS IN CPV 2HDM

A. The CPV 2HDM

There are two scalar doublets @, ; in the general 2HDM.
For simplicity, we introduce a discrete Z, symmetry to
avoid tree-level flavor-changing neutral currents, under
which two scalar doublets transform as (@, ®,) —
(=D, ®,). When the Z, symmetry soft-breaking term is
introduced, one can obtain CPV in the Higgs sectors
[32,47]. The general scalar potential can be written as
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V(®, ®y) = mi; [@]7 + md,| o2 — (m},®] @, + Hec.)

1 1
+ 5/11@1 4+ 5,12|q>2|4 + 43| @y ?|D, |2

1
24|00 45 [5(@[@2)2 + Hel. (1)

where A5 and the Z, soft-breaking term m?, are complex
and all other mass and quartic parameters are real. The
imaginary components of m?, and A5 are the source of CP
violation, which leads to mixings of all three neutral states,
as shown below. For the ease of discussions below, we
define the soft mass parameter as the real part of m?,, i.e.
M3 = Rem,, (2)

sot

which is assumed to be positive. After the EW symmetry
breaking, the two scalar doublets obtain nonvanishing
vacuum expectation values (VEVs)

_sﬁH+
q)l :<
ﬁ(vl +HY -

( o >
: %(v2+H8+lcﬁA0),

iSﬂAO) > ’

where we have neglected the relative phase between the
two VEVs, v? = 17 + v} = (v2G)~" with G the Fermi
constant, s; = sin ff and ¢z = cos f with the angle defined
as the VEV ratio 15 =tan 8 = v,/v,.

It is straightforward to obtain the mass squared matrix for
the three neutral scalars:

Alclzj + vsﬁ (Asas —v)spcp  —3Imissy
MG = | (A5 —v)sgcy lzsﬁ + DC% —1Imiscy |02,
—%Imﬂssﬁ —%Imﬂ5cﬁ —Rels +v
(4)
with the short-hand notation of
Asgs = A3 + A4 + Reds,
V= @ (5)

U2SﬁCﬁ
In the limits of CP conservation Imm?, = 0 and ImAs = 0,

the first two scalars HY , are CP-even while the third one A°

is CP-odd. The nonzero imaginary components of m?, and
45 lead to mixings of all three neutral states via the rotation
matrix R:

M} = R diag(M?, M3, M3)R, (6)

where M, are the mass eigenvalues for the three physical
scalars H;. For concreteness we assume the first scalar is
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SM-like (H; = h) with a mass of M| = m;, = 125 GeV,
while the other two scalars H, 3 are heavier with (nearly
degenerate) masses M, ;. The 3 x 3 mixing matrix can be
parametrized explicitly as [48]

T
R = Ros(a.)Riz(a)Rin <a + 5)

_sacah Cacah sa,,
= s(lsa,, s(l(,. - C{IC(IL. _sacu Cq sab S Cah S s
SaSa,Ca, + CaSa, SaSa, — CaSa,Ca, Ca,, Ca(,

(7)

where the angle a parametrizes the mixing between the
two CP-even states, and the other two a;, . determine the
CP-violating mixing of the scalars.

The physical neutral scalar masses M,;,3; and the
charged scalar mass M in the scalar spectrum are directly
related to the mass parameters and quartic couplings in the
potential (1). In practice, one often trades the quartic scalar
self-couplings into the physical inputs, i.e. the EW VEV 1,
the scalar masses and the mixing angles:

A= —l/lﬂ+ ) ZZMlel’ (8)
14
A = —%+02—S§ZM%R%2’ )
2M2
j'3 =—-v+ ZMZRHR!Z +—. (10)
7) S/}C/}
ZM2
/14 =2v— Rels s (11)
’U
Rels = v —— ZMZRfl, (12)

Ims = |:CﬁZM R[IR,Q} + SﬁZM R[2R13:|

(13)

where all the i run from 1 to 3. These relations are very useful
to apply the perturbative, unitarity and stability constraints
on the quartic couplings, which would imply also limits on
the physical parameters such as the mass ranges of the heavy
neutral scalar in the quasidegenerate case (cf. the following
discussions in Sec. IIT A and Figs. 13-19).

1) SﬂCﬁ

B. Couplings in the CPV 2HDM

We collect here all the couplings of heavy scalars
in the CPV 2HDM, which are important for examining
the theoretical and experimental constraints as well as the
diphoton prospects at the LHC.

With the discrete Z, symmetry, the scalar doublets @, ,
couple only to the up-type quarks or the down-type quarks
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TABLE 1.
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Yukawa and gauge couplings of the physical neutral scalars in CPV 2HDM, in terms of the corresponding SM couplings.

Cui Cui Cai Cai a;
Type 1 R;»/ sinj —Rycotf R/ sinp Ri3cotfs Ripsinff+ R cosfp
Type II R;»/ sinj —R;cotf Rii/ cosp —R;;tan Ripsinff+ R, cos fp

. . . 3 - -

and charged leptons, which is sqfﬁment to suppress the L= [=my(crif f+pifivsf)
dangerous tree-level flavor-changing neutral couplings of i—1
the scalars. The type-I and type-II Yukawa couplings are, 5 5 H,
respectively, with the quark mixing suppressed, + a;(2my W ,W" + m3Z,7")] 7’ (14)

(_a_d)QLq)ZdR + H.c.
—(55 ) 0 g + (& 24)Q, @ dg + H.c.

where Q7 = (u;, d; ) is the SM quark doublet, O, = io, @}
with o, being the second Pauli matrix, and the Yukawa
couplings to the charged leptons are of the same form as
that of the down-type quarks in both cases. After the
rotation R, the couplings of physical scalars H; to the SM
fermions and W and Z gauge bosons can be parametrized as

|

E:
~7

with V;; the Cabibbo-Kobayashi-Maskawa quark mixing
matrix. These couplings can be used to interpret the LHC
limits on the charged scalars in terms of the 2HDMs, which
would be applied to the neutral scalar sector, due to the
oblique constraints on the heavy scalar mass splitting, as
shown in Sec. III B 3.

In evaluations of the decay widths and propagator matrix
for the (quasidegenerate) heavy neutral scalars H, ; below,
we also need the Higgs-gauge couplings g, involving two
different physical scalars and the SM Z boson, which is of
the form

e

Giz = 25w [(=spR11 + ¢sR12)Ris

= (=$4Ri1 + csRi)Rys). (16)

and can be significantly simplified in the parameter set of
a=pf—-r/2 and a; . # 0:

e
912z = _2SWCW Sa,Ca,»
e
913z :—2s - Sa,Sa,- (17)
wetw

The trilinear scalar coupling is relevant to the decay of
H, 3 — hh and can be extracted from the Higgs potential as

1 8L,

T2 9°H,0%H,

leleankamnk’ (18)

mnk

‘/_H+u Vijlcotpm,, (1 —ys) + cot fpmy (1
H ul-Vij[COtﬁmul_(l - ]/5) - tanﬂmdj(l

with the coefficients ¢ s Ef,i and a; collected in Table I, as
functions of the R matrix elements in Eq. (7) [13,32,49]. In
the CP-conserving limit of a;, . = 0, it is clear that the R
matrix is block-diagonal, and the first two scalars H , have
the purely CP-even Yukawa couplings of c¢;; while the
couplings of the third one H; are purely CP-odd ¢ ;. In the
most general case, when ¢ ;cs; # 0 or a;cs; # 0, all three
mass eigenstates H; couple to both CP-even and CP-odd
currents, and the CP symmetry is violated.
The Yukawa couplings of the charged scalar H* are

+7s)ld; +H.c.

2HDM-1

(15)
2HDM-II,

|

with i = 2, 3; L5, as the original Lagrangian for the cubic
scalar couplings in the basis of (HY, H),A?) before the
rotation R; and the coefficients [50]

1
a1 = =Cphy,
=56t
1
an :Esﬂ/1345’
1
aj;z = —Esﬁcﬁlmﬂs,
1
arn :ECMMS’
ajpz = —Imis,

1
a3 = Ecﬁ(s/zjll + C%Reﬂ.:ms - 2Reﬂ,5),

1
Ay = Esﬂ/127

1
ayz = — E s/;cﬂIm/ls,

1
ajzz = 55‘/}(6‘%12 —+ S%Reﬂ345 — ZRCJS),
1
aszzz = ESﬂCﬂIms, (19)

with A345 defined in Eq. (5). A general derivation of the
scalar cubic and quartic self-couplings in CPV 2HDM can
be found in Refs. [50-52].
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We list here also the trilinear couplings of neutral scalars
to the charged scalar H*, which could, in principle, enter
the H,yy coupling through the H* loop:

Aiy— = ZRUZH—’ (20)
J

with the coefficients 1 written in the basis of (HY, HY, A%)
[50,52]

As_ = —vcos f[sin? f(A; — Ay — Reds) + cos? pd5], (21)
doy_ = —vsinfcos? f(Ay — Ay — Reds) + sin® fis],  (22)

d3+_ = —vsin fcos flmAs. (23)

C. Quasidegenerate heavy scalars and CP violation

The (1,3) and (2,3) elements of the mass squared matrix
./\/l(z) in Eq. (4) are the source of CPV in the 2HDM, and they
are correlated via

(M§)iz = (Mg)zﬂ/}v (24)

which relates the scalar masses to the CPV angles as
follows [48]:

(M} = M3s, — M3cZ, )sq, (14 1,)
= (M% - M%)(tat/;’ - 1)Sa(.ca£- (25)

In particular, the magnitudes of CPV are very sensitive
to the mass splitting AMy = M5 — M, (here for simplicity
we assume the scalar H; is heavier than H,, i.e.
M5 — M, > 0). Given the relation in Eq. (25), with a larger
deviation of 75 from 1 and smaller mass splitting of AM,

M, + M,

(26)
one gets a larger CPV mixing of |a.| in the heavy Higgs
sector. The nontrivial dependence of CPV in 2HDM on the
mass splitting AMy (and other parameters such as the
heavy scalar mass My and tan f§) is crucially important for
the couplings of the heavy scalars to the SM particles; for a
transparent physical picture we refer to Fig. 4 of Ref. [45].
On the phenomenological side, this is intimately related to
the theoretical, collider and EDM constraints on the heavy
neutral scalars in Sec. III. This is also the strongest
motivation in this work for us to study in great detail
the phenomenologies of CPV in the degenerate limit.

In the scalar sector of CPV 2HDM, we have the mass
parameters m,zj and the quartic couplings 4; in the potential
(1), including also the two phases of m?, and As. After
spontaneous symmetry breaking, these are related to the
phenomenological parameters, of which some are already
known and some others are measurable at the LHC: the EW

PHYSICAL REVIEW D 96, 095008 (2017)

VEV v and ratio tan f#; the neutral scalar masses M;; the
charged scalar mass M ; the (CPV) mixing angles «, a;,
a.; and the soft Z, breaking parameter m .. To simplify the
numerical calculations below in the high-dimensional
parameter space and obtain some physically meaningful
results, we will not scan the whole parameter space, but
rather make the following reasonable assumptions, which
are applied to all the numerical calculations below and
suffice to demonstrate the nontrivial features in the scalar
sector of CPV 2HDM:

(1) The alignment limit requires both « = ff — /2 and
a;, = 0 [53,54], i.e.,, no CPV in the Z, symmetric
model. However, a small deviation from the exact
alignment limits is still allowed by current LHC
Higgs data, i.e. the couplings of SM Higgs to the
gauge bosons a; = —cos a, sin(a — §) = 1; in other
words, a may deviate from f — z/2 and/or a;, may
be nonzero. In this paper, we consider a particular
direction in the vicinity of the exact alignment limit,
ie., a = f — /2 and a;, # 0, which is also adopted
in Refs. [13,14,32]. It is found that in this direction
the mixing angle @, can be allowed up to ~O(1071)
for tan # ~ 1, and, as aforementioned, the scenario
can generate abundantly the BAU through the
EWBG mechanism due to the existence of beyond
SM CPV and the feasibility of a strong first order
phase transition [12-14,55]. This motivates us to
investigate further the CPV effects in the upcoming
LHC data in this scenario, which is largely com-
plementary to the EDM experiments in the direct
searches for CP violation [49,56]. It turns out that,
as seen in the following sections, the amplified CP-
violating interference effects in the diphoton spec-
trum in comparison with the CP-conserving cases
are able to be detected in the HL-LHC 14 TeV run
[39,40,44].

