PHYSICAL REVIEW D 102, 075029 (2020)

Two-Higgs-doublet model with soft CP violation confronting electric dipole
moments and colliders

Kingman Cheung,l‘z’S’X Adil Jueid®,*" Ying-nan Mao®,"* and Stefano Moretti**
'Physics Division, National Center for Theoretical Sciences, Hsinchu 300, Taiwan
2Departmem‘ of Physics, National Tsing Hua University, Hsinchu 300, Taiwan
*Division of Quantum Phases and Devices, School of Physics, Konkuk University,

Seoul 143-701, Republic of Korea
*School of Physics and Astronomy, University of Southampton, Southampton SO17 1BJ, United Kingdom

® (Received 29 April 2020; accepted 18 September 2020; published 23 October 2020)

We analyze CP-violating effects in both electric dipole moment (EDM) measurements and future
analyses at the Large Hadron Collider (LHC) assuming a two-Higgs-doublet model (2HDM) with “soft”
CP violation. Our analysis of EDMs and current LHC constraints shows that, in the case of Type II and
Type III 2HDMs, an O(0.1) CP-violating phase in the Yukawa interaction between H (the 125 GeV Higgs
boson) and fermions is still allowed. For these scenarios, we study CP-violating effects in the neutron
EDM and #7H | production at the LHC. Our analysis shows that such an O(0.1) CP-violating phase can be
easily confirmed or excluded by future neutron EDM tests, with LHC data providing a complementary

cross-check.
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I. INTRODUCTION

CP violation was first discovered in 1964 through the
K; — mr rare decay channel [1]. Later, more CP-violation
effects were discovered in the K-, B-, and D-meson sectors
[2,3], and all of the discovered effects are consistent with
the explanation given by the Kobayashi-Maskawa (KM)
mechanism [4]. However, the KM mechanism itself cannot
generate a large enough matter-antimatter asymmetry in the
Universe. Therefore, new CP-violation sources beyond the
KM mechanism are needed to explain the latter [5-7].

Experimentally, all of the discovered effects of CP
violation until now have appeared in flavor physics
measurements, yet they can also be tested through other
methods. These can generally be divided into two different
categories: (a) indirect tests, which can merely probe the
existence of CP violation but cannot confirm the source(s)
behind it; (b) direct tests, which can directly lead us to the
actual CP-violation interaction(s).

For indirect tests, there is a typical example that one
most often uses: the electric dipole moment (EDM)
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measurements [8—13]. The reason is that the EDM effective
interaction of a fermion is

i -
Lgpm = —zdffa””ySfFW, (1)

where d is the EDM of such a fermion f, which leads to P
and CP violation simultaneously [9]. It is a pure quantum
effect, i.e., it emerges at loop level and, in the Standard
Model (SM), the electron and neutron EDMs are predicted
to be extremely small [9],

|dSM| ~ 1078 ¢ - cm, |dM| ~ 10732 ¢-cm,  (2)
because they are generated at the four- or three-loop level,
respectively. Thus, since the SM predictions for these are
still far below the recent experimental limits [14—17]

|d,|] <1.1x107% e-cm, |d,] <1.8x1072° ¢-cm,

(3)

both given at the 90% confidence level (C.L.),] these EDMs
provide a fertile ground to test the possibility of CP
violation due to new physics. In fact, in some beyond-
the-SM (BSM) scenarios the EDMs of the electron and

'An earlier result [15,16] is |d,| < 3.0 x 1072° ¢ . cm, while a
more recent measurement by the nEDM group [17] set the stricter
constraint |d,| < 1.8 x 1072% ¢-cm, both at 90% C.L. At
95% C.L., the latest constraint is then |d,| < 2.2 x 1072¢ ¢ - cm.
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neutron can be generated already at the one- or two-loop
level, and thus these constructs may already be strictly
constrained or excluded. In measurements of d, and d,,
however, even if we discover that either or both EDMs are
far above the SM predictions, we cannot determine the
exact interaction that constitutes such a CP violation.

For direct tests, there are several typical channels to test
CP violation at colliders. For instance, measuring the final-
state distributions from top pair [18-31] or 7 pair [32—40]
production enables one to test CP-violating effects entering
the interactions of the fermions with one or more Higgs
bosons. The discovery of the 125 GeV Higgs boson
[41-43] made such experiments feasible. Indeed, if more
(pseudo)scalar or new vector states are discovered, one
could also try to measure the couplings among (old and
new) scalars and vectors themselves to probe CP violation
entirely from the bosonic sector [44-46]. At high-energy
colliders, the discovery of some CP-violation effects could
lead us directly to the CP-violating interaction(s), essen-
tially because herein one can produce final states that can
be studied at a differential level, thanks to the ability of the
detectors to reconstruct their (at times, full) kinematics,
which can then be mapped to both cross section and charge/
spin asymmetry observables.

Theoretically, new CP violation can appear in many new
physics models, such as those with an extended Higgs
sector [47-52]. Among these, here we choose to deal with
the well-known two-Higgs-doublet model (2HDM) [51],
which we use as a prototypical source of CP violation
entertaining both direct and indirect tests of it. In the
2HDM, another Higgs doublet brings four additional scalar
degrees of freedom, two of which are neutral. Thus, there
are a total of three neutral (pseudo)scalars. In the CP-
conserving case, two of these are scalars and one is a
pseudoscalar. For some parameter choices the pseudoscalar
can mix with the scalar(s), and then CP violation happens.
Specifically, the 2HDM with a Z, symmetry is used here in
order to avoid large flavor-changing neutral currents
(FCNCs), yet such a symmetry must be softly broken if
one wants CP violation to arise in this scenario [51].

The CP-violation effects in the 2HDM were widely
studied in recent years. People carefully calculated the
EDMs in the 2HDM and discussed their further phenom-
enology [53-66]. Usually, the domain contributions come
from the two-loop Barr-Zee-type diagrams [53], and com-
plex Yukawa interactions provide the CP-violation sources.
In particular, for the electron EDM, a cancellation between
different contributions may appear in some region [67-74],
and thus a relative large CP phase ~O(0.1) in the Yukawa
interactions will still be allowed. Such a CP phase is
helpful to explain the matter-antimatter asymmetry in the
Universe [69,74-77]. However, such cancellation usually
does not appear in the same region for the neutron EDM,
and thus future measurements of the neutron EDM will be
helpful for testing the CP phases, which will be discussed

in detail below. The collider studies for CP violation were
usually performed model independently, but the results can
be simply applied for the 2HDM. We will therefore study
the effects of such a CP-violating 2HDM on the electron
and neutron EDMs as well as processes entering the Large
Hadron Collider (LHC), specifically those involving the
production of a top-antitop pair in association with the
125 GeV Higgs boson.

This paper is organized as follows. In Sec. II we review
the construction of the 2HDM with so-called “soft” CP
violation with the four standard types of Yukawa inter-
actions. Then, in Sec. III we discuss the current constraints
from the electron and neutron EDMs, show the reason why
we eventually choose to only phenomenologically pursue
the Type II and Type III 2HDMs for our collider analysis,
and discuss the importance of future neutron EDM tests.
In Sec. IV we discuss the current constraints from collider
experiments on these two realizations of a 2HDM. In
Sec. V we discuss LHC phenomenology studies on CP-
violation effects in the #7H associated production process.
Finally, we summarize and conclude in Sec. VI. There are
also several appendices which we use to collect technical
details.

II. MODEL SETUP

In this section we briefly review the 2HDM with a
softly broken Z, symmetry and how CP violation arises in
such a model. We mainly follow the conventions in
Refs. [78-80]. The Lagrangian of the scalar sector can
be written as

£="(D) (D'p) = Vi) (4)

=12
Under a Z, transformation, we can have ¢; - ¢,

¢, = —¢», and thus, in the scalar potential, all terms must
contain even numbers of ¢;. However, if the Z, symmetry

is softly broken, a term o ¢T¢2 is allowed, and thus the
scalar potential becomes

Vg1 ) =~ iy + i + (sl + Hc )]
F3 @107 + (i)
+ 23($10) (@302) + Aa($102) (1)
+ % (B1h2)* + H.c.] . (5)
Here ¢, are SU(2) scalar doublets, which are defined as

+ +
P P2

¢1 = <v|+m+i;(l ) ’ ¢2 = <v2+r/2+i;(2 ) : (6)
V2 V2

2 2
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The parameters m?, and 4;,34 must be real, while m?,
and As can be complex. Further, v;, are the vacuum
expectation values of the scalar doublets with the relation
V0o |* + |1)2\2 = 246 GeV. The ratio v,/v, may also be
complex,” and we define tg=|vy/vy] as usual.’

As shown in Ref. [51], CP violation in the scalar sector
requires a nonzero m3,. For the three possible complex
parameters m?,, As, and v,/v;, we can always perform a
field rotation to ensure that at least one of them is real. In
this paper, we choose v,/v; to be real (thus, both v, , are
real) like in Refs. [78-80], and we have the relation

Im(mi,) = v,v,Im(4s) (7)

following the minimization conditions for the scalar poten-
tial. If Im(m?,) and Im(1s5) are nonzero, CP violation
occurs in the scalar sector.

We diagonalize the charged components as

)= 0)G) o
H" ) \=ss ¢)\g3 )
where H* is the charged Higgs boson and G* is the

charged Goldstone. Similarly, for the CP-odd neutral
components,

GO Cﬂ Sﬂ X1
= . )

A —sp Cp) \X2
where A is the physical CP-odd degree of freedom and G°
is the neutral Goldstone. In the CP-conserved case, A is a

pseudoscalar boson, while in the CP-violating case A has
further mixing with the CP-even degrees of freedom as

H, m
Hy | =R m |- (10)
H; A

Here H ;3 are mass eigenstates and we choose H; as the
lightest one with mass m; = 125 GeV, so that it is the
observed SM-like Higgs boson. The rotation matrix R can
be parametrized as

|

1 Cq, Sa,
R = Cay  Sa 1
“Say; Cay Sy Cay
Cpta, Sp+a
X | =Spia,  Cpia, : (11)

1

When a;, — 0, H; becomes the SM Higgs boson. If m ,,
a1 23, and f are known, m3 can be expressed as [62,65,80]

2 (m% B m%5§3)c2ﬂ+a1/6‘33 - m%S2/5+a] ta3
: - )

CopraSay, — S2p+ay ta3

In the mass eigenstates, the couplings between neutral
scalars and gauge bosons can be parametrized via

LD ch,

1<i<3

( WW*”W +—ZZﬂz>
+ ZCLZM(H,.aﬂHj — H,0"H,). (13)

The coefficients are then

Cy1 = €23 = Cy,Cqy>» (14)
Cynp = —C13 = —Coq;Sq; — Co; S, Sz > (15)
Cy3 =C12 =S¢ 5a; = Cq CazSary - (16)

Next we turn to the Yukawa sector. Due to the Z,
symmetry, a fermion bilinear can couple to only one scalar
doublet, with the form Q; ¢;Dg, Q;¢;Ux, or L; €, and
thus it is helpful to avoid the FCNC problem [51]. Here
;= io,¢; and left-handed fermion doublets are defined as
Qi1 = (U;, D)l and L, = (v;, ¢;)T, for the ith generation.
Since the scalar potential contains a ¢; <> ¢, exchange
symmetry, we can set the convention in which Q;Upg
always couples to ¢, so that there are four standard types of
Yukawa couplings [51,80]:

~Yy 01U — YpQrpDp —
s —YUQL%ZUR —YpQr¢ Dy —
~Yy Q1 hUg — Yp 0Dy —
~Yy 01U — YpQOrp D —

*We can always fix v, to be real through a gauge transformation, and v, may be complex at the same time.

In this paper, we denote s, =sina, ¢, = cosa, and 7, = tan .
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Y,Li ¢ +H.c. (Typel),

Yfl}qulfR +H.c. (Type II), (17)
Y,L; ¢ ¢r +H.c. (Type ),

Y,Li ¢t +H.ec. (Type IV).
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The fermion mass matrix is Mf: Y fvcﬁ/\/i if the

fermion couples to ¢, and My = Y jvs,/ V2 if it couples
to ¢,. We parametrize the Yukawa couplings of mass
eigenstates as

Lo —Z% (cpiHifLfr +He.). (18)
if

For CP-violating models, c¢;; are complex numbers and
we list them in Appendix A for all four types of Yukawa
interactions. In all of these models, Im(cs ;) « s,,, and
thus a, is an important mixing angle that measures the
CP-violating phase in the Yukawa couplings of H.

