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Abstract. In this work, we introduce an extra singlet pseudoscalar into the
Type-IIT two Higgs doublet model (2HDM) to address a series of problems in
modern particle cosmology. With a light pseudoscalar, the h — p7 excess mea-
sured at CMS and the (g—2), anomaly can be simultaneously explained within
certain parameter spaces that also satisfy constraints from flavor-violating pro-
cesses T — py and Higgs decay data from the LHC. Within the same parameter
spaces, the DM relic abundance is well accommodated. Moreover, the recently
observed Galactic Center gamma-ray excess (GCE) is proposed to arise through
dark matter (DM) pair annihilations, and in this work we also address the sce-
nario where the annihilation is mediated by the pseudoscalar.
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Introduction

Even within the framework of a minimally extended Standard Model (SM)
with non-zero neutrino masses, leptonic flavor violation (LFV) processes are
negligible due to the smallness of neutrino masses that have been experimentally
confirmed. Therefore, direct searches for LE'V processes provide an ideal probe
for new physics beyond the SM, and any observational anomaly may hint at its
existence. Besides B-factories, the LHC—with its high energy and luminosity—
is definitively the machinery for such exploration. A search for LF'V has been
performed by the CMS collaboration via two channels h — p7, and h — pm,
reporting a 2.40 excess with a branching fraction BR(h — u7) = (0.841539)%
\cite{ CMS_ {excess}}. If one interprets this excess as an anomaly, there must
be mechanisms beyond the SM responsible for it.

The Type-III two Higgs doublet model (2HDM) is one such framework, because
the model contains flavor-violating Yukawa interactions that may contribute
to LFV at tree level. The model has been explored extensively [?, 7, 7, ?,
7,7, 7,7, 7] to study this phenomenological observation. Furthermore, the
Yukawa interaction contributes to the muon g—2 via one-loop diagrams and thus
provides a possibility to explain the (g —2), discrepancy [?, 7, ?]. Meanwhile,
the flavor-changing Yukawa interaction would induce substantial contributions
to the radiative decay 7 — py, so the flavor-changing Yukawa interaction might
be rigorously constrained by available experimental data [?, ?, ?].

One of the main characteristics of the 21st century is that cosmology has already
become a precision science, and corresponding observations must be combined
with precise measurements and new discoveries at Earth-based facilities to test
existing theories. The identity of dark matter (DM) and the interactions that
determine the behavior of DM particles are key points, and searching for them is
the most challenging task for both experimentalists and theorists in high-energy
physics and cosmology.

Recently, Fermi Large Area Telescope data show an excess of gamma rays at
energies of a few GeV coming from the Galactic Center (GCE) [?,?,?, 7, 7, ?,
?, ?, ?]. To explain this observation, it has been suggested that annihilation of
DM particles weighing 30 — 70 GeV into bb is responsible for the GCE [?, ?, ?].
Even though other proposals exist to explain the excess, such as a population
of millisecond pulsars (MSP) [?, ?] that might be responsible for the GCE, it
is not easy to explain both the energy spectrum and spatial distribution of the
GCE [?, ?]. Thus in this work we discard astrophysical source explanations
[?, 27,7, 7] and focus on the DM scenario.

Dwarf galaxies are considered the cleanest sources for detecting gamma rays
produced by DM annihilations, so data on gamma rays observed from Retic-
ulum IT [?, ?, ?] may imply abundant DM in our galaxy. To be certain, we
need to compute the DM annihilation cross section in a particle physics model.
Meanwhile, other cosmological phenomena must also be considered—mnamely,
the DM annihilation cross section required by the new data should be of the
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same order as that determined by thermal DM relic abundance.

However, the original Type-II11 2HDM does not provide a natural explanation for
the DM particle annihilation cross section. Thus we need to extend the model
to also accommodate DM annihilation. It is noteworthy that a pseudoscalar
could mediate the annihilation of dark matter (DM) pairs, while due to the
small momentum transfer in the t-channel, the interaction between DM particles
coming from outer space and nuclei in detectors is not affected by the existence
of the new pseudoscalar, so DM particles may evade direct searches at not-very-
sensitive detectors.