(i) As illustrating examples, we will focus on two
specific values of the small mass splitting AMy =
1 and 10 GeV; for larger values, say 50 GeV, the two
heavy scalars H, 5 are significantly separated, with
much weaker correlations between them. An even
smaller mass splitting AMy; is, on the other hand, in
practice possible, but would not change too much
the qualitative features and might need mild tuning
of the parameters in the potential.

(iii) The Z, breaking parameter m?2 , = Rem?, is directly
related to the quartic couplings 4;; see Egs. (8)—(13).
Its impact on the diphoton signal is twofold: On one
hand, it will enter the trilinear couplings of the
neutral and charged scalars A, _H;H"H~ in
Egs. (21)-(23), and contribute to the H* loop for
the effective H,yy interaction. However, as long as
the quartic couplings 4; are within the perturbative
ranges, the H* loop contribution to the diphoton
signal is always subdominant to the fermion loops.
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On the other hand, the perturbativity, stability and
unitarity bounds on the quartic couplings would also
set limits on mg,, depending on tan /3, the heavy
scalar masses and the mixing angles. For the scalar
masses below 1 TeV, the theoretical limits require
the soft-breaking mass parameter to be of a few
hundred GeV. To be specific, throughout the numeri-
cal calculations below we set mg; = 300 GeV.

(iv) We will not apply any “artificial” constraints on the
heavy scalar mass My > m,, tanf, and the CPV
mixing angles —% < a; . <7, besides the correla-
tion obtained from Eq. (25):

1 (M} —M3)sin2a.tan2p
2 (M3 sin a. + M3 cos*> a,) — m3’

sinay, = (27)

or, alternatively,

PHYSICAL REVIEW D 96, 095008 (2017)

In the calculations below we will exclude the
unphysical regions in which the phase a, or a,
does not have a real solution.

D. Heavy neutral scalar decay and propagator matrix

Compared to the SM-like scalar H; = h, the couplings of
H,; to the SM fermions and massive gauge bosons are
rescaled respectively by the cs; (¢s;) and a; coefficients in
Table I, and therefore the decay widths into SM fermion
pairs, WW and ZZ, are respectively proportional to the linear
combinations of (cs,)* and (¢;,)* and a?. The beyond SM
decay channels H; — hh, hZ are dictated respectively by
the couplings 4;;; in Eq. (18) and g;;7z in Eq. (16). In the
CP-conserving limit of ;. = 0, both couplings, and thus
the two decay modes, are vanishing. At loop level, the heavy
scalars could decay into two gluons and two photons, as in
the SM, mediated by the SM fermion loops, with subleading
contribution from the W= and H* loops for the diphoton
channel [as long as the quartic couplings 4; in the potential

2 2\ _ 927
tan 2 = |cos2a, + (M3 +2M ) 22mh] s,m % (1) are within the perturbative range]. The partial decay
M5 —M; sin 2a widths in CPV 2HDM for these channels are respectively, at
(28) the leading order,
|
- NLGM;m? 4m? B 4m3\ /2
U(H; — ff) = Tﬂf [(1 —sz> (cri)* + (Cf,i)2:| <1 —sz) : (29)
[(H; » VV) =T(Hgy = VV) x (a;)?
GpoyM?(a;)? 4m3\ /2 am?,  12ms
_ FYv l( ) 1 — 2V 1= 2V+ 4V , (30)
1627 M3 M} M
M l| 4m2 1/2
I'(H; — hh) = 4;}” 1—72’1 : (31)
[H N hZ} |gllZ| mZ 1— (mh +2’/”Z)2 1— (mh _27712)2 172
162M,; M; M:
2 2 2 _ 232
» [1 2(M; +mj) (M7 —my) }’ (32)
2 4
mz mz
GF(Z
F(Hl g gg) 64\/'77,' Zq ql 1/2 Z Cq 1A1/2 3 (33)
GF“%MM? l] Ajy-v f 2 H ’
U(H; - yr) = 128+/273 Z; 12 2M2 Ap(re) + ZfNCQfo-iAlﬂ(Tf) + a;A(Tw)
Ri j, _v . - 2

+ [ B e + X NG ()| | (34
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2HDM-1: AMy = 1 GeV, tanf = 0.5, a, = 1/4
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My, [GeV]

2HDM-I: AM, = 10 GeV, tang = 0.5, a, = 77/4

800

0.1}

1072

BR

200

400 600

M,, [GeV]

800 1000

FIG. 1.
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2HDM-I1I: AMy = 1 GeV, tanB = 0.5, a, = /4

107"

1073

200 400 600
My, [GeV]

2HDM-I1I: AMy = 10 GeV, tanB = 0.5, a, = 17/4

800 1000

200 800 1000

M,, [GeV]

Representative examples of BRs of the heavy scalars H, 5 in CPV 2HDM of type I (left) and type II (right), as functions of

scalar mass My, with a small mass splitting of AMy = 1 GeV (upper) or 10 GeV (lower), and tan # = 0.5. With the maximal mixing
a. = /4, the BRs of the two heavy scalars H, 3 are almost the same.

where 7y = M2, /4m% (with 7. = M%/4M?%); Sy = 1 for
the Z boson and 2 for the W boson; agy, the fine-structure
constant; the strong coupling a, evaluated at the scale My;
the trilinear scalar couplings 2 given in Eqgs. (21)—(23); and
the loop functions A(7) for the charged scalars, fermions and
vectors are the same as in [3,57].

Representative examples of the various branching ratios
(BRs) of the heavy scalars H,3 in the CPV 2HDM are
presented in Fig. 1, as functions of the heavy scalar mass
My, for both the type-I and type-II Yukawa couplings in
respectively the left and right panels, with small mass
splittings as mentioned AMpy =1 GeV (upper) and
10 GeV (lower), tan # = 0.5, and the maximal mixing of
the two heavy scalars a, = n/4. With these mass and
mixing parameters fixed, the mixing angle a,, is determined
via the relation given in Eq. (27), which is considered as a
function of the scalar mass My. In this maximal-mixing
case, the decay BRs of the two quasidegenerate scalars H 3
are almost the same, with small corrections from, e.g., the
tiny differences of phase spaces. Here follow more com-
ments on these different decay modes:

(i) Asaresultof the O(1) top Yukawa coupling m,/v in
the SM, H, ;3 decays almost 100% into top pairs, as
long as it is kinematically allowed. As a ‘“side
effect,” the top-loop induced decay H,; — gg is

generally larger than, or comparable to, other chan-
nels besides #7 in most of the parameter space (the
yellow lines in Fig. 1). The decay rates to other
lighter fermions, e.g. bb and 77, depend largely on
the SM Yukawa coupling and tan ﬁ.3

For the quasidegenerate case of H, 3, the mixing
angle a,, is generally very small. Even if it is sizable,
say ~0.1, it could be easily excluded by the EDM
measurements; cf. Figs. 17-19. Therefore, for a
small mixing «;, with the SM Higgs, these decay
modes into SM h, W and Z bosons are in general
highly suppressed, if the /7 channel is open. Result-
antly, the constraints from direct searches of
Hyz — WW/ZZ, hh and hZ are very limited,
effective only when the scalar mass My <
450 GeV for both AMy =1 GeV and 10 GeV,
unless tanf is to some extent fine-tuned
|[tanf — 1| < 1. See Figs. 5-9 and Sec. III B 4 for
more details.

(i)

In the CPV 2HDM with quasidegenerate heavy neutral
scalars, the scenarios with large tanf ~m,/m;, are excluded
by the perturbativity, unitarity and stability constraints, or at least
highly disfavored; the favorite regions are around tan f ~ 1; see
the examples in Figs. 13 and 14.
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FIG. 2. BR(H,3 — yy) in CPV 2HDM of type I (left) and type II (right), as functions of scalar mass My, with the mass and mixing

parameters varying in the ranges given in Eq. (36).

(iii) In the large My limit, the BR(H,3 — yy) is ex-
pected to be of order 107>, dictated by the couplings
and loop factors in Egs. (29) and (34) [here we have
used the fact that the loop functions |A{1/2(rt)| =
|A§‘/2 (7,)] when My is significantly larger than 2m,
but below roughly the TeV range]:

F(Hi - 7’7’)
I'(H; — 11)
ocEMM2
5472 2

BR(H; = yy) =

|A1/2(Tt)|2’ (35)

which is determined predominantly by the heavy
scalar mass My and has a weak dependence on other
parameters in the 2HDM. For illustration purposes,
we present the BR(H, 3 — yy) in Fig. 2 in both the
type-I and type-Il 2HDM, where the mass and
mixing parameters vary freely in the ranges below,

MH_M:I: mh,l TCV],

[
AMy € [1,10] GeV,
Mg € [100,500] GeV,
tan f € [0.1, 10],

S

—r/2,7/2], (36)
and «; can be solved from the relation (27). It is
transparent in Fig. 2 that in most of the regions of
interest the branching fraction into diphotons is
within a narrow band which is well described by
Eq. (35) (when the theoretical constraints and
experimental limits in Sec. III are taken into con-
sideration, some points with small BRs in Fig. 2
might be excluded). Though the BR into diphotons
is small, the SM background gg — yy, which arises
at the one-loop level, is also suppressed compared to
other processes. Without severe contamination from
the messy QCD processes, H, 3 — yy should be one

of the most important channels for direct heavy
scalar searches at the LHC," as for the SM Higgs.
It is known that for multiple (nearly) degenerate reso-
nances, the imaginary part of their propagator matrix is not
diagonal if they have common decay channels [58]. This
was also discussed for the amplitudes involving the CPV
resonances in Ref. [59]. Here we define the 2 x 2 propa-
gator matrix for H, 5 as follows:

Py(5)
(5= M3+ il (3) il (3) B
B < i3 () § = M3 + ifl33(3) )
| § — M2 + ifl33(3) —ifly3(3)
~ detP(3) ( —ifL,3(3) § = M3 + ifly(3) > '

(37)

The absorptive parts of the scalar propagator matrix receive
contributions from the loops of the SM fermions, vector
bosons, associated scalar-vector bosons, and SM Higgs
pairs [60],

11;(3) = T/ (8) + MUY (5) + T (3) + 11}7(3),  (38)
where the partial contributions are respectively
7 (3) = Kp(V3 Nesm L 1—4
ij (3) = Kr( )Z 802 - Ky
X [(1 - 2Kf)(cf.ic},j + Z’f’,Z";J)
- 2Kf(cf‘,-c.’;_j - Z’f’,»E}’j)]@(fv - 4mJ2¢), (39)

“The Zy channel will not be explored here since interference
effects in the process gg — Zy are relatively small, though its BR
can be relatively larger.
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GFa,-aj5VMizsz»
16V2n v

x {1 +2<m—2§+m—2§> ——4%(2?_23"1%)
M2 M MEM

X O3 — 4m3), (40)
ﬁhz A gliZgljZMizsz‘/I]/z
ij (S) =T i 2
167v
2 2 2

2
§ [l_mh—mz_mh—mz
2 )
M M

(1, Kk, k2)

(mj, —m3)* — 45m3

M2M? ®(§ - (mh + mZ)z)’
i

_|_

(41)

Si11AiA1
SULCUE T =405 - 4n).  (42)
v/

where ky =m%/3; K;(V/3) =1+ 5.67a,(\/3) /7 accounting
for the high-order corrections; A(x,y,z) = x*> + y* + 72—
2(xy 4 yz + xz); and .1, the symmetry factor for identical
particles. The total decay widths of H, 5 are related to the
imaginary parts of the self-energies as follows:

ﬁ?jh(g) =

ﬁii (Mzz) =M,T';, (43)

excluding the loop decay modes into gluons and photons.
Under the limit of negligible off-diagonal widths, the
propagators are reduced to the standard one:

1

ul8) § — M7 + ill;(3)

(44)

III. THEORETICAL AND EXPERIMENTAL
CONSTRAINTS

To have a self-consistent description, the mass spectrum
and scalar potential of the CPV 2HDM should be con-
strained by the unitarity, perturbativity and vacuum stability
requirements, which are summarized in Sec. Il A. The
current LHC constraints on the heavy scalars are presented
in Sec. III B, including the direct searches in the final states

3, s+
3+ 3k
Xips =
4x4 0 0
0 0

/13 —+ 2/14 + 3Reﬂ.5
3Imis

PHYSICAL REVIEW D 96, 095008 (2017)

of WW/ZZ, hh and hZ and the consistency of differential
t1 data with the SM predictions. When the EW precision
tests are considered, the mass splitting |My — M| cannot
be arbitrarily large, which could imply constraints on H 3
from the charged scalar sector, which is detailed also in
Sec. III B. The EDMs are one of the observables that are
most sensitive to beyond SM CPV, and they are collected in
Sec. III C. All these limits are used to constrain the masses
of heavy scalars H,; in CPV 2HDM and their couplings.