III. CURRENT EDM CONSTRAINTS
AND FUTURE TESTS

In this section, we analyze the EDM constraints of
the electron and neutron for the four types of 2HDMs in
some detail. The b — sy decay requires the charged
Higgs mass to be my= 2 600 GeV for all four types of
Yukawa couplings when 75 ~ 1 [81-84]. If 74 gets larger, the
constraints will become weaker for Type I and III Yukawa
couplings. The oblique parameters [85,86] will then favor
the case m Hyy R 500 GeV [87—90].4 With such choices for
the scalar masses, the vacuum stability condition favors u=
Re(m?,)/s25 < (450 GeV)? [79]. Notice that x* will modify
the charged Higgs couplings a little, but it is not numerically
important to the EDM calculation, so we fix it at u*> =
(450 GeV)? in the rest of this work. More discussions about
the scalar couplings can be found in Appendix B.

An electron EDM measurement places a very strict
constraint on the complex Yukawa couplings in most
models. As a rough estimation, if we consider CP violation
only in the 125 GeV Higgs interaction with the top quark,
the typical constraint is arg(c,;) <1073 [73]. However,
some models (including the 2HDM) allow for the acci-
dental cancellation among various contributions, so that
larger arg(c, ;) may still be allowed [67-74]. In such cases,
neutron EDM constraints will also become important, as
shown in the analysis later in this section.

A. Electron EDM
A recent electron EDM measurement was performed using
the ThO molecule [14]. The exact constrained quantity is

|d| = |d, + kC| < 1.1 x 107 e-cm.  (19)

The second term measures the contribution from
CP-violating electron-nucleon interactions via

*When H 1 is SM-like, the oblique parameter constraints
are sensitive mainly to the mass splitting between the charged
and neutral scalars. They are not sensitive to the mixing
parameters in Eq. (11).

L > C(NN)(ziye), (20)

where the coefficient C is almost the same for the proton
and neutron. Here, k ~ 1.6 x 10~ GeV? ¢ - cm, which was
obtained for ThO [91,92]; however, for most other materials
with heavy atoms, this quantity appears to be of the same
order [9,93]. The contribution from electron-nucleon inter-
actions is usually subleading, though it can also become
important.

The typical Feynman diagrams contributing to the
electron EDM in the 2HDM are listed in Fig. 1.
Figures 1(a)-1(e) are Barr-Zee-type diagrams [53] with
the top quark 7, W* boson, or charged Higgs H* in the
upper loop, while Figs. 1(f) and 1(g) are non-Barr-Zee-type
diagrams. These seven diagrams contribute directly to d,.
Figure 1(h) shows the contribution through the electron-
quark interaction, while Fig. 1(i) shows the contribution
through the electron-gluon interaction. The contributions
can be divided into eight parts, as summarized in Table 1.

The analytical expressions in the Feynman—t Hooft
gauge are listed below. For simplicity, we denote

2m,G
8y = % — 3.1 x 107 GeV
p
=6.1x102 ¢-cm (21)

from now on. For the fermion-loop contribution in which
the top quark is dominant, we have [53-59,63,66,67]

do" 32
B = ?50[f(ZzH,)Re(Ct,i)Im(Ce,i)
+ 9(zi,)Re(c, ;) Im(c,;)], (22)
852
dH (=Tl 4%,
e 52 2 0
0w €O
X [F(ZIH[’ ZIZ)Re(ct,i)Im(Ce,i)
+ G(ZtH,- ’ ZtZ>Re(Ce.i)Im(Cz,i)]- (23)

Here z;; = m;/m; and 6y is the weak mixing angle with
sgw = 0.23. The loop integration functions here and below
are all listed in Appendix C. For the electron EDM
calculation, the Z-mediated contribution is accidentally
suppressed by —1/2 + 2s§w ~ —0.04. For the W-loop

contribution, we have [53-55,57-59,63,66]

dW-,}’-,Hi

: P —80 | 12f (zwn,) + 239(zwn,) + 3h(zwn,)

4 () = oawm) | evalm(ee). (24

075029-4
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5

@i

€ - e
(2)

Typical Feynman diagrams contributing to the electron EDM in the 2HDM. The blue lines can be y or Z, while red lines are
neutral Higgses H ;3. Diagrams (a)—(g) will contribute to d, directly, while diagrams (h)—(i) will contribute to the electron-nucleon

FIG. 1.

interaction term.

TABLE L.

Different contributions to the electron EDM and the

— —

/\‘\

q q
e e
(h)

v
Hi
N
\
N
s\
e
(©
~
\
\
|
e
g Q g
> l >
(& (&

@

WZH, _ 2 )
corresponding Feynman diagrams. de - _ ! ;';4S9w ) 5 2t‘9w F(ZWH,-’ ng)
Diagram Contribution CP-violation Ow 5
vertex 7 - 3f9W 3 3
———G(zwn,» ,) + 7 h(zwa,) + 5 9(zwn,)
dir/eH: (a) Fermion (top) loop H;ee, H;it 2 PO g (wn 4 (wn,
7IZ.H; _ _2
dZV;V/ZH ®) W loop H;ee 1%, (F(zwn,. ¢} ) — Glzwn,. c5.))
sy Charged Higgs Hee dzwh, WH;> = 0w WH;> = 0w
H= loop
x cy Am(c, ;)- 25
dVTH (@yand () WE — HE loop HXW¥H, v.lm(ce.) (25)
5dVW () non-Barr-Zee W loop Hee
z 3 . I .
od; (® non-Barr-Zee Z loop Hiee This contribution will cross zero around m; ~ 500 GeV
d: (h) Electron-quark H;ee because of the cancellation between W and Goldstone
, Interaction contributions and, in the heavy-m; limit, the pure Goldstone
am . @) Electron-gluon Hee . . !
e.gi interaftion i diagram has the behavior ~In(m?/m3,). The charged-

075029-5
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H*y.H;
di 2641
e

) (e = slew e timlecy). (26

+

2

dil" FH 1 +4sh 126500
- o

e S29,, 120,
X [F(Zi,i» Zi,Z) - G(Zi,iv Zi,Z)]ci,iIm(Ce.i)'
(27)

Hereafter, “£” is used to denote the charged Higgs boson,
while c_._; is the coupling constant between the charged and
neutral scalars entering via £ D —cy ;vH;H"H~. The
W= — H*-associated loop yields [57]

+ H.
ey Hy(zwn,) — Hi(22i)
e 255, Zew— 1 "
 HP(zwn,) = HY(z24)

|1 ). (28
Zi,W_l ci,l m(ce,z) ( )

The first term corresponds to Fig. 1(d), while the second
term corresponds to Fig. 1(e). The non-Barr-Zee-type
diagrams give [55,63]5

dy 5
ee =~ STO (ng,i + ng.i + va,i + ng,i + D;V,i)
Ow

x cy Im(c, ;). (29)

= _450t62)W(D%,i + Dlé,i + D%,i)CV,iIm(Ce,i)' (30)

The analytical expressions are too lengthy to present here,
so we list all of them in Appendix C. One-loop contribu-
tions to d, are highly suppressed by m and thus we ignore
them [70,94]. The interaction-induced effective EDM
terms are [92,95-97]

: V2m,Gpk _
doyi = m—lgFlm(ce.i)[Re(cu,i)<muuu>
+ Re(cy,)((mqdd) + (m5s))], (31)
, V2m,Grk
dpyi = _Tflm(ce,i)[zRe<cu,i) +Re(cq,)]

a
s v

(4 G0 32)

>We have checked the results in Refs. [55] and [63]. In the
heavy-m; limit, the loop functions should be logarithm enhanced
as in Ref. [55] (just like the pure Goldstone contribution in
Ref. [54]). However, the results in Ref. [63] have improper power
enhancement, and thus this behavior cannot be physical. So we
used the result from Ref. [55] for validation.

TABLE II.  Nucleon matrix elements in the three-flavor scheme
at the hadron scale ~1 GeV. The lattice calculations of quark
matrix elements are a bit different from different groups, as
summarized in Ref. [103], and the results in this table are quoted
from Ref. [101] which are close to the averaged values. The gluon
matrix element was derived based on Ref. [98].

<mdad>
31.4 MeV

(m5s) (%G, G™)

Ax T HY
40.2 MeV —183 MeV

(m,fiu)

14.5 MeV

The nucleon matrix elements (O) = (N|O|N) and their
values are similar for the proton and neutron. Thus, we
choose the average values of the proton and neutron
considering three active quarks (u, d, s) at the hadron scale
~1 GeV [97-103], as listed in Table II. Summing all parts
together, the effective electron EDM is

dgff — de + dient

ty.H; t.ZH,; W.y,H; W.Z.H,; H* .y H,;
=d" +d”T de T Hde T Hde T

+d A d T 6 4 SdE 4+ d
(33)

For each part above, d) m, and thus it is suppressed by
the small electron mass. We can extract C) = d’. /(=m,),
which is independent of the fermion mass. This coefficient
is not useful in the electron EDM calculation, but it will be
helpful in order to map the corresponding part into the
quark EDM, which is important in the neutron EDM
calculation below.

B. Neutron EDM

The neutron EDM calculation is more complex as it
involves more contributions and QCD effects. As shown in
Fig. 2, there are three types of operators contributing to the
neutron EDM: the quark EDM operator O,, quark color

EDM (CEDM) operator (7)q, and Weinberg operator Og.6
They are chosen as follows [9,58]:

i _
Oq = _Equmqqaﬂb},SqFﬁw’ (34)
~ i _
Oq = _EgsmqqaﬂytaySQGZw (35)
1 -
0, = =30:f "G}, GG, (36)

°In the 2HDM with Z, symmetry there is no CP violation
entering the thH™ vertex, and thus we do not need to consider the
diagram with a charged Higgs boson inside the loop for the
Weinberg operator [56].

075029-6
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g

()

(b) (©

FIG. 2. Various contributions to the neutron EDM: quark EDM, quark CEDM, and Weinberg operator.

where g, is the QCD coupling constant, * is a generator
of the QCD group, and f%*¢ denotes the QCD structure
constant. At a scale y,

L2 (Ci(w)0, ) +

q=u,d

Cy(1)Oy (1)) + Cy(u) O, ()
(37)
and

dy(p)/e = Qgmy(u)Cy(n),  dy(p) = my(u)Cy(n).
(38)

For convenience we also redefine w(u) = g,(u)C,y(u).
Notice that these EDMs should first be calculated at the
weak scale puy ~ m,.

The calculation methods of C, and C, are the same as
those for d, through Figs. 1(a)-1(g). For the quark EDM,
we perform the calculation at the weak scale uy, ~ m, and

list the results of the C{, evaluation [57] as follows:

(™I, scE) = (@I 5T, (39)
2s§w
C;/W/Hi,zﬂi _ —12+T _—_léte/W/Hi,z,H,-’ (40)
—3+2s5, Qa
1 455W 1
C;/W/Hi’zﬂi _ 5_73.__62/W/Hi.z,1'1i’ 41
—%+2S§W Qu ( )
. 1
(CVHH SeWy — (— CWHH, _5CW) (42)
0, 0,
-1 =1 =
(C;V.Hi,H,»’ 5CZV) = CZV’Hi'H’7 —5CZV). (43)
Qd Qd

Here, each C} means C/, with the replacement ¢, ; — ¢, ; in
the Yukawa couplings. The contributions including the Z
boson in the Bar-Zee diagram become important in the
quark EDM calculation, because there is no accidental
suppression like that in the electron EDM calculation. For

the CEDM terms, only Barr-Zee diagrams with a top
loop contribute. The result at the weak scale py ~ m, is
then [57,58]

2\/_a ,MW

Cq(/«lw) = ZtH )Re( CUZ)Im(qu)

2

+ g(sz )Re( Am(ey ;)] (44)
The coefficient of the Weinberg operator at the weak scale
is [9,58]

\/_06 (ﬂW

C (ﬂw) 4(471_)

Gr Z W(zm,)Re(cy ;) Im(cy ;).

i=1

(45)

and the loop integration W(z) is listed in Appendix C.