This idea has been implemented in various models [?, ?,?, 2,2 2,2 2 2 7 7,
?, 7,7, ?]. It further motivates us to consider the DM explanation for the GCE
and introduce a Dirac fermion field serving as the DM candidate. In this work,
we introduce a pseudoscalar a, into the Type-II1 2HDM. The pseudoscalar does
not directly couple to SM particles, but it slightly mixes with the CP-odd Higgs
that exists in the original Type-II1 2HDM, thus it would effectively couple to
the SM via this mixing. Therefore, the pseudoscalar can mediate an effective
interaction between the DM yy and SM fermions bb.

Moreover, its introduction may bring two additional advantages:

1. An extra pseudoscalar would open a new decay channel for the Higgs and
thus affect the h — pu7 excess.

2. There could be mixing of the newly introduced pseudoscalar with the
CP-odd scalar A, in the original Type-III 2HDM, which induces a new
contribution to the value of (g —2),. With increased mixing, the con-
tribution of the new pseudoscalar would cancel that of the heavy Higgs,
thus in this extended model the theoretical prediction for (g —2), can be
decreased to a tolerable level.

In this work the pseudoscalar also plays a role in explaining the h — u7r excess
and the discrepancy between theoretical prediction and data for (g —2),.

The paper is organized as follows: after this introduction, we discuss in Section II
the new scenario where a light pseudoscalar is introduced to extend the Type-II11
2HDM. In Section III, we investigate relevant topics including the h — u7 excess
observed at CMS, the muon (g — 2),, anomaly, the Galactic Center gamma-ray
excess (GCE), and constraints from the 7 — pvy process and LHC Higgs data.
Numerical results are presented in Section IV, and the final section is devoted
to our conclusions and discussion.

The Model

In this work, a Dirac fermion (x) of mass m, serves as the DM candidate and
a gauge singlet pseudoscalar a is introduced to extend the Type-III two Higgs
doublet model, where a, mediates the coupling between the dark matter and

SM particles. The interaction Lagrangian reads
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"Cdark = _yxaoxi’YSX'
The pseudoscalar a, mixes with the pseudoscalar in the original 2HDM and

then couples to SM particles through the potential, given as [?]

V= Vv2HDM + Vportah

v

portal —

—iBayy1THy + hec.,

where B is a parameter of mass dimension, and the Higgs potential is [?]

A

A
Vorpm = N1H1TH1+M2HgH2+(N3HIH2+h~C~)+71(HIH1)2+?(H;Hz)z"‘)‘a(HIHl)(H;[H2>+)‘4(HIH2)<H;[H

We can explicitly rewrite H; and H, in the Higgs basis as

G* HT
H1: vt +iGO | sz Pot+iAy | s
V2 V2

where G and G° are the Nambu-Goldstone bosons and H* and A, are a
charged Higgs boson and a CP-odd Higgs boson, respectively. Without loss
of generality, let us concentrate on the CP-conserving case, where a, does not
develop a vacuum expectation value (VEV) and all A; and p4 are set to be real.

Then the potential is minimized to (H,) = v/v/2, (Hy) = 0, with v = 246 GeV.

In the basis of (¢, ¢,), the mass matrix for the CP-even Higgs is M? whose
elements are

hip = 2002, hgy = mi + X502, iy = hyy = Agv.

Diagonalizing the matrix, one obtains the physical CP-even states h and H
(my, <my) as

h [ cosa sina) (¢

H) \—sina cosa) \¢,)’

hiy +h 1
My g = % + 5\/(’111 — hgy)? + 4(M)?,

with eigen-masses
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and mixing angle

tan2a = ——=—.
hyy — hoy

We consider the eigenstates h and H as the SM-like and heavy Higgs bosons,
respectively.