With the parameter setups in Sec. IIC, we scan the
parameter space by varying My, tan 8, and «a;, (or a,), and
we present all of these limits in the two-dimensional plots
of My —tanff, My — a. and My — a, in Figs. 5-9. In the
My — tan § space, we compare the two scenarios of CP
conservation «, = 0 and maximal CP violation a, = n/4
[here a, determined by the relation (27)]. Clearer depend-
ence on the CPV angle a, can be found in the My — a,
plots, where we take two benchmark values of 10~ and
102 for @, and tanj is determined by Eq. (28). In the
My — a;, plots we set a,. to be positively and negatively
maximal [tanf is again obtained by Eq. (28)], i.e.
a. = /4. By comparing the plots in Figs. 8 and 9 we
can see clearly the implications of changing the sign of «,,
in some regions of the parameter space.

A. Unitarity, perturbativity and stability bounds

The perturbative unitarity constraints are imposed on the
model so that it is not very strongly coupled and are
obtained by evaluating the S-matrices for the coupled scalar
scattering amplitudes in the CPV 2HDM (see Refs. [61,62]
for the CP-conserving 2HDM case). The S-matrices for
coupled channels with different charge configurations can
be packed as follows:

1 .

ay = ——diag(Xuua. Yarar Z3x3+ Z3x3)- (45)
16z
+ L

ag = gdlag(nxm Z33, 43 — A4)s (46)

JT
att =g (47)

0 167

with the explicit expressions for the submatrices of
(Xusear Yasa, Z3y3) [62]

0 0
0 0
3Im/s
A3 + 24, — 3Rels
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FIG. 3. Left: Limits on the cross sections of gg — H, 3 at the LHC, in the subsequent different decay modes. The solid, dashed, and
dotted-dashed red lines are the limits from the decays H — ZZ in Ref. [64] and H — WW/ZZ in Refs. [65,66]; the solid, dashed and
dotted-dashed green lines are from H — hh [68—70]; the solid and dashed blue lines are from H — hZ [72,74]. In this plot we show also
the direct charged scalar search limits from pp — H*X [84] (dashed purple). Right: The 95% C.L. uncertainties of the differential cross
section do/dM,, [85], which is used to constrain the (CPV) couplings of H, 3 to the top quark. See text for more details.

4 A 0 0
A A 0 0
Yia = ;
0 O /13 + Re/ls IMS
0 0 Im/15 /13 - RC/15
2 Reds +ilmis 0
Z3X3 = RC/IS - lIIlels }Lz 0
0 0 A3+ A4

The eigenvalues in Eqs. (45)—(47) should be € (—1.})
under the unitarity constraints. To satisfy the tree-level
vacuum stability requirements, we impose the following
conditions on the quartic couplings in the potential (1)’:

/11’2 > 0, /13 > —\/ll/lz,
A3+ g = |As| > =/ da. (49)

The perturbativity limits are simply |4;| < 4.

B. Collider constraints

1. Direct heavy neutral scalar searches

The direct searches for heavy neutral scalars have been
performed at the LHC, in the decay modes of heavy scalars
into the SM particles of VV = WW, ZZ [64-66], hh
[67-71] and hZ [72-74], with the A, W and Z bosons
decaying further into lighter SM particles. There have been
also searches for heavy CP-even or CP-odd resonance
scalars in the diphoton spectra [75-77]. However, in these
searches, the interference effects between the resonance

At loop level, these stability conditions might be weakened to
some extent; see e.g. [63].

and SM background are not taken into account, and these
exclusion limits cannot be naively interpreted on the
2HDM we are considering in which the interference terms
are generally much more important than the pure reso-
nances (see the examples in Figs. 10 and 11). The diphoton
searches in Ref. [78] are interpreted in terms of the 2HDM
[79-83], with a pair of degenerate CP-even and CP-odd
scalars H/A. However, the scenarios they considered are
My, 4 =200 GeV and 300 GeV, which is excluded by the
theoretical limits in Sec. III A, even if there is no CPV
mixing between the two heavy scalars (cf., e.g. Figs. 13 and
14). Therefore, we will consider only the direct search
limits from the massive final states 4, W and Z in the
discussions below.

To constrain the CPV 2HDM, we collect all the current
most stringent direct search limits in these different decay
channels in Fig. 3 at both /s = 8 TeV and 13 TeV. The
degenerate heavy scalars are produced predominantly from
gluon fusion, as in the most general 2HDM scenarios. In
the left panel of Fig. 3, the red, green and blue lines stand
respectively for the limits in the final states of WW/ZZ, hh
and hZ. We do not show the limits beyond 1 TeV, as in CPV
2HDM with quasidegenerate H, 3 the mass range My =
1 TeV is excluded, or at least highly disfavored, by the
stringent theoretical bounds in Sec. III A on the quartic
couplings 4; (cf. the limits in Figs. 13-19).

To impose the current LHC constraints on the cross
sections

o(pp = Hy3 — XX) = Y _o(gg — H;) x Br(H; > XX),
i=23

(50)

we consider for simplicity the leading order production of

heavy scalars from gluon fusion by rescaling the produc-
tion rate for a SM-like Higgs
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o(gg — H;) _ ‘chﬂl’iA{{ﬂ(Tq)P + |Zq5q,iA?/2(Tq)|2

o(gg = hsm) 22 gAY 2 (7))

(51)

with 7, = M7 /4mj, and then evaluate the leading order
BR(H; —» XX) from the partial decay widths in Egs. (29)-
(33). As mentioned in Sec. IIC, we scan the parameter
space of CPV 2HDM, by changing the parameters My,
tan 3, and @, (or a..), with the constraint in Eq. (27) taken
into consideration and AMy = 1 GeV or 10 GeV. All the
95% C.L. limits from direct LHC searches in the WW /ZZ,
hh and hZ channels are presented, respectively, as the red,
green and blue shaded regions in Figs. 5-9, as functions
of the heavy scalar mass My and tanf, a. or a,. See
Sec. III B 4 for the details.

2. Differential tt cross section

The heavy neutral scalars H, 5 of 2HDM couple to the
SM fermions, even in the CP conservation limit of
ap. = 0. As aforementioned and exemplified in Fig. 1,
H, 3 decay predominantly into the top quark pairs. There
have been dedicated searches for the (pseudo)scalars
H/A — 1t in 2HDM performed by ATLAS, with the
interference terms taken into consideration. However, only
two specific scalar masses are considered: My, = 500 and
750 GeV [86]. To constrain the CPV 2HDM in a more
general sense, we resort to the differential cross section
measurements with respect to the invariant mass of the two
top jets do/dM ; [85]. The 2HDM processes gg — H, 3 —
tt arise at the one-loop level through the top quark mediated
H;gg loop, and interfere with the tree-level SM background
gg — tt. The invariant mass M,; could likely be distorted,
depending on tan /3, the scalar mass My, the mass splitting
AMy and the mixing parameters. The consistency of
experimental data and theoretical predictions imposes
stringent constraints on the couplings of H,; to the top
quark, which is largely complementary to the direct
searches of H, 3 in the &, W and Z bosonic final states.

The parton-level analytical expressions for H, 3 — 7 in
CPV 2HDM are to some extent similar to that for the
diphoton channel in Sec. IV, with the H,yy amplitudes
replaced by those for H;ff. As in the diphoton case, the
resonance signal gg — H,; — tt interferes with the tree-
level SM background gg — fi. The explicit formulas for the
resonance and interference terms can be found, e.g., in
Ref. [41]; for the sake of completeness, we collect the
differential cross sections do/dM in Appendix A. The
95% C.L. experimental uncertainties A(do/dM ;) at /s =
13 TeV are presented in the right panel of Fig. 3, which is
dominated by the systematic and statistical errors of the
experimental data [85]. To constrain the beyond SM CP-
conserving and CP-violating couplings, in particular those
to the top quark, we evaluate the differential cross sections
do/dM; in the CPV 2HDM, as functions of the scalar

PHYSICAL REVIEW D 96, 095008 (2017)

masses and mixing parameters, and compare them to the
experimental limits given in Fig. 3 by requiring that the
integrated cross sections in these seven bins from M, =
300 GeV to 1100 GeV are all smaller than the experimental
uncertainties. The excluded regions in the parameter space
of My, tan  and a, . are presented in Figs. 5-9 as the pink
lines, and in Figs. 13-19, as the shaded pink regions.

3. Limits from the charged scalar sector

The scalar mass spectrum of CPV 2HDM and the mixing
angles are subject to the EW precision tests. In particular,
with the two neutral scalar H, ; almost degenerate, the mass
splitting |M z; — M = | of heavy neutral and charged scalars
cannot be arbitrarily large, which is tightly constrained by
the oblique parameters. Therefore, all the mass limits on the
charged scalar H* can be “transferred” to the neutral
scalars of 2HDM, no matter where these limits are from.
These limits from the charged scalar sector can be, in some
sense, considered as “indirect” limits on the neutral scalars
in the framework of 2HDM, and might be dramatically
changed when the scalar sector is altered, e.g. more scalar
singlet(s) and/or multiplet(s) are introduced. When “trans-
ferred” from the charged scalar sector to the neutral scalar
sector, the mass limits would be weakened by the magni-
tude of O(100 GeV), which is dictated by the S and T
parameters, and ultimately determined by the mass and
mixing parameters in CPV 2HDM. In the case of f —a =
7/2 with a;, . # 0, the expressions for S and T can be
significantly simplified and are collected in Appendix B
[49]. As the oblique parameter 7 is much more sensitive to
the mass splitting |[My — M| than S, in the numerical
calculations we will consider for simplicity only the
constraints from the current global EW fit of T [87]:

T =0.09 +0.13. (52)

On the experimental side, charged scalars have been
searched for at the LHC in associated production with a
top quark (and a bottom quark), i.e. pp — H*X, with the
subsequent decay of H* — th,7v [84,88,89]. In the 2HDM,
the charged scalar H* decays mostly into the top-bottom
quarks, with the coupling strength depending on tan # and
whether it is of type I or type II. The current most stringent
limits on the cross section 6(pp — HF) are from Ref. [84]
and shown in the left panel of Fig. 3 as the purple line, and
the lower limit on M is presented in Fig. 4, for both the
type-I and type-Il models, as a function of tanf. In
obtaining the M mass limits, we follow the leading order
parton-level cross section 6(bg — H™t) in Ref. [90], multi-
ply a factor of 1.5 to account for the subleading processes
[3], with the Yukawa couplings given in Eq. (15).