To calculate the EDM of the neutron, we must consider
the renormalization group equation (RGE) running effects
to evolve these to the hadron scale yy ~ 1 GeV. The one-
loop running gives [58,104—-107]

C,(un) 042 -038 =007\ /C,luw)
Cy(u) 0.20 Cypw)

(46)

There is no quark-mass dependence in C, or C , and the
evolution of C, is equivalent to w(uy) = 0.41w(uy).
According to Eq. (38), we only need the quark mass
parameters at uy ~ 1 GeV in the final calculation. The one-
loop running mass effect is [2]

m,(1 GeV)/m,(2 GeV) = 1.38 (47)

and, with the lattice results at 2 GeV [2,108,109], we have

m,(1 GeV) ~3.0 MeV,  my(1 GeV) ~6.5 MeV.

(48)
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The hadron scale estimation was performed based on QCD
sum rules [9,58,110-112],

d d d

D (20 MeV)w(uy) + 0.65 220 _ ¢ 16 Lulbsn)

e e e
+0.48d,(py) + 0.24d, (uyy), (49)

with an uncertainty of about 50%. The light-quark con-
densation is chosen as (gq) (1 GeV)=—(254MeV)? [114],
which is a bit larger than that from Refs. [9,110].8
Combining all of the results above, we have

d, _
P my(py)(0.27Q,4C 4 (pw) +0.31C,(uy))

+m,, () (=0.07Q,C, (uw) +0.16C, (1))
+ (9.6 MeV)w(uy). (50)

C. Numerical analysis for the 2HDMs

In this subsection we analyze the 2HDM with soft CP
violation, including all four types of Yukawa interactions.
For the electron EDM, the Type I and IV models give
the same results, and the Type II and III models give the
same results.” In the calculation of the electron EDM,
the diagrams in Figs. 1(a) and 1(b) usually contribute
dominantly.

For Type I and IV models, numerical results show that
there is no cancellation among various contributions to
the electron EDM, and thus the CP-violating phase is
strictly constrained. The reason is that in these two models,

both 3°,(d5"/%M1) and °,(dl"'“") have the behavior
& —S54,/15, and thus d, cannot get close to zero when
keeping the CP-violation phases. This behavior is consis-
tent with the results in which only the contribution from H
is considered [73], because in most cases the H; contri-
bution is dominant compared with the heavy scalars if 7, is

not too large, such as <10.
We take my; ~500 GeV and my ~600 GeV as a
benchmark point and find

"The contributions from the quark EDM are consistent with a
recent lattice calculation with better uncertainty [103], while the
lattice calculations of the contributions from the quark CEDM
and Weinberg operator are still ongoing [113].

¥Reference [114] presented the lattice result (q)(2 GeV) =
—(283 MeV)? and also showed the RGE running effect as
d(m,qq)(u)/dInp < mj, which is negligible for u and d quarks.
Thus, we have (gq)(1 GeV)/(gq)(2 GeV) =m,(2 GeV)/
my(1 GeV) = 0.73.

During the calculation of Fig. 1(a), we considered only the top
quark in the upper loop and ignored the small contributions from
other fermions. Such an approximation is good enough when 7, is
not too large, such as <10. In cases with a larger 74, contributions
from the bottom quark or 7 in the loop will become important.

diV ~ 6.7 x 1077 (%) e-cm (51)
B

in the region 75 <10 and s,, < 1. This result is not
sensitive to @; 3 and gives'’ |s,, /15| < 8.2 x 107, which
means the CP phase |arg(cy )| <8.2x 107 for f = ¢,, U,.
This is extremely small and would not be able to produce
interesting CP-violating effects, so in the rest of this work
we do not discuss these two 2HDM realizations further.
For Type II and III models, in contrast, numerical results
show significant cancellation behavior for some parameter
regions in the electron EDM calculation and thus a, is
allowed to reach O(0.1). The reason is that different terms
depend differently on z5. As shown above, we can divide

ds"7 M into two parts as di’.}zg'H" x Re(c;;)Im(c, ;) and

ty/Z,H;
de.}zb)

S (d A A o syt and Y0 (dlTEM) o
—S24,/tg, We confirm that there is always some region in
which different contributions to the electron EDM almost
cancel with each other, and thus a large |a,| ~ O(0.1) can
be allowed. Other contributions may mildly shift the exact
location where cancellation happens, but they do not
modify the cancellation behavior. For these two models,
we can discuss two different scenarios: (a) the heavy
neutral scalars H,; are close in mass and a3 can be
changed in a wide range; (b) H, and H; have a large
mass splitting, and thus a3 must be close to 0 or z/2.
We first consider Scenario (a). In this scenario the
cancellation behavior is not sensitive to a3 in a wide region
(for example, 0.2 < a3 < 1.4) because the H, 3 are close
in mass, and thus the dependences on az from H, and H;
contributions almost cancel each other. Thus, we choose
az = 0.8, my = 500 GeV, and m, = 600 GeV as a bench-
mark point. We focus on the lower 75 region, which can
generate a relatively large CP-violation phase in hif
vertex.!! In the region with a; ~0 and tg ~ 1, we have

x Re(c,;)Im(c,;). Then, based on the behavior

0.904
AN~ 3.4 % 107, (t/; - t—> e-cm, (52)
p

which means the cancellation appears around #; =~ 0.95 or,
equivalently, f ~0.76. Different from the Type I and IV
models, a large mixing angle |a,| ~ O(0.1) [and hence a
CP phase |arg(cs;)|~O(0.1) for f=7¢;,U;] can be
allowed due to the cancellation. We show the cancellation
behavior of the electron EDM in the # — a; plane in Fig. 3

g, ~ 7/2 is not allowed by other experiments, and thus we

onlly consider the case a, < 1.

'As pointed in Ref. [67], another cancellation region is around
15~ (10-20). However, arg(c, ;) o 7', and thus it is suppressed
and difficult to test at colliders in this scenario. Thus, we will not
discuss the large-5 scenario in this paper.
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Cancellation behavior between f and a; in Scenario (a) of Type II and Type III 2HDMs. As an example, the fixed parameters

are listed in Table III. The solid lines are the boundaries with |d,| = 1.1 x 107 ¢ - cm and the regions between solid lines are allowed
by the ACME experiment, while the dashed lines are for d, = 0. In the left panel we show a Type II model. The blue, orange, and red
lines are shown for a, = 0.05, 0.1, 0.15, respectively. In the right panel we fix @, = 0.1 and show a comparison between the Type II and
Type III models. The orange lines are for the Type II model, while the cyan lines are for the Type III model.

for Type II and III models. The electron EDM sets a strict
constraint which behaves as a strong correlation between /3
and a;. Numerical analysis shows that, with fixed heavy
scalar masses, the location where the cancellation happens
is not sensitive to a,, which is consistent with the result in
Eq. (52), but the width of the allowed region is almost
proportional to 1/s,,,. We show this behavior for the Type
I model in the left panel of Fig. 3, where the blue, orange
and red lines correspond to a, = 0.05, 0.1, 0.15, respec-
tively. The cancellation behavior in the Type III model is
similar to that in the Type II model because the Barr-Zee
diagram with a bottom-quark loop is negligible and thus the
only difference comes from the electron-nucleon interac-
tion part. In the right panel of Fig. 3, with fixed a, = 0.1,
we show a comparison of results for the Type II model
(orange lines) and Type III model (cyan lines), and we find
that they are almost the same. When m, 5 increases the
location where the cancellation happens will also change
slowly, and we show the corresponding results in Fig. 4.
When m, increases from 500 to 900 GeV, the cancellation
location also moves slowly from about f=~0.76 to
p~0.84. The width of the allowed region is almost
independent of the heavy scalar masses, as it is only
sensitive to a,. The cancellation behavior leads to the
conclusion that there is always a narrow region that is
allowed by the electron EDM measurement, and thus we

TABLE III. Fixed parameters of Scenario (a) to discuss the
cancellation behavior. With these parameters and j, a; ,, we can
calculate ms; through Eq. (12), and calculate the couplings
through the equations in Appendices A and B.

2
my H a3

600 GeV (450 GeV)> 0.8

my

125 GeV

my

500 GeV

cannot set a definite constraint on the CP-violation mixing
angle a, only through the electron EDM, such as in the
ACME experiment.

In contrast, the neutron EDM calculation does not
involve such a cancellation behavior in the same region
as the electron one, and thus it can be used to set direct
constraints on the CP-violating mixing angle a,. In the
parameter region allowed by the electron EDM constraints,
the CEDM of the d quark contributes dominantly to the
neutron EDM. Numerical analysis shows that the neutron
EDM d, « s,,, and it is not sensitive to @, 3. We calculate

B

085}

080}

075}

: : . - my(GeV)

600 700 800 900

FIG. 4. Mass dependence in the cancellation region in the
Type II model. Choosing m, —m, = 100 GeV, a3 = 0.8,
a, =0.1, a; =0, and p*> = (450 GeV)? as an example, the
black line shows the value of f satisfying d, = 0, while the dark
blue region satisfies |d,| < 1.1 x 107 ¢ - cm, which is allowed
by the ACME experiment at 90% C.L. If we set |a;| < 0.1, the
light blue region is allowed. Results for the Type III model are
almost the same and thus we do not show them.
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FIG. 5. Left: d,/s,,, dependence on m, in the Type II (blue) and Type III (orange) models using the central value estimation of
Eq. (50) in the parameter region allowed by the ACME experiment. We choose a; = 0 and @3 = 0.8 as an example, but the modification
due to these two angles is at less than the percent level, which is far smaller than the uncertainty in the theoretical estimation (about the
50% level). Right: the limit on a, in the Type II (blue) and III (orange) models. The solid lines are obtained through the estimation of the
central value and the dashed lines are the boundaries considering the theoretical uncertainty. If theoretical uncertainties are taken into

account, we cannot set any limit on @, in the Type III model through neutron EDM measurements.

its dependence on m, in the Type II and III models
using the central value estimated in Eq. (50) and show
the results in the left panel of Fig. 5. In the Type II model,
a, is constrained by the neutron EDM (the latest result is
|d,| <22x1072° ¢-cm at 95% C.L. [17]). Using the
central value estimation in Eq. (50), |a,|< (0.073-0.088) if
m, changes in the range (500-900) GeV, as shown in the
right panel of Fig. 5. Considering the uncertainty in the
neutron EDM estimation [110], a larger |a,|~0.15
can also be allowed.'” In the Type III model, there is
almost no constraint on a, from the neutron EDM." This

|

is because in the Type III model Re(c,;)Im(c,;) =
—Re(cy;)Im(c,;), which is different from the relation in
the Type II model. This leads to an accidental partial
cancellation between the two terms [see Eq. (44)] in the
d-quark CEDM contribution, which dominates the neutron
EDM calculation.

Next we discuss Scenario (b), in which a large mass
splitting exists in m, 3, corresponding to the cases in which
aj is close to either /2 or 0. From Eq. (12) we can find two
solutions for 7,,:

3

(m3 = m3) &\ (m3 = m3)2s3, = 4(m3 = md)(m3 —md)s2,c3y..

+ =
(13

In the large-mass-splitting scenario, a3 is close to /2 and
a; is close to 0. In the af case, H, is a CP-mixed state in
which the pseudoscalar component is dominant, while H;
is almost a pure scalar. Conversely, in the a3 case H; is a

2As discussed above, here we do not consider the region a,
close to z/2 since it corresponds to the case in which H, is
dominated by the pseudoscalar component, which can be
excluded by other experiments. See the next section for more
details.

BIf we consider only the central value of the neutron EDM
estimation (50), the constraint is about ‘SZuz‘ < 0.9, meaning that
Qs max 1s already close to z/4. However, if the large theoretical
uncertainty in the neutron EDM estimation is also taken into
account, we cannot exclude any value for |s,,,| < 1, which means
no constraint on |a,| can be set in the Type III model.