With couplings to the SM fermions, the charged scalar
H* in 2HDM contributes significantly to some rare flavor-
changing decay processes which are highly suppressed in
the SM. With ~10°B mesons collected at Belle [92], the
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FIG. 4. Lower limits on the mass of charged scalar H* in
2HDM, as functions of tan f, from the direct searches at the LHC
[84] and the observations of rare decay B — X,y [91]. The solid
and dashed lines are respectively for the type-I and type-II
models. These limits could be used to constrain the heavy
quasidegenerate neutral scalars H,3; when combined with the
experimental limits on oblique parameter 7 [87].

2HDM-I: AMy = 1 GeV, a, = 11/4
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partial width of the radiative decay B — X,y is precisely
measured, imposing severe constraints on the charged
scalar H* in 2HDM [91,93]. The extra contributions of
H*7 to the rare B decays depend on the Yukawa couplings,
i.e. whether they are type I or type II, and also on tan f, as
shown in Fig. 4. There are also limits on the charged scalar
H* from other flavor observations such as Amy and eg, but
these are expected to be weaker and are not considered here
[5]. In the leptonic sector, there are also limits on the
charged scalar H* from the anomalous magnetic moment
of muon (g —2), (see e.g. [49]), which however is much
weaker, and will be neglected in this work. To apply the
direct search and B decay limits on H* in Fig. 4 to the
neutral scalars H, 5, we adopt the formula for AT given in
Eq. (B2), with the limits presented in Figs. 5-9.

4. Constraining CPV 2HDM

All the direct search limits of H, 5 in the final states of
WW/ZZ, hh and hZ; the constraints from the differential /7

2HDM-II: AM, = 1 GeV, a, = /4

550 550 [
500 500
450 450|
400 400
I T
= 350 = 350
300 300
250 250
200 200
tanB tang
2HDM-II: AM, = 10 GeV, a, = /4
700
600F- | s el el T
500
I
=
400
300 £
20]0) it sininiutntt tutet vttt Saisiise—"

FIG. 5.

0.5 1 2
tang

Experimental limits on the CPV 2HDM of type I (left) and type II (right) with maximal CP violation a, = /4 and two

quasidegenerate scalars H, 3 with a small mass splitting of AMy = 1 GeV (upper) or 10 GeV (lower). The red, green and blue shaded
regions are respectively from the direct searches of heavy neutral scalars in the final states of WW/ZZ, hh and hZ collected in Fig. 3
[64-66,68-70,72,74], with the same line legends as in that figure, e.g. the solid red line represents the limits from Ref. [64]. In this figure
we also show the limits from the uncertainties of differential cross section do/dM,, at the parton level (solid pink line) [85], the limits
from the direct searches of charged scalars at the LHC (dashed purple) [84] and precise measurements of B — Xy (dashed orange) [91].
The short-dashed, long-dashed and dotted-dashed gray lines are respectively from the limits of theoretical arguments of unitarity,
perturbativity and stability of the scalar potential. All the regions below the unshaded lines (and the regions above the upper short and
dashed gray lines in the two lower panels) are excluded. See text for more details.
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cross sections; and the limits from the charged scalar H*
(direct search of H* at the LHC and the constraints
from B — X,y) are collected in Figs. 5-9, in the two-
dimensional planes of My —tan f, My — . and My — ay,.
In these plots, the legends are the same: the shaded regions
are all excluded by the direct searches of heavy neutral
scalars, with the red, green and blue colors standing
respectively for the limits in the final states of WW/ZZ,
hh and hZ, using the same line legends (solid, dashed or
dotted-dashed) as in Fig. 3. The limits from 7 data are
depicted in pink, while the constraints from direct H*
searches and B — X,y are shown in dashed purple and
orange. All the experimental limits are at the 95% C.L. The
theoretical limits from perturbativity, unitarity and stability
are labeled as the gray lines. All the regions below these
colorful and gray lines are excluded. The electron and
mercury EDM limits are more relevant to heavier H, 3, and
not shown in these plots but presented in Figs. 13—19.

As mentioned and exemplified in Sec. II D, the BRs of
H, 5 into the SM WW/ZZ, hh and hZ bosons are generally
very small when the top quark channel is kinematically
allowed, and these direct search data could exclude
some regions where the scalars are not too heavy, i.e.
My <450 GeV, in general less constraining than the
“indirect” limits from 7, H* direct searches; rare B decay;
and EDM data. The direct search limits from WW/ZZ, hh
and hZ are collectively depicted in yellow in Figs. 14, 16,
17 and 18. Readers who are more interested in the diphoton
prospects at the LHC and the EDM limits can skip all the
following details in this subsection.

We first demonstrate the important collider limits on the
heavy neutral scalars H, 3 in CPV 2HDM in the Mj; — tan 8
plane. One should note that in the CP-conserving limit of
ap,. = 0, the decay modes H, 3 = WW/ZZ, hh, hZ are all
highly suppressed, and we do not have any limits on H, 5
from the direct searches at the LHC. However, the limits
from differential ¢# data are still there, as the scalar H,
both couple to the SM fermions, no matter how the mixing

2HDM-I: AMy, = 1 GeV, a;, = 107°
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changes. In addition, the oblique parameter 7 does not
vanish even in the limit of a;, . = 0 [cf. Eq. (B2)], which
renders limits on the neutral scalars H,3 from the H*
searches and B — X,y data. These limits from the ¢7 data,
B decay data and the direct searches of H* in the CP-
conserving limit of a;, . = 0 can be found in Fig. 13 where
we also show the diphoton prospects.

The collider limits on H, 3 with the maximal a. = z/4 in
the My — tan f space are presented in Fig. 5, for both the
type-I and type-II Yukawa couplings. The unphysical
regions are painted in black, within which we cannot find
real solutions for the mixing angles ;. in Eq. (27). As
mentioned in Sec. III B 1, the scalars H,; are produced
predominantly from gluon fusion gg — H,3. When the
heavy scalar masses My = 2m, = 350 GeV, we have a
resonancelike effect for the direct search limits, due to the
enhanced top loop amplitude in the production process,
therefore excluding broader regions. Comparing the upper
and lower panels in Fig. 5 with respectively AMy =
1 GeV and 10 GeV, a larger mass splitting AMy pushes
the mixing a;, and the BR(H, 3 — WW/ZZ, hh, hZ) larger
(cf. the example given in Fig. 1); then broader regions are
excluded in the lower plots for all these bosonic decay
modes. Note that in Fig. 5, the direct search data could
exclude larger values of My when

|tanf — 1] < 1, (53)
as in the limit of tanf — 1, the CPV angle «; is largely
enhanced by tan2f in Eq. (27), when other mass and
mixing parameters are fixed.

The collider limits projected into the My — a, plane are
collected in Figs. 6 and 7, with respectively the benchmark
values of a, = 10~ and 1072. Note that with o, = 1073
and AMy = 10 GeV, the whole region in the My — a,
plane is excluded by the perturbativity, unitarity and
stability limits; thus we have only the plots with a smaller
splitting AMy = 1 GeV in Fig. 6. For fixed values of ,,, a

2HDM-II: AM,, = 1 GeV, a, = 10
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FIG. 6. The same as in Fig. 5 in the My — a, plane, with @, = 10~ and AM,; = 1 GeV. The scenarios with larger splitting
AMy = 10 GeV are excluded by the theoretical arguments of perturbativity, unitarity and stability.
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FIG. 7. The same as in Fig. 6 with a, = 1072, AM;; = 1 GeV (upper) and 10 GeV (lower).

positive a,. > 0 leads to a solution tan f < 1 via Eq. (28),
and the limits from differential /7 data are more stringent
than the case with a negative a, < 0 for which tanp > 1
(see also the 77 limit in Fig. 5). With a larger o, = 1072, for
positive a, the tan f# in Fig. 7 is larger and the couplings of
H, 5 to the top quark get smaller; then the 77 limits are much
weaker. Therefore the 77 limits are not shown in Fig. 7. For
the same reason, the H* direct search limits in Fig. 7 are
much weaker than those in Fig. 6, as the direct search data
in Fig. 4 are effective only when tan # < 0.5. We can also
see the dependence of the theoretical limits on the mass and
mixing parameters, in particular by comparing the upper
and lower plots with different AMy in Fig. 7. Anyway, the
direct neutral scalar limits are well below the theoretical
limits and B — X,y constraints in the two-dimensional
space of My and a,, as long as the mass splitting is small.

In Figs. 8 and 9, we present the collider limits in the two-
dimensional space of My and «,, with respectively a, =
—r/4 and +x/4, and tan # determined via the relation in
Eq. (28). In these plots we can clearly see the dependence
of the WW/ZZ, hh and hZ limits on the mixing angle ;.
The cross sections 6(gg — H,3 —» WW/ZZ, hh, hZ) are,
roughly, proportional to the mixing of the SM Higgs h with
the heavy scalars; therefore a large «,;, excludes a broader
range of heavy scalar mass My. However, a large a;, say
~0.1, is excluded or highly disfavored by the EDM
measurements; see Figs. 17-19. With a, <0 and > 0,

tan f§ is greater and smaller than 1, respectively, in Figs. 8
and 9; therefore the limits from /7 and H* direct searches at
the LHC are much more stringent in the latter case, as just
mentioned. As a direct consequence of tan # < 1 and larger
couplings of H, ;3 to the top quark, the WW/ZZ, hh and hZ
data exclude larger regions in Fig. 9 than in Fig. 8. As in
Figs. 5-7, all the direct search limits in Figs. 8 and 9 are
below My < 450 in almost the whole parameter space, and
less important than other limits, e.g. from EDM, when we
are focusing on the diphoton searches in the degener-
ate limit.

C. EDM constraints
With the EDM of a fermion denoted by df and the
chromo-EDM (CEDM) of a quark by dS, the relevant (C)
EDM interaction Lagrangian is given by

i _
C(C)EDM ) dl;;Fﬂnyyy}/Sf

i _
—545G"q0,,15T"q, (54)
with F* and G“" the electromagnetic and strong field
strengths, and 7% = 1%/2 the generators of the SU(3).
group. The gluonic dimension-six Weinberg operator is
described by the interaction Lagrangian:
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The same as in Fig. 5 in the My — a, plane, with @, = —n/4, AMy = 1 GeV (upper) and 10 GeV (lower).
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FIG. 9. The same as in Fig. 8 in the My — a,, plane, with a, = +x/4.
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1
_ G A
[’Weinberg - 6 d fabceﬂy ’Gy

pu G/lo’ ’ ch/) . (55)

In the CPV 2HDM, the Weinberg operator d¢ is the neutral
Higgs contribution [94,95]

d° = (dG)H. (56)
In the CPV 2HDM, the CP-odd -electron-nucleon

interactions Cg come from the CP-odd four-fermion
interactions

Le, = C eiyseNN (57)
with

(29 Mev)gdge Cdge
mdM%i

(220 MeV)g,g.c¢sC Kk

(Cs)¥ =
m,M?2,

)

with g, =m;/v and xk~0.5+£025 [96]. Then, it is
appropriate to define an effective electron EDM entering
the paramagnetic system as [97]

Qs
dsft ~d, +—-CY. (58)
(lde

The coefficients a; are provided by atomic calculations
[98,99]. As the contributions to Cg are mediated by the
scalars and hence highly suppressed, the ACME results can
be safely interpreted as an upper limit for the electron EDM
dt. Therefore, we will impose on 2HDM the latest eEEDM
constraint from the ACME Collaboration of [30],

|d,| <87 x107% ¢-cm. (59)

The mercury EDM receives a dominant contribution
from the nuclear Schiff moment S, which is generated
by long-range, pion-exchange time-reversal-violating and
parity-violating (TVPV) nucleon-nucleon interactions,

LIEY = N[gV7. 7+ 550 + 5 2232° - 7- A)N.