2(m3 — m3)$5,Copraq

(53)

|
CP-mixed state, while H, is almost a pure scalar. In this
scenario, the large mass splitting between H, 5 leads to a
significant H3; — H,Z decay, because the coupling is just
cy.1, which is not suppressed by mixing angles. Numerical
analysis shows a similar cancellation behavior as in
Scenario (a) in both (agt) cases. We show the results of
the Type II model in the upper two panels of Fig. 6. Similar
to Scenario (a), the cancellation behavior in the Type III
model is almost the same as that in the Type II model and
we show a comparison in the lower two panels of Fig. 6.
The behavior of the neutron EDM is also similar to that
of Scenario (a). In the regions allowed by the electron EDM
constraint, d, is only sensitive to a, and is almost
independent of «;. With the benchmark points in
Table IV, and using the indices II/IIl and +/— to denote

Type II/III models and o/~ cases, we have
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FIG. 6. Similar to Scenario (a), the electron EDM sets a strict constraint which behaves as a strong correlation between f and a; .
As an example, the fixed parameters are listed in Table IV. We show the cancellation behavior of the Type II model in the upper two
panels and a comparison between the Type II and III models in the lower two panels. The color notation is the same as in Fig. 3.
The left two panels correspond to the case aj, while the right two panels correspond to the case aj. We have approximately

aj ~n/2-15x1072a, and a3 =~ —0.52a,.

Ay /52, 2 1.4 x 10725 ¢ - cm, (54)
dn /24,2 1.3 %1075 ¢ - cm, (55)
dn"" /520, 224 x 10720 ¢ - cm, (56)
dn"" [S2e, 2 1.9 10720 ¢ - cm (57)

TABLE IV. Fixed parameters of Scenario (b) to discuss the
cancellation behavior. With these parameters and 3, a; ,, we can
calculate af through Eq. (53), and calculate the couplings

through the equations in Appendices A and B.

2

(450 GeV)?

m

125 GeV

my

500 GeV

ms

650 GeV

my

700 GeV

based on the central value estimation in Eq. (50). Thus, we
can obtain the upper limit on a, in the Type II model as

0525{

There is no constraint on @, from the neutron EDM in the
Type III model for the same reason as discussed above
for Scenario (a).

In both Scenarios (a) and (b), the cancellation can appear
around the region #4 ~ 1, and thus both a, and arg(c, ) can
reach O(0.1), which leads us to the phenomenological
studies of CP violation in ffH; production in Sec. V. For
this process, both scenarios have similar behaviors. In the
future, if we go deeper into the phenomenology of heavy
scalars, differences between these two scenarios will arise.

0.079
0.085

(a7 case),
58
(a5 case). (58)
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For example, there will be Hy; — ZH, decay in Scenario
(b), but such a process cannot appear in Scenario (a).

D. Future neutron EDM tests

Several groups are currently planning new measurements
of the neutron EDM, to an accuracy of O(107?7 ¢ - ¢cm) or
even better [10,13,115-119]. Such an order-of-magnitude
improvement in accuracy would be very helpful to perform
further tests on the Type II and III 2HDM scenarios
considered here.

If no anomaly is discovered in future neutron EDM
measurements, the upper limit on d, would improve to
about 10?7 ¢ -cm, and there would be more stringent
limits on a, in both Type II and III models, as shown in
Fig. 7 for Scenario (a). With future neutron EDM mea-
surements, a, can be constrained to O(1072) in the Type I
model and to O(1073) in the Type II model. Similar
constraints can be placed in Scenario (b). In the current
analysis, the expected limit on a, still contains large
uncertainties (see the colored bands in Fig. 7) due to the
theoretical uncertainties in the estimation of the neutron
EDM from sum rules [110]. Future theoretical estimations
of the neutron EDM from lattice experiments are expected
to have better accuracy [~O(10%)] [103,113], and thus it
will be more effective at obtaining future limits on a, with
smaller uncertainties."*

In contrast, if @, ~ O(0.1), there will be significant BSM
evidence in future neutron EDM measurements. In the
models that contain a similar cancellation mechanism in the
electron EDM, the neutron EDM experiments may be used
to find the first evidence of a new CP-violation source or
set the strictest limit directly on the CP-violating phase a5,.

E. Summary of EDM tests

In the previous subsections we discussed the electron
and neutron EDM tests in the 2HDM with soft CP
violation. There is no cancellation mechanism in the
Type I and IV models and thus the electron EDM can
set strict constraints on the CP-violation angle as
larg(cs.1)| 2 |sq,/15] < 8.2 x 107, However, this value is
too small to give any observable CP effects in other
experiments, and thus we decided not to further discuss
these two 2HDM realizations. In contrast, cancellations

YTo obtain an effective limit, the uncertainty must not be too
large, e.g., similar to or even larger than the central value. As a
comparison, the EDMs for diamagnetic atoms are also good
candidates to probe new CP violation [120-122]. However,
based on the results in Refs. [56,67,102,123], the EDM for the
"%Hg atom is dyj, /s34, = (=1.733) x 1072 ¢-cm and di}} /54, ~
(=1.3%59) x 10727 ¢ - cm for Scenario (a) with m, = 500 GeV
in the Type II and III models, respectively. The results cross zero
within the 1o level due to large theoretical uncertainties, meaning
that it is impossible to set constraints directly on a, through the
EDM of '*’Hg (or similar atoms) in the low-1; region.

0.020F

0010}

0.005

0002f T e

(')0 m»,(GeV)

600 700 800 9

FIG.7. Upper limit on a;, in the Type II and III models when the
future limit decreases to |d,,| < 10727 ¢ - cm. The color scheme is
the same as above: blue for the Type II model and orange for the
Type III model. The solid lines are obtained using the central
value estimation and, if we consider the current theoretical
uncertainty estimation of Ref. [110], the boundaries of the limits
on a, are the dashed lines.

among various contributions to the electron EDM can occur
in the Type II and III models. Here, we still face stringent
constraints but these will induce a strong correlation
between S and «;. However, we cannot set constraints
directly on the CP-violation mixing angle a,. The behavior
is the same in the Type II and III models. In fact, it is also
the same in both Scenario (a) (in which m, 5 are close to
each other) and Scenario (b) (in which m, 3 have a large
splitting). A cancellation generally happens around 7; ~ 1,
with the exact location depending weakly on the masses of
the heavy (pseudo)scalars.

Current measurements of the neutron EDM can set an
upper limit on |a,| ~ (0.073-0.088) in the Type II model,
depending on different scenarios and masses, if we take the
central value of the neutron EDM estimation. Such limits
can be weakened to about 0.15 if we consider the
theoretical uncertainty. But one cannot set limits on a,
in the Type III model, because the CEDM of the d quark in
this model is suppressed by a partial cancellation. However,
a, in the Type III model is constrained by collider tests,
which will be discussed in the next section.

Finally, we showed the importance of future neutron
EDM measurements in our models relying on the cancel-
lation mechanism in the electron EDM. For a, ~ O(0.1),
there would be significant evidence in future neutron EDM
experiments, which will be more sensitive than any other
experiments. And if there is no evidence of a nonzero
neutron EDM, the improved limit on the neutron EDM
will set strict constraints on the CP-violation mixing angle:
the upper limit of |a,| will reach O(1072) in the Type III
model and O(1073) in the Type II model. To explain
the matter-antimatter asymmetry, |arg(c,;)| 2 1072 is
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required [74—77]. Thus, if future neutron EDM experiments
still show null results to an accuracy ~10727 ¢ -cm, the
Type II model will not be able to explain the matter-
antimatter asymmetry, due to the very strict constraint
on a,.

IV. CURRENT COLLIDER CONSTRAINTS

Any BSM model must face LHC tests. In our 2HDM
with soft CP violation, as mentioned, we treat H; as the
125 GeV Higgs boson. In this scenario then, the latter
mixes with the other (pseudo)scalar states and its couplings
will be modified from the corresponding SM values.
However, these modified couplings are constrained by
global fits of the so-called Higgs signal-strength measure-
ments. In addition, the scalar sector is extended in a 2HDM,
so that direct searches for these new particles at the LHC
will also set further constraints on this BSM scenario. In
this respect, we discuss only the Type II and III 2HDMs, in
which the cancellation behavior in the electron EDM still
allows a large CP phase in Yukawa interactions.

A. Global fit of Higgs signal strengths

The Higgs boson H; is produced at the LHC mainly
through four channels: gluon fusion (ggF), vector-boson

TABLE V. Signal strength measurements by the ATLAS (left)
and CMS (right) collaborations at /s = 13 TeV. The luminosity
is < 139 fb~! for the ATLAS measurements and < 137 fb~! for
the CMS measurements.

ggF VBF V+H i+ H
H = bb 30158 119793 0.7970%
H— 1ttt 0.9610:3 1.16503% 1.38% 00
H—yy 0961017 1.391040  1.09108  1.381032
H—-Ww*  1.08%01 05993 1561042
H— 77" 1047016 268108 0.687:%0

ggF VBF V+H i+ H
H — bb 245123 . 1.061926 1.13703
H—7trm 039793 105103  22t10 081707
H—yy 1.097012 0771950 1.627°023
H—Ww* 128008 063708  1.64t]30 0937048
H— 77" 0987017 0571046 1.1079058  0.257)9%3

and thus the aforementioned signal strengths are modified.
The production cross sections satisfy [135-137]

fusion (VBF), and associated production with a vector OVBF _ _OviH _ 2, (60)
boson (V + H,, here V=W, Z) or a top-quark pair OVBFSM  OV+H.SM '
(t1 + H,) [124-127]. The decay channels H — bb,7" 7™,
vy, WW*, and ZZ* have already been discovered. We G gk B, (%) 2
define the signal strength y; ; corresponding to production P Re(c,y) +1i e Im(c, ;)
channel i and decay channel f as follows: 9w e
- = [Re(c, 1) +2.3[Im(c,1 )], (61)
O Do,
Hir=oa T — tl“tSM’ (59) o
iSM T f.SM tot D [Re(c,1)]? + 0.37[Im(c,,)]?, (62)
O1i+H,SM
where o; denotes the production cross section of the !
production Channel i among those listed above, I'; denotes i hile the decay widths satisfy [135,136]
the decay width of channel f, and I',,; denotes the total
decay width of H,. Quantities with the index “SM” denote I Coone
. . 7z WW* 2
the values predicted by the SM. Such signal strengths for r I A AT (63)
different channels have been measured by the ATLAS Zz° M ww.SM
[128-131] and CMS [132-134] collaborations; we list
them in Table V. Iy )
As intimated, in the 2HDM, H; couplings to SM particles T =lesal?, (f = ¢, b.7), (64)
are modified due to the mixing with other (pseudo)scalars f7-sM
|
r B ZHyt 2
Y = |Re(c,y) +1i 1(23 [) Im(c,;)| =[Re(c,)]* +2.3[Im(c,,)]%, (65)
Fgg-SM Al( 4] )
ctlﬂz 21+ ZH\W 4 ZHyt : ZHyt 2
F}’}/ B W (T) + CV,IAZ( 1 ) + 3 [RC(CI,]).Al (T) + 1Im(c,.1)B, (T)}
Ly sm $A () + Ay ()
~[1.28¢cy; —0.28Re(c, ;) — 0.02)* + 0.19[Im(c, )] (66)
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TABLE VI. Predictions of the main BRs of the SM Higgs
boson with mass 125 GeV.

BRJM BR3M. BRM  BR}M. BRSM BR3M
58.2% 6.3% 2.9% 21.4% 2.6% 8.2%

TABLE VIL. The y2. /d.o.f. for the Type I and Type III
models using ATLAS data, CMS data, and their combination,
respectively.

22 /d.olf. ATLAS CMS ATLAS + CMS
Type 1T 11.8/13 12.2/15 24.2/31
Type T 12.7/13 11.9/15 24.8/31

The loop functions A ; , and B, are listed in Appendix D.
Here, cy 1 = ¢4, ¢q, holds for all types of models, while ¢
depend on the model type and are listed in Appendix A.
The f7 + H, cross section ratio in Eq. (62) is only valid
for the LHC at /s = 13 TeV. For the yy decay (66),
the charged-Higgs-loop contribution is small compared
with the top-quark and W loops, and we choose the case
my = 600 GeV for illustration. The total width satisfies

Lot SM Ff
— = BR>Y - ——. (67)
Lot sm zf: f [t sm

BstfM is the SM prediction of the branching ratio (BR) of
the SM Higgs boson decay to the final state f, and thus all
of the modifications are normalized to the SM values. For
the 125 GeV SM Higgs boson, we list the theoretical
predictions of the BRs of the main decay channels in
Table VI [127].