(60)

In a general context, the isoscalar and isovector couplings

"5,0), g,(,” dominate over the isotensor coupling gﬁf); then the

mercury EDM is approximately given by® [102]

2myga

—(0 —(1
2 (aogs) +arge)). (61)

ng = Kss ~ Kg

®It should be kept in mind that the calculations of mercury
EDMs are subjected to the uncertainties of hadronic matrix
elements; for a recent review, see Ref. [100]. The upper limits on
the nuclear Schiff moment S has been estimated in Ref. [101].
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where g4 = 1.26; F, =186 MeV; the nuclear matrix
elements ay = 0.01e fm?, a; = +0.02¢ fm? [103]; and

—(0 ~ - - G
o) = iy (8 + 84) + 7(0)Ca (62)
(1 ~ P - G
3 =iy (8, = 84) + 15, Co (63)

To perform the numerical calculations, we use the follow-
ing hadronic matrix elements [102],

77](0) =-2x 10_7, ;](1) =—4x1077,
Yo vy =2x 107, (64)

and assume a new atomic sensitivity coefficient kg =
—2.8 x 107 fm™2 [103]. Throughout our calculations,
we will impose the latest constraint on the mercury
EDM [31]

|dyg| < 7.4 %107 ¢ - cm, (65)

which could constrain tightly the 2HDM parameter space
and is largely complementary to the ACME result.

To calculate the mercury EDM, we need to incorporate
the effect of renormalization group running of the Wilson
coefficients from the new physics scale down to the
hadronic scale. The Wilson coefficients of effective oper-
ators related to the electron EDM, CEDM and Weinberg
three gluon operators are, respectively,
5f£_ﬂ’ q:_Azdg’ G:Asz’

2eQ,m, 2m, 39,

(66)

with m, and Q,, respectively the quark masses and charges,
and A representing the CPV 2HDM scale which is chosen
to be v =246 GeV. These effective coefficients can be
generated from the following effective Lagrangian:

O ;
L= lZA—fszeF””fawySf
/

9 _
+ IZ A_qz mqgsGalwqamzyS Taq
q

CG abc uvic (ra cp
+ WgSf et Gp”G/lg.G v (67)
Details of the EDM evaluations in the CPV 2HDM are
summarized in Appendix C. All the separate contributions
to electron and mercury EDMs are proportional to the CP-
violating coefficients, e.g. the ¢, couplings in Table I; thus
in a large region of the parameter space of 2HDM, these
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CPV couplings are tightly constrained, as shown in
Figs. 13-19.

IV. THE yy CHANNEL AT
HADRON COLLIDERS

The diphoton process gg = H, 3 — yy in (CPV) 2HDM
at hadron colliders is analogous to that in the SM
gg — h — yy, where the production of scalar(s) is from
gluon fusion mediated predominately by the SM top quark,
and the scalar(s) decay radiatively into two photons through
the SM fermion and W loops (with subleading contribution
from the H* loop). If extra heavy vectorlike fermions or
heavy charged vector bosons are introduced, the production
rate and BR into diphotons might be dramatically enhanced
[44,104,105]. Within the well-motivated framework of
2HDM without any more beyond SM particles, the dipho-
ton signal at hadron colliders is unambiguously determined
by the Yukawa and gauge couplings in Table I and the mass
and quartic couplings in the scalar potential (1).

The diphoton signal at the LHC from a single heavy
scalar decay has recently been studied in Refs. [39,40,44],
which applies also to the 2HDM with the two heavy scalars
H/A significantly separated apart, in which case the
interference of the two heavy resonances is in general
negligible. The scenarios with (quasi)degenerate heavy
scalars H,; are a straightforward generalization of the
single-resonance case, with much richer phenomenologies
linked to CPV in 2HDM, as stated above. As detailed
below, the degenerate resonances can be searched for at the
LHC in the diphoton channel as well as other decay modes
such as ¢7. Furthermore, a large mixing «, of the quasi-
degenerate scalars H,3; could enhance significantly the
cross section at the resonance peak, compared to a
quasidegenerate case without any CPV mixing (a, = 0),
by roughly a factor of 50% or even more in a large region of
the parameter space. Therefore, the CPV in the scalar sector
could also be directly probed at a high-energy collider, by
simply examining the cross section at the resonance peak.
Searches for H, 3 — yy are not only largely complementary
to other channels such as the final states of 4k and f7, but
also to other probes of CPV beyond the SM like EDM
experiments. In particular, the CPV in the scalar sector of
2HDM might be small enough to evade the EDM limits but
that is still probable at the high-energy colliders.
Throughout this paper we will consider only the sensitiv-
ities at the /s = 14 TeV HL-LHC with an integrated
luminosity of 3000 fb~!. At a future 100 TeV collider like
FCC-hh [8,106,107] or SPPC [108], with a larger produc-
tion cross section, the significance could be largely
improved.

A. The differential cross sections

At hadron colliders, for the diphoton events we have
both the tree-level backgrounds from gg — yy and the

PHYSICAL REVIEW D 96, 095008 (2017)

one-loop level process gg — yy. The quark parton proc-
esses do not interfere with the diphoton signal from the
heavy scalars, but are comparable to or even larger than
the gluon-initialized backgrounds, both of which are
included in calculation of the signal sensitivities below.
The parton-level differential cross section for the ¢gg
backgrounds is

2 4 sr 0 a
o magyQy (1T 0

= — | =t+= 68
6(qq = rr) Eq 35 <a+ t) (68)
where z = cos 0 the scattering angle, and we have summed
up all the initial quark flavors. The parton-level cross

section for gg — yy sums up the SM background and heavy
scalar resonance contributions,

4
dz

k a%M a? ( \/§)
64rs

bk, res
x D _IME +
7}

tOt N
z? (99 = 7y) =

(69)

where kp =2 is the k-factor for high order QCD correc-
tions [44]. The pure signal cross section is obtained by
subtracting the SM background in Eq. (69):

d&sig déres d&int
= , 70
dz dz dz (70)
with
do™ aEMa res
- SIS mme )
{4}

dg'™ G (V) N ) res  gokes
az = N 6dns Z: Mgy tec. (72)

and the minus sign in the interference terms are from the
additional fermion loops, and one only needs to include the
helicity configurations of {1} = (£ + %), (£ FF).
Explicitly, the reduced helicity amplitudes for the continu-
ous SM background gg — yy are

ML =M, (73)
M =M, (74)

with, in the massless quark limit [35],

ReM, = <ZQ§>{1+t

T—1i 7
—log|
i

P+ 0?
252

)

|~

[Iog + 7r2¢9<
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ImM, — —(zgz,)n[em — ()]
q
-0 7
x< Au+ +ulog > (76)
S

_ <;Q§)- 77

Since the resonance masses we probe below are typically
heavier than the ¢f threshold, ie., §~ My = 2m,, we
sum over all six flavors of quarks, which leads to
> qQé =5/3.

In the simpler case with a single (CPV) Higgs boson H,
the corresponding resonance helicity amplitudes can be
written in the rude form of

M M{/ll}(gg - H)PHM{AZ}(H - 77) (78)

{212}
with Py the standard propagator for a single heavy scalar
H. For a pair of quasidegenerate CPV scalars H;, the
corresponding resonance helicity amplitudes can be gen-
eralized by including the 2 x 2 propagator matrix P in
Eq. (37):

Gp$?
l;Es:t:t:t 122 2 Z j: lC jk( }/k :t lC ) (79)

GF§2 N ~
= D> (€ £ i) PitlCri F ),
J.k

res
+EFF

(80)
with j, k = 2, 3. When the moduli are squared and summed

up, we have altogether 64 terms. With some of them
canceled out,
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Gr8?\? P
—4 W Z(ngng’m‘i‘Cg’ng’m)

Jjkmn

Z' res
{/1}

{4}
X ijP;m(Cy,kC;n + Z‘y,kz;,n>7 (81)

where the four indices j, k, m, n all run from 2 to 3. Here with
the summation we have included both the diagonal and off-
diagonal terms; for the latter case the indices j # kandm # n
stand for the interferences of the two nearly degenerate heavy
scalars. The CP-even and CP-odd contributions to the
effective coupling of H,gg (with i = 2, 3) are respectively

Cgi = Zcq,iAii/z(Tq% (82)
q

Coi =Y Cqill(z,) (83)
q

where ty = §/4m%. For the H,yy couplings,

3

o(zu=) + Y _criNLQIAH (z)
f

j.=12

+ a;AT () (84)
- Ri 2 _
Cpi=— 2}43; Ao Tyt —l—chl ch 1/2(Tf>’ (85)

f

with the trilinear scalar coupling givenin Egs. (21)—(23). The
prefactor R; j;l j-0/2M i]i for the H* loop is intrinsically a
function of the quartic couplings, which turns out to be small
as long as the couplings 4; in the scalar potential are
perturbative. Furthermore, the charged scalar term in
Eq. (85) is generally also suppressed by the CP-violating
coupling ImAs, which makes the scalar loop contribution
even smaller for the CP-odd contributions.

The generalization above is also valid for the interference
terms. Summing up the helicities, we have

bkgx ~ ~ bkegx
Z IE'S}M‘”'% +cC.C. x ZZ[CQJPI']'C}’,] — Cg,iPijC}/,j]M € + c. C., (86)
{A}=t+++ L
res bkgx bkgx*
Z {ZS}M“? +c.c. x 22 cgiPijcy j+ CgiPiic, JM; ¥ +eec., (87)
A =tLFF ij

and then the interfering amplitude square

res bkgx* o bk * bkgx*
E:AQWM&§+C£ u&z[<§:%’”70 M)
{

~ ~ bkgx*
"—2 (ch_ipijcm> (MZ €
ij

- MY yeel. (88)
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Splitting the interference terms into the real and imaginary parts, they read

ij

Y@ R PR (MBS — MES) + 372 R PIR (M — M{*ﬂ)] ,
ij ij

ij

137 @ity REPIMEE = ME) = 377, 2, )PP (MBS M{*ﬂ |
ij ij

where for the SM background M = 0, while the imagi-
nary parts of the loop functions come from the loops with
5> 4M1200p. When H, decouples from H; in the propagator
matrix, i.e. Py3 = 0, the imaginary part of the propagator
P - M;T in the limit of § — M7.

It is straightforward to obtain the differential cross
sections with respect to the diphoton invariant mass M,,,
by integrating over the scattering angle z and convoluting
with the gluon distribution luminosity £, in proton [109]:

do's 2
= 2675 = M2,)L,,, (91)
dMy}, MJ/}’ rr/=99
doint 2 it
M = M—G t(S = M%,)E‘gg. (92)

144 144

B. Diphoton signal at hadron colliders

With the parton-level differential cross sections for both
the resonance and interference terms given in Egs. (91) and

2HDM: AMy =1 GeV, tanB = 0.5, a, =0

0.02
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interference (Re)
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= —— total
% 0.01

(O]

=
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<

= 0.00

B

)

©

-0.01
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4 |:Z(Cg.icy,j)ReP5e(M11{e + ME°) + Z(Cg,icy.j)lmpge(/\/ﬂm + M)
ij

(89)

ij

4 [Z(cg,icy.j)Repgc(M{m + Mlzm) - Z(cg,icy,j)lmpgl(/\/lll{e + Mge)

(90)

|
(92), we are ready to predict the diphoton signals at the
LHC from the decay of heavy scalars in the CPV 2HDM.
To demonstrate the most important features in the diphoton
signals, two representative examples are presented in
Figs. 10 and 11 with respectively tanff = 0.5 and 2 in
both the type-I and type-II 2HDM. Other parameters are set
as follows: the heavy scalar mass My = 500 GeV with a
splitting AMyz = 1 GeV or 10 GeV and the vanishing CPV
in the heavy scalar sector a, = 0 for which a;, = 0. In the
two figures we show both the separate contributions from
the pure degenerate resonances and the real and imaginary
interference terms in Egs. (89) and (90). For the sake of
concreteness, we set /s = 14 TeV, and integrate over the
scattering angle z = cosé from 0 to z,,x = 0.5. For the
scalar mediators H, 5 the signal process gg — H; — yy
does not depend on z = cos €, while the SM background
qq — yy and gg — yy both peak in the forward direction.
Without optimizing the kinematics we adopt a naive cut on
the angle | cos 0] < 0.5. A dedicated study would improve
to some extent the projected sensitivities in Sec. IV C.

2HDM: AMy, = 10 GeV, tanB = 0.5, a, = 0

resonance

interference (Re)
---- interference (Im)
—— total

daldM,, [fb/GeV]

300 350 400 450

M,, [GeV]

500 550 600

FIG. 10. Examples of the diphoton spectra do/dM,, in the CPV 2HDM, with the heavy scalar mass My = 500 GeV with a small
splitting AMy = 1 GeV (left) or 10 GeV (right), tan f = 0.5 and a,. = 0. In these plots we show both the pure resonance (blue) and real
and imaginary interference (solid and dashed red) contributions, as well as the total spectra (black). For the Yukawa couplings of type I

and type II, these spectra are almost the same.
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2HDM: AMy =1 GeV, tan=2,a, =0
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FIG. 11.

In both benchmark scenarios in Figs. 10 and 11, the
diphoton signal above the continuous SM background is
always dominated by the interference terms, as expected:
the resonance signal gg — H; — yy arises at the two-loop
level and is much smaller than the interfering background
resonance which is comparatively enhanced by the one-
loop background process gg — yy. When the invariant
masses of the two photons are close to the heavy scalar
mass, ie. M, = My, the real interference effects are
destructive, induced from the extra fermion loops in the
heavy scalar mediated diagrams.7 However, at the reso-
nance M,, = My, the differential diphoton cross section is
always dominated by the imaginary parts, as (M, —
My)* < MyTy (neglecting the heavy scalar mixing effects,
i.e. the off-diagonal elements of the propagator P;;), with
the heavy scalar decay width 'y largely enhanced by the
O(1) top quark Yukawa coupling in the SM. One could
note in the couplings in Table I that the couplings of heavy
scalars to the top quark are roughly o (tan8)~!; then the
total width I'y; has, roughly, a second power dependence on
tanf, i.e. I'y o (tanB)~2. Therefore the resonance in
Fig. 11 is much narrower than that in Fig. 10, roughly
by a factor of (2/0.5)72 = 1/16. When the mass splitting is
larger, e.g. AM y = 10 GeV, as a result of the narrow width
for the model with tan f = 2, the width I'; < AM; and the
heavy scalars are significantly separated apart, as seen in
Fig. 11. In contrast the diphoton spectra for tan f = 0.5 do
not change too much.

There is apparently a dip in the vicinity of M, = 2m, =
350 GeV in the real interference contributions of Fig. 10,
which is due to the opening of the H,; — ¢ decay mode
and sharp increase of the decay width I'y; (neglecting here

It is also possible that the real interference effects are
constructive, as long as the contributions of the W* and H*
loops to the H,;yy couplings are greater than the SM fermion
loops. However, in the CPV 2HDM with two nearly degenerate
heavy scalars, the constructive scenarios are highly disfavored by
the couplings of the heavy scalars.

PHYSICAL REVIEW D 96, 095008 (2017)
2HDM: AMy = 10 GeV, tanB = 2, @, = 0
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The same as in Fig. 10, with tan g = 2.

again the heavy scalar mixing elements in the propagator).
In other words, opening of the top decay mode could
diminish significantly the propagator P;;, which, however,
depends largely on the value of tan 5. As for the resonance
widths in Figs. 10 and 11, the depth of the dip is roughly
proportional to

P (M) ~Tpy o (tan )2,

(93)
A smaller tanf could thus induce effectively a more
significant dip at M,, = 2m,. (In Fig. 11 we do not show
explicitly the dip at 2m;,, which is much smaller than those
in Fig. 10, as expected.)

Combing both the effects of tan f on the resonance width
and the dip at M,, = 2m,, a smaller tan § could make the
double-scalar resonance broader and the dip deeper; then
the yy spectrum is expected to be more severely distorted,
even without any CPV in the scalar sector of 2HDM, i.e.
a,,. = 0. That is also the reason why the differential #7 cross
sections in the right panel of Fig. 3 exclude larger regions
when tan £ is small (cf. the pink regions in Figs. 13 and 14):
the significant dip and broad resonance in Fig. 10 could
easily be excluded by the uncertainties of /7 data.

With a maximal mixing «. = /4 of the two nearly
degenerate scalars, the differential diphoton cross section
could be significantly enhanced at the resonance M,, =
My = M, 3, as clearly shown in Fig. 12. When M, is far
away from the resonance My, the CPV effects would be
highly suppressed. The CPV effect on the diphoton
spectrum in the presence of CPV 2HDM could be directly
tested in the high-energy collisions at the LHC, and is
largely complementary to other current limits and future
probes of CPV, e.g. those from the EDM measurements. It
depends on some parameters in the scalar sector of 2HDM:

(i) The CP effect is more significant when the

scalars are lighter, and vanishes in the limit of
M,, =My — oo, as the production cross section
diminishes when the scalars are heavier, and the
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2HDM: AMy = 1 GeV, tanf = 0.5
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FIG. 12. Total diphoton spectra in the vicinity of the resonance peak, in the examples given in Figs. 10 and 11 with mass splitting

AMy =1 GeV, a, =0 and z/4 (and 7/2 for tan g = 2).

diphoton spectrum is further suppressed by the mass
M,, = My in the dominator of Egs. (91) and (92), as
shown in Fig. 20.

The CPV in the scalar sector depends also on tan f3,
as most of the couplings of H, ; to the SM particles
involve functions of tan 3, in particular the couplings
to the top quark. When tan # = 0.5, both values of
a, = 0 and /2 generate almost the same spectrum.
In contrast, when tan f = 2, some of the subleading
terms in the couplings of H, ; to the top quark and
other SM particles become important. Thus in
Fig. 12 the spectra with a, = z/2 differ slightly
from those with a = 0.

As the mixing angle @, connecting the SM Higgs to
M3 is typically very small in the 2HDM scenarios
with quasidegenerate heavy scalars, the impact of
CPV on the diphoton spectra in Fig. 12 is mainly
from the CPV mixing a, of the two heavy scalars
H, 5. In principle, the effects from a;, could also be
significant when «, is large. However, it is excluded
or tightly constrained by the EDM limits; see the
plots in Figs. 17-19.

(i)

(iif)

C. Prospects at the LHC

To calculate the expected numbers of signal events from
g9 — H, 3 — yy, we sum up the resonance and interference
terms given in Egs. (91) and (92), and compare them with
the SM background gg — yy and gg — yy. In particular, we
integrate the differential cross sections do/dM,,, for both
the SM backgrounds and 2HDM signals with a universal
bin width of 10 GeV:

My+5 GeV do

_ 4
144 dMJ’}’ ’ (9 )

Aoy, (M) = /

My—5 GeV

with the list of cross sections as functions of the diphoton
invariant mass M,, = M. To suppress the SM background

we have set an upper bound on the angle z < 0.5 as in the
previous subsection. We estimate how many background
and signal events N,, could be expected in each of the
diphoton bins at /s = 14 TeV and with the total lumi-
nosity of 3000 fb~!. By counting simply the numbers of
events in the diphoton spectra, we obtain the 95% C.L.
sensitivities via the standard y2-method:

(N;;g"a‘wo)
bins

2
2 )
bk
Ny *(Mo)

Y= (95)

where all the sensitivities in the bins are summed up. To
take into account the detector effects we assume an
efficiency of 95% for photon identification. The uncertainty
in the photon energy scale at high transverse momentum is
typically <2%, depending on the rapidity of photons [110].
We have checked the smearing effect on the photon spectra
and sensitivities, and we have found that it is very small and
completely negligible.

All the diphoton prospects at the LHC are presented in
the two-dimensional space of My —tanf, My — a,. and
My — a;, in Figs. 13-19, for both the type-I and type-II
CPV 2HDM, with two typical values of small splitting
AMy =1 GeV and 10 GeV, as above, and some bench-
mark values of the mixing parameters @, or a.. All the
regions below the red lines are probable at the HL-LHC at
the 95% C.L., with /s =14 TeV and an integrated
luminosity of 3000 fb~!. The collider limits from differ-
ential /7 data in the right panel of Fig. 3, direct H* searches
and B — X,y data in Fig. 4 are also shown, respectively, as
the pink, purple and orange shaded regions. The gray
regions are excluded by the theoretical arguments of
perturbativity, stability and unitarity. In some of the plots
the combined limits from direct searches of H 5 in the final
state of WW/ZZ, hh and hZ are shaded in yellow, while
the electron and mercury EDM limits are in blue and
brown. Note that the perturbativity, unitarity and stability
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2HDM-I: AMy; =1 GeV, a, =0 2HDM-II: AMy; =1 GeV, a, =0

Vs =14 TeV Vs =14 TeVv
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FIG. 13.  Diphoton prospects of quasidegenerate scalars H, 5 in CPV 2HDM in the parameter space of My and tan f, with type-I (left)
and type-II (right) Yukawa couplings, with a small mass splitting AMy = 1 GeV and a,. = 0. The regions below the solid red lines are
probable at the 95% C.L. at the HL-LHC with /s = 14 TeV and an integrated luminosity of 3000 fb~", by searches of gg > H,3 — 77,
with the SM background gg — yy and the interference of background and resonance taken into consideration. (Note that the red lines go
beyond 1 TeV when tan < 1, not shown in these plots; the small tan § regions are all covered implicitly.) The shaded regions are
excluded, respectively, by differential 7 data [85] (pink) in the right panel of Fig. 3, direct H* searches [84] (purple) and B — X,y [91]
(orange) in Fig. 4. The gray regions are excluded by the theoretical arguments of perturbativity, stability and unitarity. The limits and
prospects in the two plots with a larger AMy = 10 GeV are almost the same.

requirements on the theoretical side are rather stringent: the theoretical limits, but rather for the sake of concrete-
depending on tan # and the mass and mixing parameters,  ness, in all these plots we have taken the values of M+ =
the quartic couplings 4; in the scalar potential are tightly =~ My and mg; = 300 GeV. In the quasidegenerate case,
constrained. We will not scan the full parameter space for ~ depending on AMy and a, ., the heavy scalar mass M is

2HDM-I: AMy = 1 GeV, a, = 11/4 2HDM-I1I: AMy =1 GeV, a, = 1T/4

Vs =14 TeV
900 3000 b

Hs 5 searches

S

My, [GeV]

Hg EDM

tang tanB
2HDM-1: AMy = 10 GeV, a, = r1/4

FIG. 14. The same as in Fig. 13, with @, = /4, AMy = 1 GeV (upper) and 10 GeV (lower). More limits are shown in these plots: the
combined direct searches of H,3 — WW/ZZ, hh and hZ at the LHC (yellow) [64-66,68-70,72,74] and the EDM measurements of
electrons (blue) [30] and mercury (brown) [31]. Within the dark bands, we cannot find any physical solution for the relation (27).
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2HDM-II: AM,, = 1 GeV, a, = 10

FIG. 15.

My [GeV]

The same as in Figs. 13 and 14 in the My — a, plane, with a, = 1073 and AM}; = 1 GeV. The scenarios with larger splitting

AMpy = 10 GeV are excluded by the theoretical arguments of perturbativity, unitarity and stability.

required to be roughly within a range of 400 GeV to 1 TeV,
unless some parameters in 2HDM are fine-tuned. Heavy
scalars beyond 1 TeV push some of the quartic couplings 4,
nonperturbative, while a smaller My drives the stability
conditions violated (depending on the parameter my).
The diphoton sensitivities as well as the theoretical and
experimental constraints, in the parameter space of
My —tan 8, are presented in Fig. 13, where we have set
a, = 0 (and resultantly o, = 0). In the CP-conserving limit

of a;, . = 0, we do not have the limits from direct searches
of Hy; = WW/ZZ, hh and hZ, and the purely CPV
phenomena of EDMs. A large region is excluded by the
theoretical arguments and the B — X,y data. With a high
luminosity of 3000 fb~! at the LHC, almost all the allowed
regions in Fig. 13 could be tested in the diphoton channel,
though the BR(H,3 — yy) is rather small compared to
other decay modes. One should note that the red lines go
beyond 1 TeV when tanf <1, which is not shown

2HDM-II: AM,, = 1 GeV, a, = 1072

~ Vs =14Tev
900 “3000 07—~
800 Haz - vy

400

.....................