FIG. 8.
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We perform y? fits, where

exp th \ 2
Hir —H;
;(2 = Z <f f) , (68)

it 5/‘12,f

exp
if
is the experimentally measured one, and &u;, is the
associated uncertainty. The possible small correlations
across production and decay channels are ignored. For a
2HDM, y? depends only on f3, ; ,. We perform global fits
for the Type II and III models, in which a, ~ O(0.1) is still
allowed. The minimal y* (denoted by 2. ) obtained from
ATLAS and CMS data as well as the combined one are
listed in Table VII. The fitting, normalized to the degrees of
freedom (d.o.f.), is good enough because the models
approach the SM limit when a; , — 0. If one then defines
Sy* = x* — x2,,» this is useful to find the allowed parameter
regions of the two 2HDM realizations considered. Our
numerical study shows that the results depend weakly on f.
We choose f# = 0.76 [corresponding to m, 3 ~ 500 GeV in
Scenario (a)] as an example and show the allowed region
from combined ATLAS and CMS results in the a, — a;
plane in Fig. 8. For both Types II and III, the global fit
requires |a,| < 0.33 in the region S~ (0.7-1). For the Type
I model, this constraint is weaker when compared with that
from the neutron EDM. Nevertheless, it can set a new
constraint on |a,| for the Type III model. The allowed range
for |a;| in the latter is wider than the one in the Type II
model, in fact. In both models, «; is favored when close to
0, and thus, in the following discussion, we usually fix
a; = 0.02, a value which is not far from the best-fit
points in most cases. In Fig. 9, we show instead the
allowed regions in the a;-f plane for fixed @, = 0.1, 0.2

where ,u?’]f is the theoretically predicted signal strength, p

Allowed regions in the a,-a; plane obtained by using the combined results from the ATLAS and CMS collaborations, with

fixed # = 0.76 for Type II (left) and Type III (right). Green regions are allowed at 68% C.L. (5y> < 2.3) and yellow regions are allowed

at 95% C.L. (6y* < 6.0).
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FIG. 9. Allowed regions in the a;-f plane obtained by using the combined results from the ATLAS and CMS collaborations, with

fixed a, =
allowed at 95% C.L. (8y* < 6.0).

in the Type III model. The dependence on £ is indeed weak,
but it increases somewhat when a, gets larger, as shown in
the figure.

B. LHC direct searches for heavy scalars:
Through the ZZ final state

In the 2HDM there are four additional scalars—FH; ; and
H*—beyond the SM-like one H,. Thus, we must also
check the direct searches for these (pseudo)scalars at the
LHC. Notice that H, ; dominantly decay to ¢f and we show
their decay widths and BRs in Appendix E. The H, 3 —
2H, decays are ignored because such channels are sup-
pressed in the allowed parameter region isolated so far. In
Scenario (b), H; — ZH, decay is also open if
ms —m, > my. In addition, H~ dominantly decays to 7b.

In this section we discuss the process gg — H, 3 — ZZ.
Theoretically, this process is sensitive to the couplings
between H,; and the gauge vector bosons, and hence
sensitive to a,. Experimentally, this process is the most
sensitive channel in searches for heavy neutral scalars. The
current LHC limit for m, = 500 GeV is Oyt 22 S
0.1 pb at 95% C.L. [138] at /s = 13 TeV with about
40 fb~! of luminosity. We first consider the resonance cross
section of the gg — H, 3 — ZZ process. For Scenario (a),
in which H,; are close in mass such that |m, —m;3| ~
O(GeV) <« I'y3 220 GeV for my ~500 GeV (where we
have denoted the widths of the two heavy Higgs states by
I';3), we must consider the interference between the H,
and H; production processes. To the one-loop order, we
have for the resonance cross section

OJZC% - GS + GP’

(69)

0.1 (left) and 0.2 (right), in the Type III model. Green regions are allowed at 68% C.L. (5> < 2.3) and yellow regions are

where o is the contribution from Re(c,, 3) corresponding
to the CP-conserving part, and op is the contribution from
Im(c,,3) corresponding to the CP-violating part. Their ZZ
invariant mass distributions are then separately given by

dGS

2
d—q = /dxldx2fg(xl)fg(x2)5(x1x2 - q?) a'S(Q)

2q m2F0 Z Clee C” ‘2 (70)
G4 q’ —m; —imT;
de q2 A
o = dx1dx2fg(xl)fg(x2)5 XX, —— )6p(q)
q K
2q mzro 6]) CV,iIm(Cz,i) (71)
i— 2 3 q - m12 - imiri

In the equations above, f,(x) denotes the gluon parton
distribution function (PDF) which, in our numerical
study, is chosen to be the MSTW2008 set [139]. The
function [135,136]

3 2 4

q 4m? dm;  12m;,
r = 1- 1 -—~ 72
o(q) 327wz< 7 >< 7 + 7 (72)

is the decay width to the ZZ final state of a would-be SM
Higgs boson with mass ¢g. The functions [135,136]

Gra; |3 7\ |?
6 = - — 1, 73
~ Gra; |3 7\
- °8,(-L, 74
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FIG. 10. Cross sections 6% ~ %5 as a function of the mixing angles @, 3 in the Type III model. In the left panel we show the cross
section depending on a3 in Scenario (a), fixing # = 0.76 and a; = 0.02. From top to bottom, the four lines show results with a, = 0.33,
0.27, 0.2, 0.14, respectively. In the right panel we show the cross section depending on a, in Scenario (b), fixing # = 0.76 and

a; = 0.02, with a3 chosen as a3 (~1.5 x 1072a,) which corresponds to m3 =~ 650 GeV.

are the parton-level cross sections of a pure scalar (pseu-
doscalar) state with couplings ¢, = 1(i). The loop functions
A, and B, are listed in Appendix D.

The SM gg — ZZ production arises through the box
diagrams, which leads to the interference effects with the
resonance production. We denote 6% as the cross section
induced by interference between resonance and the SM
background. To the one-loop level, our numerical calcu-
lations show that if || ~ O(0.1), we have |65 /6%5| ~
O(1073) [140-143], meaning that we can safely ignore
the interference effects and consider only the resonance
production.15 Thus, the total cross section (without the
SM background) is approximately the resonance cross

section,
dUS dGP
dg| —+——]. 75
q<dq+dQ> 73)

my3—Aq/2
asy sy [
my3—Aq/2
For m, ~ 500 GeV, we choose Ag = 50 GeV as the mass
window where interference between H, 3 is accounted for.
Numerically, we show the cross sections depending on
the mixing angles in Fig. 10 by fixing m, = 500 GeV in
the Type Il model. The left panel is for Scenario (a) and the
right panel is for Scenario (b) for the a7 case. In both

BDifferent from the 7 production below, here the interference
effects in ZZ production is very small compared to the resonance
production. This is because (i) the SM amplitude generated
through box diagrams contains a loop suppression, and (ii) the
interference only happens between the SM and the CP-conserv-
ing part of the resonance amplitude Ag sgz in both scenarios
(o5 | Ag|?). However, for the CP-violating part the amplitude
Ap & $4,C,,, and thus op o [Ap[* contributes dominantly to the
total cross section 6% = 655

scenarios, we can see that a, <0.27 is favored when
m, = 500 GeV. For Scenario (a), when we choose
a, =027, a3 £0.4 or 21.2 is favored, which still keeps
H, 5 nearly degenerate in mass. However, in the cases with
a, < 0.2 or my 2 600 GeV, there are no further constraints
on asz. For Scenario (b), a3 is fixed by other parameters.
In the a3 case, ¢,y is suppressed (close to a;), and thus it
faces no further constraints here. In the Type II model,
we can obtain the same cross section as in the Type III
model with the same parameters. In the Type II model, due
to the stricter neutron EDM constraint on a,, the considered
parameter space is always allowed by the collider data.
Thus, in the following phenomenological analysis we
generally choose a, = 0.27 (unless stated otherwise) as
a benchmark point, corresponding to the largest allowed
CP-violation effects in the Type III model with
my = 500 GeV.

C. LHC direct searches for heavy scalars:
Through 7 and other final states

As mentioned, H, 3 dominantly decay to a #7 final state
and the current LHC limit for m, = 500 GeV is about
O ppoty,—i < 1 pbat95% C.L. [144] at /s = 13 TeV and

36 fb~! of luminosity. In contrast to the ZZ channel, the
interference with the SM background is very important in
the 77 channel [145,146], which strongly decreases the
signal cross section compared with the pure resonance
production cross section, so long as nonresonant Higgs
diagrams can be subtracted [147]. The total cross section
can be divided into

(76)

O gg—1i = OSM + Ores + Oint = Osm + 605.
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Here, og, denotes the SM background cross section of
the gg — ff process, while o, and o;,, denote the resonant
and interference cross section, respectively. Furthermore,
oo 1s the cross section difference between the 2HDM and
SM, i.e.,

50’,; = Ores T Oint = / dxl dx2fg(x1>fg(x2)(6-res + 8int)?
(77)

where 6 denotes the parton-level cross section as a function
of the ff invariant mass ¢. Following the results in
Refs. [145,146], we have

Ores = Opes,s + Ores.p

2
_3aiGimiq | 4y $ Re(cu ) i)
10962 1 i=23 42 _m —1mF
)2
. Z [Re(c, ;) Im(c, ;)] B, (4[173)
i=23 q* - mi2 —im;T;
2
Z Re(c,,)lm(cn)]Al <4m )
i=23 —m? —im,;T;
Im CZI B] (4m )
Z: =23 m —im;T ’ (78)
6'int = 6'im,S + &int,P
- /1 de, a,Gpm?
—1 64fﬂ(1 - tCH)
2
[Re(e,)]* Ai(GLz)
R 3 s m;
x Re ﬁti; ¢ —m? —imT,
2
[im(c, ;)] B1 (342)
"L —md —imI, | 79
1:2.3 i -1

Here, > = x,x,5, B, = \/1 — 4m?/q* is the velocity of the
top quark in the 7 center-of-mass frame. In our numerical
study, we set ¢ in the range m, —A'q/2 <qg<my+ANgq/2,
where we choose the mass window A’q = 100 GeV for
m, = 500 GeV. We choose the MSTW2008 PDF [139] as
above. We show the cross sections for some benchmark
points in both Scenario (a) and Scenario (b) in Table VIIL
The numerical results show that, for all benchmark points
we consider, the interference with the SM background
significantly breaks the resonance structure of H,; and
decreases the cross sections to around (and even below) 0,

TABLE VIII. Cross sections do; at the LHC with
/s = 13 TeV, fixing m, = 500 GeV and a; = 0.02. Further,
for the Type II model (denoted as 56 ) we fix a, = 0.14, while
for the Type III model (denoted as 56}}]) we fix a, = 0.27. The
left table is for Scenario (a), in which we fix # = 0.76 and choose
az; = 0.4, 0.8, 1.2 from top to bottom. The right table is for
Scenario (b), in which we fix m; = 650 GeV, considering two
cases, f = 0.77, a3 = a; and f§ = 0.885, a3 = a3, again from
top to bottom.

a 56H +(pb) 60%1 (pb)
0.4 0.04 —0.40
0.8 0.39 -0.11
1.2 0.25 -0.07
a 5o (pb) 561 (pb)
af 043 ~0.67
o 0.72 0.53

which means that the 77 resonant search at the LHC cannot
set limits on this model."®

The H, 5 states can also be produced in association with a
{1 pair at the LHC, and thus we should also check this
constraint for our favored benchmark points. Since H ;
mainly decay into a #7 pair, the whole production and decay
process will modify the cross section of the pp — ffff
process (which we denote by o6y,), whose current LHC
limit is about 22.5 fb at 95% C.L. [150] at /s = 13 TeV
with 137 fb~! of integrated luminosity by the CMS
Collaboration.'” The interference effects between SM and
BSM contributions are expected to be significant [152]. We
estimate this cross section in the 2HDM considering all
interference effects by using MadGraph5_aMC@NLO [153,154].
We show the numerical results in Table IX for some
benchmark points, all allowed by current LHC limits.

Finally, we should also check the direct LHC limits on
the charged Higgs boson H*. As mentioned above, b — sy
decay favors a heavy H* state with mass m, > 600 GeV
[81,84]. For m, = 600 GeV, the current LHC limit is
about 0.1 pb at 95% C.L. [155,156] at /s = 13 with
36 fb~! of luminosity. For large 14, the interference effect is
negligible [157]. However, in the Type II and Type III

In some experimental analyses [148,149], the interference
effects between (pseudo)scalar resonance and the SM back-
ground were taken into account. Yet, the results cannot be simply
rescaled to our CP-violating scenario, because the existence of
CP violation will modify the shape of the ¢f invariant mass
compared with the CP-conserving case. We still need further
studies on such scenarios.

17Recently, the ATLAS Collaboration also presented their
measurement o4, = 247/ fb at /s = 13 TeV with 137 fb~! of
integrated luminosity [151]. It is consistent with the CMS result
and SM prediction within the 26 level, but the constraint is a bit
weaker as o4, < 38 fb at 95% C.L.
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TABLE IX. Cross sections oy, at the LHC with /s = 13 TeV,
fixing m, = 500 GeV and a; = 0.02. Further, for the Type II
model (denoted as ol) we fix a, = 0.14, while for the Type III
model (denoted as oi") we fix a, = 0.27. The left table is for
Scenario (a), in which we fix # = 0.76 and choose a; = 0.4, 0.8,
1.2 from top to bottom. The right table is for Scenario (b), in
which we fix m; = 650 GeV, considering two cases, f = 0.77,
a3 = a3 and f = 0.885, a3 = aj, again from top to bottom.

a3 Ggr(fb) Ggf(fb)
0.4 19.9 17.9
0.8 20.8 18.7
1.2 20.8 19.3
@ oy (fb) oy (fb)
ay 15.9 14.3
as 10.4 94

models with CP violation as considered above, 75~ 1 is
favored. For m, ~ 600 GeV, its width T', = 30 GeV,
which leads to significant interference effects. Again, we
estimate the cross section considering all interference
effects using MadGraph5_aMC@NLO [153,154]. If we denote
by o the cross section modification (including both the
resonant and interference effects) to the SM 7bb process,
our numerical estimation shows that

So. =—038 pb <0 (80)

for my =600 GeV and f = 0.76. This means that the
interference effect significantly decreases the H* produc-
tion cross section in this parameter region, and thus the
latter is not constrained by current LHC experiments.

D. Summary of collider constraints

The 125 GeV Higgs (H) signal strength measurements
lead to a constraint |a,| < 0.33, which depends weakly on
p. The LHC direct searches for heavy neutral scalars
decaying to the ZZ final state set a stricter constraint |a,| <
0.27 for m, = 500 GeV in both Scenarios (a) and (b).
When m, 2 (550-600) GeV, the constraint from direct
searches becomes weaker than that from the global fit of
the H, signal strengths. In further analysis, we prefer to
choose a, = 0.27, which is the largest allowed value for
m, = 500 GeV." We have also checked the constraints
from fz, tftf, and charged Higgs boson searches, in which
the interference effects are very important. All benchmark
points that we have considered are allowed by current LHC

18Recently, the CMS Collaboration presented the latest direct
constraint on CP violation in the 777~ H; interaction [158]. They
obtained the CP phase |arg(c,;)| <0.6 at 95% C.L., corre-
sponding to |a,| < 0.6 in the Type II or Il 2HDM with 75~ 1.
This is much weaker than our indirect constraint.

measurements. In the remainder of this work, we focus on
the phenomenology of CP violation in #7H; associated
production. We will instead consider the production and
decay phenomenology of the heavy (pseudo)scalars H 3 in
a forthcoming paper.

V. LHC PHENOMENOLOGY OF CP VIOLATION
IN ##tH, PRODUCTION

In this section we study the production of the lightest
neutral Higgs boson H, in association with a ¢7 pair at the
LHC. We discuss the phenomenological setup used in our
analysis, address the observables that can be used to probe
the CP nature of the tfH; coupling (both inclusive and
differential), and close the section by demonstrating the
sensitivity results for a selected benchmark point for the
final state consisting of two charged leptons, n > 4 jets, and
missing transverse energy ETS which is associated with
neutrinos from W decays.

A. Phenomenological setup

Events are generated at leading order (LO) using
MadGraph5_aMC@NLO [153,154]. Cross sections of signal
processes are calculated using a UFO model file [159]
corresponding to a Type II 2HDM" with flavor conserva-
tion [160] slightly modified to account for CP-violation
effects in vertices involving both the neutral (H;, with
i =1, 2,3)and charged (H®) Higgs boson states. Here, we
employ the LO version of the Mmhtlo68cl PDF sets [161].
For both the signal and background processes, we have
used the nominal value for the (identical) renormalization
and factorization scales to be equal to half the scalar sum of
the transverse mass of all final-state particles on an event-
by-event basis, i.e.,

1 N
MR:ﬂFZEZ\/mIZ+p%.i‘ (81)
i=1

In the computation of the parton-level cross sections we
have employed the G, scheme, where the input parameters
are G, Oy, and my, the numerical values of which are
given by

Gr = 1.16639 x 107> GeV~—2, ag (0) = 137,
and my; =91.188 GeV. (82)

The values for my, and sin’ @y, are computed from the above

inputs. For the pole masses of the fermions, we have taken
m, = 172.5 GeV, my, = 4.7 GeV. (83)

Uncertainties due to the scale and PDF variations are
computed using SysCalc [162]. In order to keep full spin
correlations at both the production and decay stages of the

It can also be used for a Type IIl 2HDM.
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FIG. 11.
annihilation and (b)—(c) ggF.

top quarks, we have employed MadSpin [163]. PYTHIAS
[164] is used to perform parton showering and hadroniza-
tion (albeit without including multiple parton interactions)
of the events, eventually producing a set of event files in
HepMC format [165]. The HepMC files are passed to Rivet
(version 2.7.1) [166] for a particle-level analysis. In the
latter, jets are clustered using the anti-k; algorithm using
Fastlets [167,168].”

The particle-level events are selected if they contain two
charged leptons, a high jet multiplicity of four to six jets
(where at least four of them are b tagged) and missing
transverse energy which corresponds to the SM neutrino
from the decays of W gauge bosons. Only prompt electrons
and muons directly connected to the W boson are accepted,
i.e., we do not select those coming from 7 decays. Electrons
are selected if they pass the basic selection requirement of
p% > 30 GeV and |°| < 2.5 (excluding the ones that fall in
the end-cap or transition regions of the calorimeter, i.e., with
1.37 < |5¢| < 1.52), while muons are selected if they satisfy
the conditions p > 27 GeV and |7#| < 2.4. Jets are clus-
tered with jet radius D = 0.4 and selected if they satisfy
Py > 30 GeV and |/| < 2.4. For b tagging, we use the so-
called ghost-association technique [175,176]. In this method,
ajetis b tagged if all of the jet particles i within AR (jet, i) <
0.3 of a given anti-k; jet satisfy pi. > 5 GeV. We assume a
b-tagging efficiency of 80% independent of the transverse
momentum of the jet. For top-quark reconstruction, we use
the PseudoTop definition [177] (more details along with
validation plots can be found in Appendix F). Finally, we
require that the invariant mass of bb system forming the H,
candidate should be around the H; mass, |m,; —m;| <
15GeV, and the transverse energy of the bb system forming
the H, candidate is larger than 50 GeV.

B. Inclusive #tH; cross section

The parton-level Feynman diagrams for ffH production
at LO are depicted in Fig. 11. The cross section has two
contributions: (i) ¢gg annihilation [Fig. 11(a)], which is
expected to dominate in the region of medium and large

2Results were found to be stable when we replaced PYTHIAS
with HERWIGO.5 [169-172] and the anti-k; algorithm with the
Cambridge-Aachen one [173,174].

t N
HY o

(©)

Representative Feynman diagrams corresponding to 7H; production at LO. They consist of production through (a) ¢g

x = p;/P, where p; and P are the longitudinal momenta of
the parton i and the proton, respectively; and (ii) from gg
fusion (ggF) [Figs. 11(b)-11(c)], dominating at low x.
For the calculation of the cross section, we employ
MadGraph5_aMC@NLO [153,154] with the Mmhtlo68cl and
Mmhtnlo68cl PDF sets [161] in the four-flavor scheme.
Systematic uncertainties are divided into two categories:
scale and PDF. The scale uncertainties are obtained by
varying the renormalization and factorization scales by a
factor of 2 around their nominal value, i.e.,

(uroptr) = {(1,1),(1,05), (1,2), (0.5, 1), (0.5,0.5),
(0.5.2).(2,1).(2,0.5), (2.2) }(u. up).  (84)

with

1
ﬂ%=ﬂ%=52i:\/p%i+m,2. (85)

Furthermore, PDF uncertainties are estimated using the
Hessian method [178].

In Table X we show the results of the cross section both at
both LO and next-to-leading order (NLO) in the SM. We can
see that the NLO corrections imply a K-factor of about 1.17
in the case when no cuts are applied on the Higgs boson
transverse momentum and for the case where p# > 50 GeV.
The K-factor slightly increases to 1.25 when a more
stringent cut (p# > 200 GeV) is applied. Furthermore,
the theoretical uncertainties are dominated by those
associated with scale variations, which significantly
decrease when we go from LO to NLO. PDF uncertainties
are subleading and mildly dependent on the Higgs p cut.
Finally, we notice that the ggF contribution is dominant,
accounting for ~68 (~71.5%) at LO (NLO) of the total
cross section in the case with p¥ > 50 GeV, and slightly
decreasing to ~59% (~67%) for the p > 200 GeV case.

In the complex 2HDM, the ¢H, coupling is given by

m _
Lin, = —i(a»,,lszRH1 +H.c.), (86)

where ¢, | = ¢4,8p14,/53 —154,/tp is the ftH, coupling
modifier which is independent on the Yukawa realization of
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TABLE X. Parton-level cross sections for the production of /7H, final states at the LHC at LO and NLO. The
results are shown along with the theoretical uncertainties due to scale variations (first errors) and PDF uncertainties
(second errors). The cross sections were computed for the cases of no cuts on the Higgs boson p (first row), for

pH > 50 GeV (second row), and for p¥ > 200 GeV (third row).

oro [fb] onLo [fb]
No cuts 398.9135 7 (scale) T | 2,7 (PDF) 470.675 5% (scale) 377 (PDF)
pH > 50 Gev 325.21555% (scale) | %67 (PDF) 38287347 (scale) 3% (PDF)

pi > 200 GeV 55.6733 5 (scale) 4% (PDF)

23.5%

6985, (scale) 3% (PDF)

the 2HDM. The #fH, production cross section behaves as
shown in Eq. (62). The presence of the pseudoscalar part in
the t7H; coupling can drastically changes the value of the
cross section, as can be seen in Fig. 12.

C. CP-violation observables in the fH; channel

In this section we give an overview of the different
observables that we have used in this study to pin down the
spin and CP properties of the SM-like Higgs boson
produced in association with a 7 pair.

First, one can directly study the spin-spin correlations of
the 7f pair by measuring the differential distribution in
cos B4a cos B, of the emerging leptons,

1 d’c 1
;W = Z(l + afaPa COSHLM + abeb Cosefb
“ 4

+ apattyy Cyp cO8Opa cos Opn),  (87)

where a, is the spin-analyzing power of the charged lepton
and 0,00 = £(2*%,8,,), where 7’ is the direction of
flight of the charged lepton in the top-quark rest frame and
Sa,,, is the spin quantization axis in the basis a.
Furthermore, C,;, is the correlation coefficient which is
related to the expectation value of cosf,.cosf, using
Eq. (87). In the following, we consider three different
bases: the helicity basis (a = k), the transverse basis
(a = n), and the r basis; see, e.g., Refs. [19,179] for more
details about the definitions of the spin bases and
Refs. [180,181] for reported measurements of these observ-
ables in 77 production. It was found that the #7 spin-spin
correlations in the transverse and r bases are good probes of
CP violation, e.g., through the anomalous chromomagnetic
and chromoelectric top-quark couplings [179].%

Furthermore, we consider the opening angle between the
two oppositely charged leptons produced in the decays of
the top (anti)quarks, which is defined by

I 11H 1 production, the contribution of ggF is about 70% of
the total cross section. Hence, the initial state is mostly Bose
symmetric. Following the recommendations of Ref. [179], the
value of cos 6, is multiplied by the sign of the scattering angle
9 = p - p,, where p, = p,/|p,| is the top-quark direction of flight
in the #7 rest frame and p = (0,0, 1

Dot - Pe-

=T~ 1~ 1° (88)
|De1Pe-|

CoSPe ¢,

where p,+ (p,-) is the direction of the flight of the charged
lepton #* (£7) in the parent top (anti)quark rest frame.