_______

400

FIG. 16. The same as in Figs. 13 and 14 in the M}, — a, plane, with aj, = 1072, AM;; = 1 GeV (upper) and 10 GeV (lower). The type-
1 2HDM with AMy =1 GeV is excluded by the electron EDM measurements [30].
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2HDM-II: AMy =1 GeV, a; = -11/4

My, [GeV]

2HDM-I: AMy = 10 GeV, a; = -11/4

Vs =14 TeV
9001 3000 b
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FIG. 17. The same as in Figs. 13 and 14 in the My — a,, plane, with o, = —z/4, AMy = 1 GeV (upper) and 10 GeV (lower). The
type-II 2HDM with AMy = 10 GeV is excluded by the electron EDM measurements [30].

explicitly in these plots; the small tan/ regions are all
covered implicitly.

The maximal CPV case with a, = z/4 is shown in
Fig. 14, where the EDM constraints become important.
Depending on the Yukawa couplings and the mass splitting
AMpy, a sizable region in the My — tan §§ plane has been
excluded by the EDM measurements. In the case of type-II
2HDM with AMpy = 10 GeV, when the electron and
mercury EDM constraints are combined together, the whole

2HDM-I: AMy = 1 GeV, a; = +17/4

FIG. 18.

My — tan §§ plane is excluded; see the lower right panel in
Fig. 14. This excluded scenario could be confirmed or
falsified at the LHC via the diphoton searches gg —
H, 5 — yy. A positive signal in the excluded region would
imply the incompleteness of CPV 2HDM at the TeV scale,
which has to be further extended, or the experimental data
should be interpreted in other beyond SM frameworks.
The projected diphoton sensitivities in the My — a,
plane are presented in Figs. 15 and 16, with respectively

2HDM-II: AMy = 1 GeV, a; = +17/4

ap

The same as in Figs. 13 and 14 in the My — a; plane, with a. = +x/4 and AMy = 1 GeV. The scenarios with AM, =

10 GeV are excluded by the electron and mercury EDM measurements [30,31].
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FIG. 19. The same as in Figs. 13 and 14 in the My — a;, plane, with a, = 0, AMy = 1 GeV (upper) and 10 GeV (lower).

a, = 1073 and 1072, For the small CPV angle a, = 1073 in
Fig. 15, the 2HDM contributions to the EDMs are highly
suppressed, and could not provide any limits beyond the
theoretical constraints. However, when «; becomes larger,
e.g. 1072 in the plots of Fig. 16, the electron and mercury
EDMs could exclude a large parameter space as in Fig. 14.
In particular, the type-I 2HDM with AMy =1 GeV is all
excluded by the electron EDM; see the caption of Fig. 16. It
is transparent in these plots that the searches of H,; — yy
at the LHC could probe the whole allowed region in the
My —a, plane, at least for the benchmark scenarios
given here.

In the following Figs. 17 and 18 we show the diphoton
sensitivities and the constraints in the parameter space of
My and a;,, with respectively a, = —z/4 and +x/4. For
comparison, the o, = 0 case is shown in Fig. 19, in which
tanf =1, o, # 0 and the EDMs from CPV 2HDM are
purely the a,-relevant contributions. Obviously the EDM
measurements exclude large values of «,,, depending on
other parameters in the 2HDM. As in Figs. 15 and 16, some
of the scenarios have been completely excluded by the
EDM data, e.g. the type-Il 2HDM with a, = —z/4 and
AMy = 10 GeV, and both the type-I and type-II 2HDM
with @, = +x/4 and AMy = 10 GeV. For negative «, in
Fig. 17, tanf > 1, and the production cross section of
heavy scalars 6(gg — H,3) is suppressed, when compared
to the positive a, case (and tan# < 1) in Fig. 18; therefore

smaller regions could be probed in Fig. 17, in particular
when a;, is small and AM, is large (see the lower panel in
Fig. 17). In contrast, in Fig. 19, witha, = 0,tanff =l isa
constant, and thus the diphoton sensitivities are almost
horizontal lines. Again, almost the whole parameter space
could, in principle, be probed in the diphoton channel of
heavy scalar decay in CPV 2HDM.

To demonstrate the prospects of distinguishing the
2HDM scenarios with different CPVs in the scalar sector
at the LHC, we compare the significance defined in
Eq. (95) for the benchmark models given in Fig. 12. As
the CPV effects are most significant at the resonance, we
count for simplicity only the single bin (with a bin width of
10 GeV) at the peak, which is rather conservative from this
aspect. With a larger coupling to the top quark, the
scenarios with tanf = 0.5 have a larger cross section at
the peak and thus higher significances in the left panel of
Fig. 20. As shown in Fig. 12, a maximal CP-violating
mixing of the two heavy scalars, i.e. a. = n/4, could
enhance significantly the cross sections at the peak; thus the
lines in Fig. 20 with a, = 7/4 have a larger significance,
compared to the CP-conserving limit of a, =0 (and
a. = n/2), especially when the scalars H,3 are not too
heavy. Comparing the expected significances with different
a,. in Fig. 20, we could distinguish the maximal mixing
case a, = r/4 from the CP-conserving model at the HL-
LHC, if the heavy scalar mass My < 600 (500) GeV for
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FIG. 20. Significance at the resonance peak with a bin width of 10 GeV for the CPV 2HDM with AMy = 1 GeV, tan f = 0.5 (left)
and 2 (right), and . = 0, z/4 (and z/2 for tan = 2). The sensitivities for type-I and type-Il 2HDM are almost the same.

tan f = 0.5 (2). Here we have considered only the peak
bins; with more diphoton bins included, the distinguishing
power could be further improved.

D. Discussions

All the theoretical and experimental limits and the
diphoton prospects at HL-LHC in the framework of
CPV 2HDM have been extensively studied in depth in
the sections above. Before proceeding to the conclusion we
comment in this section on the various effects of different
mass, mixing and coupling parameters on these limits and
the diphoton signal in both the type-I and type-II CPV
2HDMs, and grab some of the qualitative features.

One should be first aware of the constraints from the
theoretical requirements of unitarity, perturbativity and sta-
bility in the scalar sector with two quasidegenerate heavy
scalars H, 5, which prefer a tan 8 ~ 1, as a sufficiently large
tan # (or cot ) would easily push the quartic couplings 4,
to be nonperturbative or unitarity violating. For instance,
the prefactors sin~! # (cos™! ) in Egs. (8)—~(10) would be
large in the limit of tanf <« 1 (tan > 1). In this sense,
the theoretical limits are approximately “invariant” under
the exchange tan ff <> cotfs, which is transparently dem-
onstrated in the example shown in Figs. 13-16.
Furthermore, these theoretical requirements also set both
lower and upper limits on the quasidegenerate heavy scalar
masses My. An upper bound is easy to understand, as,
without the SM gauge symmetry extended, all the scalars in
the 2HDM masses are proportional to the EW VEV v
through M; ~ v/Av; therefore, with the perturbative cou-
plings |4;| < 4z, one should expect all the heavy scalars in
2HDM to be roughly below the TeV scale. In Eqs. (8) and
(9), there are minus terms —v which are proportional to the
Z, soft-breaking parameter m2 ; then the lower bound on
the heavy scalars depends largely on m.;. With the mass
splitting AMp gets larger; these theoretical constraints
might be to some extent weakened, but the CPV phases a, .

would ge generally much smaller, and we will lose the
significant CPV effects at the “double resonance.”

In a large region of parameter space, the production
and decay processes gg — H,3 — yy are dominated by
the top quark loop, thanks to the fact that tanp ~ 1 (if
tan # ~ m,/my, the bottom quark and W= loop would be
very important); therefore the diphoton signal depends
largely on the value of tan /3 (see Figs. 13 and 14) and could
be largely enhanced by the CPV angle a, («,, is generally
much smaller) at the resonance peak (see Figs. 12 and 20).
The couplings to the down-type quarks and charged
leptons, e.g. whether the couplings are of type I or type
II, are important in the sense that they determine largely the
limits from B — X,y and the EDMs of electron and
mercury. The mass splitting AMy is important when the
scalar resonances become narrower (see the examples in
Fig. 11) and plays also an important role in evaluating the
EDM:s, e.g. in Fig. 14.

V. CONCLUSION

In this paper, we have studied in detail the diphoton
signal from the decay of two quasidegenerate heavy scalars
in the CPV 2HDM with both type-I and type-II Yukawa
couplings. To simplify the scalar potential, we assume there
is a soft-breaking Z, symmetry, under which there are only
two CP-violating terms in the potential: the soft-breaking
mass parameter Imm?, and one of the quartic couplings
ImAs. With these CP-violating terms, the three neutral
scalars are no longer CP eigenstates but all mix with one
another, with the lightest one being SM-like with mass of
125 GeV, leaving the other two heavier. The CP-violating
mixing angles a,. are linked intimately to the scalar
masses, in particular depending nontrivially on the mass
splitting of the two heavier states H, 5. Roughly speaking,
with the two heavy scalars approaching to be degenerate,
their mixing tends to be larger, or even maximal, which is in
general more important than their CP-violating mixing
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with the SM Higgs which is somewhat suppressed by the
large mass splitting of My — my,.

Throughout this paper we have considered two bench-
mark values of small splitting of AMy =1 GeV and
10 GeV, and work in the simplified case of a = f§ — n/2
with a;, . # 0 which is consistent with the current SM
Higgs data. We have collected in Sec. III all the relevant
theoretical and experimental limits on the CPV 2HDM,
with some typical example shown in the two-dimensional
parameter space of heavy scalar mass My versus tan f, o,
and «a, i.e. Figs. 5-9 and Figs. 13-19. It turns out that
the theoretical limits from the requirements of unitarity,
perturbativity and stability of the scalar potential impose
severe constraints on the parameter space in our model,
demanding that the heavy scalar masses satisfy 400 GeV <
My <1 TeV. The direct searches of heavy neutral scalars
H,3—WW/ZZ, hh,hZ performed at the LHC could hardly
constrain the heavy scalars heavier than roughly 450 GeV,
unless there is to some extent fine-tuning in the scalar
sector, due to the small branching ratios of H, 3 decay into
the massive SM bosons. As the heavy scalars decay almost
100% into the top quark pairs, the consistency of exper-
imental differential /7 data with the SM predictions could
constrain more effectively the couplings of H, 3, in par-
ticular when tan f is small. Benefitting from the oblique T
parameter constraints on the neutral-charged scalar splitting
|My — M|, the direct search of charged scalars and the
rare B decay data of B — X,y provide additional limits on
the neutral scalar sector. The electron and mercury EDM
constraints on the CP-violating couplings, e.g. those in
Table I, exclude also large regions in the parameter space.

Though the branching ratios to diphoton are generally
very small, typically of order 107 in a large region of the
parameter space, the clean SM background renders it one of
the key channels to search for heavy neutral scalars, as for
the SM Higgs. The full details of the (differential) diphoton
cross section are given in Sec. IV, for both the resonance
and interference contributions. The SM background is
expected to be much larger than the pure signal resonances,
thus the continuum-resonance interference is crucially
important for the heavy scalar searches. By naively count-
ing the numbers of diphoton events as functions of the
invariant mass M,,, we have estimated the expected sen-
sitivities for the searches of H, 3 — yy in the CPV 2HDM at
the /s = 14 TeV HL-LHC with an integrated luminosity
of 3000 fb~!, which are presented in Figs. 13—19. It turns
out that almost all of the allowed parameter space could be
probed in the diphoton channel, at least at the 95% C.L.,

|
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which is largely complementary to other direct searches at
the LHC, e.g. in the final states of the SM h, W and Z
bosons. A large mixing a, of the two nearly degenerate
heavy scalars could enhance significantly the cross section
at the resonance peak; see the examples in Fig. 12.
Therefore with sufficient events collected at the resonance
peak, we could obtain some information of CPV in the
scalar sector of 2HDM, e.g. the examples given in Fig. 20,
which is largely complementary to the low-energy probe of
CPV in the EDM experiments.