The azimuthal angle A¢y+p- = |y — dp-| is a clean
observable to measure the spin-spin correlations between
the top and antitop quarks. The momenta of the charged
leptons are usually measured in the laboratory frame
[182,183]. This observable shows a high sensitivity to
the degree of correlations between the top (anti)quarks in 77
production. However, since we are considering the 17H,
production mode, the presence of the Higgs boson may
wash out the sensitivity of A¢ to the correlations, though
we have not found this to be the case.

In addition to the aforementioned observables, we also
study the sensitivity of the following angle [22]:

(Do X pu,) - (De- X Pa,)

n — ~ s 89
(e pupex pa)l. )

cosOpy, =

where py+, py-, and py, are the directions of flight of the
positively and negatively charged leptons and the recon-
structed Higgs boson in the laboratory frame. The 6,4, angle
defines the angle spanned by the charged lepton momenta
projected onto the plane perpendicular to the Higgs boson’s
direction of flight. This observable can be redefined to yield
better dependence on the CP-violating effects in the 7H,
coupling. We define the new observable as

cos 9le = AcosOyy, (90)

with 2 = sign((py — Pp) - (Pe- X Pr+))-
One can obtain the polarization of the (anti)top quark by
integrating Eq. (87) over the angle 6% (or 62),

1 do 1 " .
o dcos ., _2(1 +afiPtjcos€fi), (91)
which applies to all of the spin quantization axes used here.

It was also found that the energy distributions of the
top-quark decay products carry some information on the
polarization state of the top (anti)quark [184-192]. We
follow the same definitions used in Refs. [186,188] and
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FIG. 12.  The real (left) and imaginary (right) parts of the ratio ¢}, /¢, ; projected on the mixing angles a; and a, upon fixing # = 0.76.
The solid, dashed, dotted, and dot-dashed lines show the contours where ooypy(pp — t1H,)/osm(pp — 11H;) is 0.01,0.1,1, and 2,

respectively.

study the ratios of the different energies. We give the first
two observables as follows:

E, E,
==

U=——7:,
E,+ E, E,

, (92)

where E,, E;,, and E, are the energies of the charged lepton,
b jet, and top quark in the laboratory frame. Finally, we
consider the energy of the charged leptons in the laboratory
frame,

2E
Xe = —f’ (93)

m;

where m, = 172.5 GeV is the pole mass of the top quark.

We complement this analysis by including the sensitivity
of some laboratory-frame observables introduced in
Ref. [30]. We found that the observable denoted by wg
has a higher sensitivity than the others (defined in Ref. [30]

by a))b("}/ ). We define this angle as

(P~ % Pr+) - (Py+ PR)[(Pr- = Pe+) - (Db + D)
|Pe- X Pee || Db+ Pl De- = P+ || Py + P
(94)

COSwg =

In Fig. 13 we show some observables used in our
analysis for the ffH in the SM, and in the 2HDM with
a, = 0.27 (green) and a, = /2. The latter case is shown
for comparison only. We can see from Fig. 13 that the
shapes of all of these observables are slightly changed as
we go from the SM to the 2HDM with @, = 0.27. The only
difference between the two cases resides in the total
normalization, which depends on the cross section.

D. Results

In this subsection we show the results of the sensitivity of
the observables defined in the previous section. In order to
quantify the sensitivity of the various spin observables to the
benchmark points, we compute forward-backward asymme-
tries. An asymmetry .4, on the observable O is defined as

_NO>0,)-NO<0O,) N"—=N-

AO_N((’)>(’)C)+N(O<(’)C)=N++N"

(95)

where O, is areference point for the observable O with respect
to which the asymmetry is evaluated. For the observable
|A¢,+p-|, we choose O, = z/2. While for other angular
(energy) observables, we choose O, = 0 (O, = 0.5).

To quantify deviations from the SM expectations, we
compute the y° as

_ASM2
P = M’ (96)
(0]

where 6 is the uncertainty on the measurement of the
asymmetry in the SM. We assume that the N* and N~ are
correlated, i.e., measured in the same run of an experiment.

In this case, the uncertainty on the asymmetry is given by
ANTN~
2 _
0 = N (97)

where N =A xeo x L. Here, A x ¢ is the acceptance
times the efficiency of the signal process after full selection,
and o is the cross section times the BRs, i.e.,

o = o(ftH,) x BR(H, — bb) x BR(t = b£v)>. (98)

In Table XI we show the expected deviations from the SM
expectation at £ = 3000 fb~!.
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Differential distributions for some selected observables. Top panels: the differential cross section versus |Ag,+ | (left) in the

laboratory frame and versus cos 6} cos € (right), where cos 8, is defined in the top-quark rest frame. Middle panels: the differential cross
sections versus the cosine of the opening angle between the two charged leptons’ direction of flight (left) and versus cos 8, (right). Bottom
panels: the differential cross section as a function of cos @4 (left) and as a function of the antisymmetric combination of cos 6% cos 6"
(right). Red lines are for the SM, blue lines are for the signal benchmark point with @, = 0.27, and green lines are for the pure pseudoscalar
case a, = x/2 as a comparison, which is of course excluded. The differential distributions are normalized to their total cross sections.

We can see that, for a, = 0.27, the 3> can be larger than 1
for seven observables: cos @z, X, chcl — ek, el —clet,
|A¢p+p-|,c080,y, and cos wg. After combining all of the
observables in Table XI, the y*> can reach about 19.2.
However, the naive y> combination may become obsolete,
or misleading. In order to improve this combination, we

compute the p-value, given by

p= [ flrNaor)dx, (99)

X min

where f(x, Ny, ) is the y? probability distribution function
for Ny, degrees of freedom,” and 42, = 2 _ ;. The
p-value quantifies to what extent the null hypothesis (SM
CP-conserving case) is excluded. p-values smaller than
0.05 imply that the null hypothesis is excluded. We show
the p-value as a function of @, in Table XI. In Table XI, the

*The number of degrees of freedom (Ny ¢ ) is the number of
observables used in the fit minus the number of free parameters
(i.e., here we have one free parameter, a,).
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TABLE XI. The asymmetries for the SM and 2HDM with a, = 0.27. The values of > quantifying the deviations

from the SM expectations are shown in the fourth column. The p-values for different asymmetries [defined in
Eq. (99)] are given in the fifth column. The computations are performed for an integrated luminosity of 3000 fb~!.

The shorthand notations c%. = cos 9’:”, --- are used. Details about the calculations are discussed in the text.
Observable Asm Agy—027 Ve p-value
Polarization observables

cos 6% 4.12 x 1073 532 x 1073 6.34 x 1073 0.937
cos @’ 474 x 1073 479 x 1073 8.34 x 107° 0.997
cos @, —6.54 x 10~ -9.31 x 1073 0.33 0.565
COS @yp 3.77 x 1072 6.01 x 1072 2.21 0.136

u 0.232 0.237 0.10 0.751

Xy —0.832 —0.822 1.26 0.259

z -0.387 -0.401 0.93 0.332
Combined 6.19 x 1072
Spin-spin correlation observables

cos Oy —7.84 x 1072 —6.68 x 1072 0.59 0.43
cos 0% cos 6% 6.79 x 1072 1.49 x 1072 0.28 0.59
cos @ cos 0} 7.09 x 102 7.69 x 1072 0.15 0.69
cos @, cos 07, 2.98 x 1072 3.01 x 1072 1.74 x 107 0.98
cken — etk —-8.16 x 1073 1.22 x 1072 1.83 0.17
ket + cfek —-6.28 x 1073 -1.97 x 1072 0.79 0.37
ket — ek 3.15x 1073 -7.98 x 1073 0.54 0.46
cker + ckek —3.25x 1072 —3.99 x 1072 0.24 0.62
cpclh —chel —8.88 x 10~ -1.73 x 1072 1.18 0.27
chclh + chel -2.53x 1073 9.31 x 1073 0.61 0.43

| A+ p-| 0.39 0.35 5.81 1.59 x 1072
Combined 1.21 x 1072
CP-odd laboratory-frame observables

cos b,y -1.2x 1072 3.99 x 1073 1.14 0.28
oS g —6.11 x 1073 1.38 x 1072 1.75 0.18
Combined 8.89 x 1072
All combinations 1.87 x 1072

label Combined refers to the combination of different
asymmetries for each category when removing observables
with y?> < 1: (i) in the polarization observables,
Combined refers to the combination of cos ¢,, and x,,
(ii) while in the spin-spin correlation observables,
Combined refers to the combination of ckc” — ¢k,
cycl — ey, and |Agy+p-|. We can see the important role
played by the spin-spin correlations asymmetries, for which
the p-value is about 1.59 x 1072, The results depends
weakly on # and «; in our favored region (3~ 1 and
a; ~ 0) because the observables are sensitive only to the
ttH, CP-violating phase =~s,, /4 in this region. It is worth
mentioning that the results can be further improved by
using different approaches. On the one hand, the weighted
fits (as used in Ref. [30]) may improve the results since
another important factor that we did not take advantage of
is the total cross section for a given value of a,. On the other
hand, methods based on machine learning may play an
important role in the determination of the maximum
allowed CP-violating phase in the t7H, coupling [193].

VI. CONCLUSIONS

In this work we have analyzed soft CP-violating effects
in both EDMs and LHC phenomenology in a 2HDM with
soft CP violation. In this scenario, the mixing angle a, is
the key parameter measuring the size of CP violation since
the CP-violating phases in H,ff Yukawa vertices are
proportional to s,,.

We have considered all four standard types of Yukawa
couplings—named Type I-IV models—in our analysis. In
Type I and IV models there is no cancellation mechanism in
electron EDM calculations, leading to a very strict con-
straint on the CP-violating phase |argc,/, ;| < 8.2 x 1074,
which renders all CP-violating effects unobservable in
further collider studies for these two models.

For Type II and III models we have discussed two
scenarios: (a) H, 3 are close in mass while a3 is away from
0 or /2, and (b) H, 3 have a large mass splitting while a3
must be close to 0 or z/2. The cancellation behavior in
the electron EDM leads to a larger allowed region for a, in
both scenarios. In these two models, iy is favored to be
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close to 1, whose location depends weakly on the masses of
the heavy (pseudo)scalars, with a strong correlation with
a;. The electron EDM alone cannot set constraints on a,
directly. In the Type IT model, |a,| < 0.09 is estimated from
the neutron EDM constraint if we consider only the central
value estimation, and this constraint can be as weak as
<0.15 if the theoretical uncertainty in neutron EDM
estimation is also considered. In the Type III model, no
constraint can be drawn from the neutron EDM and |a,| <
0.27 is estimated from LHC constraints if m, ~ 500 GeV.
Such results mean that in Type III models [for both
Scenarios (a) and (b)] the CP-violation phase | arg(c, ;)| ~
|sq,/15| can reach as large as ~0.28, which leads us to
consider further phenomenology of the model. This result
is independent of a3, and depends weakly on «; in its
allowed region (close to zero). Other LHC direct searches
do not set further limits for the 2HDM.

Our analysis shows the importance of further neutron
EDM measurements to an accuracy of O(1077 ¢ - cm). An
a, with a value ~O(0.1) will lead to significant nonzero
results in such experiments. If CP violation in the Higgs
sector exists, as we have discussed, the first evidence of it is
expected to appear in the neutron EDM measurements.
Conversely, if there is still a null result for the neutron
EDM, direct constraints on |a,| can be pushed to about
4 x 1073 in the Type I model and 2 x 1072 in the Type III
model. Such a strict constraint can exclude the Type II
model as an explanation of the matter-antimatter asymme-
try in the Universe. Thus, we conclude that, for models in
which a cancellation mechanism can appear in the electron
EDM, the neutron EDM measurements are good supple-
ments to finding evidence of CP violation or setting
constraints on the CP-violating angle directly.

We have also performed a phenomenological study of
soft CP violation in the 2HDM for the case of ¢7H,
associated production at the LHC with a luminosity of
3000 fb~!. With fixed f and a,,, its properties are
independent of the mixing angle a; and the masses of
the heavy (pseudo)scalars H, 3 and H*. Upon choosing the
benchmark point = 0.76, a; =0.02, and a, = 0.27
[corresponding to the case m,3~500 GeV with the
maximal CP-violation phase arg(c,;) ~0.28 in the Type
IIT model], we constructed top (anti)quark spin-dependent
observables and tested their deviations from the SM.
Among these, the azimuthal angle between the two leptons
from fully leptonic 7 decays, A¢, .-, is the most sensitive
observable, with y*> = 5.81. On the other hand, by combin-
ing asymmetries constructed from seven spin-dependent
observables, we found that the p-value is about
1.87 x 1072, meaning that the null hypothesis (the CP-
conserving case) can be excluded by the use of these
observables and one can probe the maximum allowed
CP-violating phase in the ffH; coupling obtained for
ay = 0.27. Thus, the LHC experiments can provide a
complementary cross-check of the EDM results.

Finally, we note that we did not perform a phenomeno-
logical study of the heavy (pseudo)scalars (H, 3 or H*) in
this paper. In this case, interference effects with the SM
backgrounds may become very important and thus a
dedicated treatment is needed, which we postpone to a
forthcoming paper.
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APPENDIX A: YUKAWA COUPLINGS

Following the parametrization in Eq. (18), we list the
Yukawa couplings in the mass eigenstate basis explicitly
[78-80] in terms of the mixing angles 3, a; » 5. By denoting
the Yukawa coupling ¢ ; in the Type X 2HDM (X = I-IV)

as c’f{ ;» we have the following:

.S

Ca,S +a a
Clilq\lfzﬁ_lt_z, (A1)
Sp p
c Cy, — S S,. 8 C,. S
_ +a ~a +a PP fmPa
CIU‘I\ZIZﬁ 1Y fra®a 3 _jomie (A2)
) Sp lp
IV c/iJra] s(13 + s P+a saz C(l3 . caz C(l3
C = — —1 (A3)
- Sp 7
LI Co,Spta; . Sm
D= . t1—,
Sp lp
C, C
v _ Yot pte
Cp1 = —lisglp (A4)
p
LI Chta, Caz — Spta;SaySay .CaySay
Cp oy = +1
D;2 ’
Sp lp
s Cq, +C S S
v Ptabay fra PP .
Cpp =— —iCq,Saytp (A5)
Cp
LIII CpraSay T SpraSarCay | . CayCas
Chi=— +1 )
D;3
Sp Ip
N S,, —C S, C
LIV _ Pp+aPa PtaPabas .
p3 = ¢y —1Cq, Caylps (A6)
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1

Ca,S .S _ 2 2 2 2,2
le“l’ —Tmpte | e A= P [Cha Cat + (CpiaySarSay + Sporay Cay) M5
! S[)v t/} p
C?’IP _ Ca,Cptay is, 15, (A7) + (C/)’+{1| Sa,Cay — Spta S(z3)2m% - S%/Az]’ (B1)
i cﬁ 2
IV ChiaCay = SpiaSaSay . CarSa do =153, 2 m} + (Cpia;Car = Spia S Sa, )13
cpy = 1% I R 22 Upta T pta o praPaPas 2
o Sﬁ tﬂ B
2,2 _ 2.2
ILII Spra Cay + Cpra;SaySay . + ($p4a S, Cay + Cpra Say) M3 = CpH J (B2)
(2 =" . —iCy, 80,5 (A8)
B
1
A= s 2 m?+ (5252 —c2 )m3
AV Cpia;Sas + SptaySa, Cas _I_icazca3 3 szﬂvz[ 2(/3+a1>( ' ( P 03) 2
63 = 7 ’
i s t 2 2 2 \,02
] E . p . . B + (Sazca3 - S(t;)m3)
IO _ °pt+aPa; — “ftaPamCa; . 2 2
£3 = —iCy, Cayly. (A9) 5 ) 2me —p
Cp P + sa2s2a3c2(/}+a])(m3 - mZ)] + 1)2 ’ (B3)
1
APPENDIX B: SCALAR COUPLINGS 14 = ? (ng m% + 6%25%3 m% + cgz 6‘33 m% -+ /12 - Zmi),
The scalar couplings in the potential can be expressed (B4)

using the physical parameters as [78—-80]
|

1 i
_ 2_ 2,222 2 _ 2 2 2
As = " (W° = s5,my — €, 55, M5 — Cq,Coum3) —

2 2 2
S2ﬁ’U2 [c/)'(cﬂ+a, s2azm1 - (C/iJra] S2a2 S(13 + s/3+a] caz S2a3 )m2

2 2 2
(sﬂ+(xlcazs2a3 - Cﬁ+a152azca3)m3) + s/f(s[iJralsZazml

+
+ (Cpra, CaySaay = Spiay 20,53 )M3 = (Cpia, CayS2ay + Spvay S2a,Cary ) M3)]- (BS)

By considering the-bounded-from-below conditions as [51]

j’l > 0, ﬂz > O, /13 > —\/ﬂ.]ﬂ.z, ﬂ3 +ﬂ4 - |j,5| > —\//1112, (B6)

u?> < (450 GeV)? is favored and thus we choose p?> = (450 GeV)? in the analysis.
The couplings between neutral and charged scalars c; .. are [80]

Cit = Cﬁ(SIZ}(/{] — /14 — Re(/15)) + C/zjlg,)Ri] + Sﬁ(C/Q}(ﬂZ - 14 — Re(i5)) + S/2}13)Ri2 + sﬁcﬁlm(/l5)R,~3, (B7)

where R is the matrix in Eq. (11). These couplings are useful in the calculations of fermionic EDMs from the contribution of
a charged Higgs boson.

APPENDIX C: LOOP INTEGRATIONS FOR EDMS
The loop functions in the calculation of the Barr-Zee diagrams are [53-55,57-59,63]

f(z):gl)ldxl—2x(1—x)]n<x(l—x)>’ )

x(1-x)—z z

g(z)zglldxx(l_lx)_z1n<x(lz_x)>, (C2)

) =3 [ [x(l =E zh‘(x“z_)C)) ) 1}’ )
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W) =xf6). 4 (x.y) = ygwx) = xg(y)

F . - >
(x.y) x x

(1=x)(x =4 +x(zew—zwn,)) . (x+ (1 —x)zyy,
x4+ (1= x)zwpy, —x(1 - x)z ln< )

1
Hi(z) = Z/ dx
0

H}(z) ZZZ/ldx x(1 - x)? x—l—(l—x)zi,i)
0 X

In
+(1=x)z4; —x(1 —x)z < x(1=x)z
Denoting

a, =x(1—x), b=a,/z, A=x+y/z,, B=A-a, B =A-a

A A a,. A A
C=—In—-1, C="In—-1, ' = yl— 1,
Bnax B nax B/nay

v

the loop functions in the non-Barr-Zee-type diagrams with a W boson are [55]

I—x 2
———/ dx/ dy— [ (3A —=2xy) -3+ xy]
ax
1
)
0 0

—x 3A—-2xy 1 + (1 2y + B) 3A — 2xy
dyx|C 5 ,
B B 2a,B

1
vi= [
1 [t
i),

b lnl_y 1
l—y by|[1-y-b b '

lx
o)

I—x 1 2Ca X 2CA
d d s DA R I
XA y|:BZWH[< B ) B( B H

/ dx/lx y—x{ € (xa, (2x—1)+Bx(3x—1)—232)—2—&—)6(2;7;1)].

The loop functions in the non-Barr-Zee-type diagrams with a Z boson are instead [55]

A o 2 (1 X0 —x—y)
(Dz)i—A dxA dyax [I—G-C(l—&— 2B ;
1x b 11—y
Db d | -1,
/ x/ N b)L—y—b“ b ]
1 1-x 1 2(1l=x—
:/ dx/ dy[y—x+C”(y—x+y(ny)>}
0 0 ay B

(C4)

(C5)

(Co)

(€7)

(C10)

(C11)

(C12)

(C13)

(C14)

(C15)

In the functions (D},); we have z, = zyy , while in the functions (D%); we have z, = zzy . Last, the loop function for the

Weinberg operator is [58]

(1 =) (uv)?
4Z/d”/ M= un) + (1= =)
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APPENDIX D: LOOP INTEGRATIONS FOR
HIGGS PRODUCTION AND DECAY

The loop functions for Higgs production and decay are
[135,136]

Ay = =1, o1)
Ay = HEEDID )
x2 X X — X
Ay = 223 +;(z DI )
By (x) = —2@, (D4)
where
arcsin®(4/z), z<1,
(D5)

I(z) = _— 2
(2) —j—‘ {m(M)—in} , z>1.
1—v/1-771!

APPENDIX E: DECAY OF
HEAVY (PSEUDO)SCALARS

For heavy neutral (pseudo)scalars, we consider the decay
channels H,; — 11, WW,ZZ, and ZH,. The partial decay
widths are given by

3m;m? 4m?\ 2
Uy = szt {[Re(ct.i)]z <1 - 2’)

m; m;

:m?c%,‘i 1_4m%4, 1_4m%v+12m§1,v (B2
1670? m? 2 4

_omjcy, | _4m%<1 _Amg 12m4z>’ (E3)

2 2

m%%,k m ms
:l—ﬁfvs<—§7m—lz>- (E4)

32nv m; m;

Uy—zn,

Here k # i or 1, and the functions
Fys(x,y) = (1422 +y* =2x =2y —2xy).  (ES5)
In Scenario (b), since H,3; have a large mass splitting,

we should also consider the Hy; — ZH, decay. Its partial
width is

3.2 2 2
m3c m% m
3V z M
Uz, = 5 Fvs : (E6)
AR 3202 m3’ m3

Thus, numerically the total decay widths I';; can reach
about 20 GeV if m,; ~ 500 GeV, and they both domi-
nantly decay to #7. In Scenario (b), if m, = 500 GeV and
m3 = 650 GeV, Bry,_,zy, can reach about 10%.

The charged Higgs boson H* decays mainly to #b in the
small-74 region. Ignoring the coupling term proportional to
my,, we have

3my (m,\? m2\ 2
r P =—|— 1-—) . E7
Ht—>tb 871'112 (tﬁ) mi ( )

Besides this, H™ also has subdominant decay channels, like

W*H,; [80], yielding
m¥, m?
Fys (;V ) (E8)
mi'm

mi(l=cp) my
mi

I FLOWrH, =

HT=>WH,; 16702
For f=0.76 and my =600 GeV, I'y:_ ;=33 GeV,
while the sum for all three neutral scalars Y, '+ _y+ H
5 GeV for |a,| £0.27.

APPENDIX F: TOP-QUARK RECONSTRUCTION

For 7 spin-spin correlation and polarization observables
in the top-quark rest frame, it is mandatory to fully
reconstruct the top (anti)quark four-momentum. In this
regard, we employ the PseudoTop definition [177] widely
used by the ATLAS and CMS collaborations for, e.g.,
validation of Monte Carlo event generators. We slightly
modify the Rivet implementation of the CMS measurement
of the 77 differential cross section at /s = 8 TeV [194]. We
minimize the quantity

K* = (M7f - ml)2 + (Mjljz - mW)2 + (M;h - mt)z
+ (Mp[.ll _mH])z’ (Fl)

to select the hadronic and leptonic (anti)top quarks and SM-
like Higgs boson decaying into bb. In Eq. (F1), m,, my,
and my are the masses of the top quark, W boson, and
Higgs boson, respectively, while 7, (7,) is the momentum of
the (anti)top quark constructed in the leptonic(hadronic)
decays of the W boson, where py, is the four-momentum
of the Higgs boson candidate. In the reconstruction
procedure, all jets and leptons in the event are considered
provided they satisfy the selection criteria, which is high-
lighted in Sec. VA. Validation plots for the PseudoTop
reconstruction method in ¢7H,(— bb) (green) and the
QCD-mediated ¢7bb (red) are shown in Fig. 14.
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