In this paper we have focused only on the type-I and
type-1I 2HDM with CPV in the scalar sector, which could
be generalized to the decay H,; — Zy though the inter-
ference effects might be tinny there. The angular distribu-
tions of the leptons from Z decay could, in principle, be
used to suppress the SM background and provide more
information about the couplings of the heavy scalars. In
addition, we could do analogous studies in the framework
of supersymmetric models with also two scalar doublets.
The heavy superparticles might be important for the loop-
level H;yy couplings, and leave the footprint in the
diphoton signal. All these open questions will be pursued
in future follow-up papers.
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APPENDIX A: DIFFERENTIAL CROSS

In the CPV 2HDM, the parton-level cross sections for the
resonance and interference terms are respectively

(A1)

2 2
i 'anq,iAf/z(Tq) )Pif(ﬂfz|cz.j|2 + 12,
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GFa%(\/@m,z b
2827 1= p27?

Re Re
X Z qucq,iAfl/z (Tq)Pij) picij+ (anq,iA?/z (Tq)Pij> Z’t,j] ) (A2)
1]

where z = cos@ is the scattering angle, §, = \/1 —4m? /3, kp = 2 is the k-factor for the high-order corrections, the
propagator elements P;; are given in Eq. (37), and “Re” takes only the real parts. The minus sign in Eq. (A2) is from the
fermion loops in the signal amplitude for the H;gg couplings. In numerical calculations, the strong coupling «;, is evaluated
at the heavy scalar mass My. In both the resonance and interference terms, the contribution from the H,; mediated
processes (the diagonal terms P;;) and the mixed ones (the off-diagonal terms of P;; with i # j) are all summed up. It is
straightforward to obtain the differential cross sections with respect to the invariant top pair mass M, by integrating over
the scattering angle z and convoluting with the gluon distribution luminosity £, in protons:

6" (gg > Hyz — 1T) = —
dz (99 23 7) kp

dares

2
:_AresA:M2_£ , A3
dMﬁ Mﬁa (S tt) 99 ( )
ddim 2 .
=—56"(35=M%)L A4
ity Myt = Mo ()
APPENDIX B: OBLIQUE PARAMETERS IN THE CPV 2HDM
In the limit of f — a = x/2, the oblique parameters in 2HDM are [49]
AS:L cwG(ML, M2, m3) + 53, [ch G(MT, M3, m3) + 55 G(M7, M3, m%)
24z ) 2 4 @, 1, M2, Mz 1. V3, Mz
+ 55, G(M3. m3) + &, G(M3, m)] + ¢, [G(MF. m3) + G(M3, M3, m3)]
M3iM>M3 A M3
“"g<w - G0 +tog (2 (B1)
1
aAT:—6 s— {52, F(M3. M7?) + (1 — 52,55 )F(M3, M3) + (1 — 53, cZ ) F(M%, M3)
(zc (21;,F<M2 MZ) sa S(ZI;,F(Mz M2) - (Zth(Mz M2)
+ 300,,[ (mZ’M%) - F(mW7M2>] + 3Sabsa [ (mZ’M%) - F(m%V’M%)]
+ 352, ¢ [F(m%, M3) — F(m},, M3)]
= 3[F(m3. My) = F(mi,, M/)]}, (B2)
with M| = m;, the SM Higgs mass, and the auxiliary functions are defined as
Y D og(d), x
Py = { 7T R (B3)
0, xX=y
16 5(x+ 2(x —y)?
Glx.y.z) = -8 & +y) 2 2y)
3 Z 2z
32442 2=y (x—1v)3
+{ y_x=y 2y) log™
xX—y b4 3z
2 =2z(x+y)+(x—y)’
+ 3
Z
xflx+y-z.2=22x+y) + (x=y)?), (B4)
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G(x,y,z)——2+(x y x+y>1g§
Z X=Yy y
1
+Zf(x+y—zz —2z(x +y) + (x = y)?),
(BS)
G(x, y) =G(x,y,y) + 12é(x,y,y), (B6)
with
V/ylog x_‘/i y>0
fx,y)=1o0, y=0. (B7)

2,/—ytan™! @ y<0

APPENDIX C: EDMS IN THE CPV 2HDM

1. All the separate contributions

For light fermions, the dominant contributions to their
EDMs and CEDMs come from the two-loop Barr-Zee-type
diagrams [111]. In particular, the Wilson coefficient &,
receives contributions from the following terms:

80 = (8.1 + (8.7 + (3w + (8.)w "

+ (BT + (e + @) " (c1)
where the diagrams with effective H;yy and H;Zy cou-
plings from integrating out a top quark loop are respectively

|

Qe
G = ﬁHZK

S HZy
©Or)w 2567 <

+ (10 — 3 sec’Oy :
2z,

where the gauge coupling gy, = e/ tan 0y, and the loop
function

(C10)

The contributions by integrating out the charged Higgs
boson loops read

e (s

V_ 3
= MZ [(6 — sec20y +

2 — sec’fy,
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3
SHT — — CQfQZZ Ne T Ne cp
( f)z 6471’ [f(zf)cf,lcf.l + g(zf)cf,lcf,l]’
i=1
(C2)
NeQr0y: Gy G [ . m?
S HZy _ _ Zff ,
( f)t 64 ; Zt MZ Ctlcft
2
+ (e Yeviess (©3)
! MZ 1iCr,

where zi, = m%/M? and g‘Z/f]‘ is the vector-current cou-

plings of the Z boson to the fermions. The loop integral
functions are respectively

f(Z>E§/01dx1(—2x(l —x

)logx(l —%) (C4)

1% -2 Z

o) =5 [ v oo ()
Fy) yf(xi:if() (C6)
. y) =20 = 200), ()

y—x

There are also contributions from the W-bosons and its
Nambu-Goldstone bosons to the H;yy and H;Zy operators,
which were gauge invariant and were obtained in
Refs. [112-114]:

1 . 3 . . -
0= o)+ ateh) + Ay (c8)
Iw
—sec?Oy \ ~.,
T)f(ziv’c%v)
S0 3. i i =
9@y ciy) + 5 (9(zy) + h(zy)) | aicy,, (€9)
|
fof
Sp)mmr = Zicri  (Cl1
%
977,970 H [ v \? ~( . M
sHZr _ 7Zir v My
O =256\t Z Nem
~ M2
—g<zi, 2)]/1 Cris (C12)
mz
with zi, = M3/M?, gzu+p- = e(1 —tan6%)/(2tan Oy ),
and A; = —A;y_/v the effective trilinear scalar couplings
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given in Egs. (21)-(23). Additional contributions are from
the HX*WTy operators [114], which read

512%42{3{2 2

T2, Miﬂ,-ef,,] ,

HEwWT ~
(51‘) "= )aicf,i

(C13)

where s, = +1 for the down-type quarks and charged
leptons, and —1 for the up-type quarks, and the two-loop
integral functions are defined as

2

m
I4.5(M%’M%)EMZ—[I45(”1W’M) I5(My, M,)],
myy
(C14)
1 M2 M2
14(M1’Mz)5/ dz(1 -z)? <z—4+z)
0 mw
MZ
X
m¥, (1 —2) + M5z — M3z(1 —2)
1- M
x log (mW( ks ZZ), (C15)
Mlz(l _Z)

M2Z 1—Z 2
IS(MI,Mz)E/ dZ ! ( ) )
0 mW(l—z)—I-Mzz—Mlz(l—z)

M3z(1 -72)

(C16)

For the CEDM, the top quark loop is integrated out to
obtain the effective #;GG or h;GG operators, which leads
to the following CEDM operators [115],

Sq(A) = (Sq)fgg = Z Zt Cttht+g<zt)ctthl]

128714
(C17)

The contribution to the dimension-6 Weinberg operator
arises predominantly from the top loop [94], which gives

3 1287[42]10 Zt C”C“, (Clg)

with the two-loop integral function

3
= d d
/ x/ yle—XY)

2. RG running and mixing effects

y(1-x)
+ (1 =x)(1 =y
(C19)

During the renormalization group (RG) running from the
new physics scale down to the hadronic scale, the nontrivial

PHYSICAL REVIEW D 96, 095008 (2017)

corrections to the Wilson coefficients of the CEDM and
Weinberg operators induced by flavor-conserving CP-odd
four-fermion operators need to be taken into account. The
complete Lagrangian for the calculation of mercury EDMs
should be

qul
EDM*Z 4Oq+z o1

Lepy =
q #q
i1 Z €L oy, (C20)
q #q
Here, the first two CP-odd four-fermion operators
Of = (39)(qirsq). (C21)
01" =(q'q')(airsq). (€22)

can be generated through the CPV Yukawa threshold
corrections and the CPV neutral Higgs boson mixing in
the z-channel. The corresponding CP-odd coefficients are
given respectively as

c,C
Cl =949~ (C23)
4 o942,
~ 1 C’E
Ccl=g,9,—L2, (C24)
1 q ‘IM%]

with g,y = my(y) /v. On the other hand, the last CP-odd
four-fermion operator,

0 = (40" ) (@5i0,u1504)- (C25)

is generated from the operator mixing effects of &'f/q and
6‘?‘1/ which follow Eq. (C28) below To obtain the value of

the Wilson coefficients (5,, 5
need to take an evolution for

) at a GeV scale, we

~ 3C~ ~ ~ I~ )
C = <5q75Q7_TG’CZ’C?q’C(l]q’Czq) (C26)

from the 2HDM scale v down to the GeV scale, based on
the renormalization group equations (RGE) [116-118]:

C=C-T.

C27
dinu (€27)

Here, the one-loop anomalous dimension matrix is given by
s 0 0
1 S
T=|Ggly &rr 0|, (C28)

1 a,
W%’;f 0 G}’}
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with
+8Cp 0 0
v, = | +8Cr +16Cr — 4N 0 ,  (C29)
0 +2N N +2n; + By
Y= [—12CF + 6], (C30)
—-12Cp 0 -1
y} = 0 —12Cp -1 , (C31)
-12 —-12  -8Cp —%
0 0 0
8o, 8, O
ry =42 42 0], (€33)

where g runs over u, d, b; N = 3; Cp, = (N> = 1)/(2N) =
4/3; fy = (11N —2ny)/3; and n; is the flavor number.

For the RGE running from the 2HDM scale down to the
scale of m;,, we assume a five-flavor scheme. Keeping only
the leading logarithmic terms that make additional con-
tributions to the CEDMs of bottom and light quarks at the
matching scale y = m;,, we have

PHYSICAL REVIEW D 96, 095008 (2017)

- 1 M
A(Sb(mb) ~ @ Ci log <m—:) s

(C34)
where A8, (m;,) could be figured out from Eq. (C28) and is
from integrating out the bottom quark at the one-loop level.
After the bottom quark is integrated out, its CEDM makes a
shift to the Weinberg operator [117,119],

ag(my) ~
2% 5y (my).

ACH(my) = (C35)
Here the two-loop Barr-Zee graph generated CEDMs
8(my) have been modified to be &,(m,) = dy(my) +

Asb(mb) to obtain the whole b-quark CEDM at the m,,
scale. The shift to CEDMs of quarks are given by

2 2
~ gs my - ~ M
q

We would like to mention that A;Sq (my,) is nontrivial, which

is induced by C‘Zq/ through integrating out the bottom quark
at the two-loop level. Below the m, scale, we assume a
four-flavor scheme for the RGE running of the Wilson
coefficients 6, Sq and Cg, between m;, and m,, and a three-
flavor scheme below m...
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