The CP-odd Higgs A, mixes with a, due to the potential Vi (Eq. 3), and
the mass matrix in the (A, aq) basis is

mi Bv
Bv m?)’

a

where m? = m?% + \jv?/2 — A\;v®. Thus, the relation between A, a, and mass

eigenstates A and a is
Ayg) _ (cosf —sinf) (A
ag) \sinf cosf al’

with mixing angle

2B
tan 20 = — Y R
A Mg
and masses
2 2 1
m2 g = AT 5 —m2)?  ape,

The parameter B in terms of m, 4, and 6 can be expressed as

(m?% —m?2)sin 260

2v

B=

The effective coupling of the CP-even Higgs bosons to the SM W is
igmy Coww gy With Cpyy = sina, Cyyy = cosa, and the CP-odd Higgs
bosons A(a) do not couple to W, i.e., Cyqww = 0. The V|, is recast in
terms of mass eigenstates and mixing angle as

2

(mi_ma) 4 .2 2 2 2 .
Viortal = e [sm faA +sin” Ocos? (A% —a )] X (sinah+ cosa H).
v

The Yukawa interactions in the extended Type-III 2HDM are
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Lyrukawa = *QLVCKMH]yfUR*QLngdR*ffLHWf‘fR*QLVCKMHQP%UR*QLHzp%dR*ELHzl’?jeR*I/LHQPQ

Where Q = (UL, VCKMdL>T7 L= (VMNSVIM eL)T and ﬁl Stands fOr ZO'QHZ* VCKM
(Vmng) is the Cabibbo-Kobayashi-Maskawa (Maki-Nakagawa-Sakata) matrix.
The general 3-by-3 complex matrices pf] induce Higgs-mediated Flavor Chang-

ing Neutral Current (FCNC). In the mass eigen-basis of the Higgs bosons, the
Yukawa interactions are recast as

Lyukawa = _y¢ijfLi¢ij_DLi(VI\J;[NSpe)in-‘—eRj_ai(VCKMpdTPR_puTVCKMPL)in+dj+h-C-a

with ¢ = h,H,A,a, f =u,d,e, v, and

f f
yhij — % COS O[(Sij + % sin «, yHij = —% Sjna(gij + % cos «,
f f
yAij:p—\/%cosﬁ, yaij:%sinﬂ, (f =w),
f f

ol ol
—Lcost, Y, =i—zsing, (f=d,e),

=
yAz] \/5 \/5

where the couplings y 4,; and y,,; exist in the new Feynman rules and are accom-
panied by 7. For investigating the (g—2) ., €xcess, we do not need to invoke the

so-called Cheng-Sher ansatz for pzfj since the corresponding parameter space is
highly restricted [?, ?]. The smallness of the mixing parameter cos « is favored
by current LHC Higgs coupling measurements, and we will study this issue later.
In this scenario, the coupling of the SM-like Higgs to fermions y,, ; » approaches
the SM value, thus flavor-violating processes mediated by the SM-like Higgs
boson are almost completely suppressed.

Several Relevant Topics Specifically Addressed
A. Constraints on the Parameter Space of the Aforementioned Model

At first, we explore possible constraints coming from B physics and electroweak
precision tests, and find that the model is more advantageous than the Type-II
2HDM as it may evade those constraints in the situation mg. ~ m, because
the tan 8 enhancement effect does not exist. The T parameter in our model is
obtained as [?, ?]
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1
2

AT = —————
1672 s3,m,

X [F(m%ﬁ, m?) cos? 0 + sin® aF(m2,,,m%) — cos> OF (m?, m%{)] ,

where

2 r—y y

1. Constraints from B Physics A light a can mediate the initial and
final states of the decay B, — p™ ™ in addition to the SM contribution, hence
imposing a stringent constraint on the model. For m, <« m,, the correction
due to a exchange at the s-channel was calculated [?] and the results are

2 .2
vimp sin” Opp,p,,,

dm,, (mg —mi ) (1+Y(x,))?

2
BR(B, = p*pi7) ~ BR(B, = ' 117 )gu [1 + (@4, yw)} :

for p}; =0, and

2 . 29
vTmp, S GPpy P

2m,,(m2 — m2Bs) (1+Y(zy))?

2
BR(B, — p"p~) ~ BR(B; = p"p7)su ll + (@4, yw")] :

for pt = pyysg, With z, = m?/mi,, y, = m%. /m7, r =m?/m?%., and the f and
Y functions can be found in Eq. A.3 of the Appendix. The average of the LHCb
and CMS measurements on this mode is BR(B, — p*p~) = (2.9 +0.7) x 1079
[?, 7, ?]. This can be compared against the SM prediction, which is taken to
be (3.65+0.23) x 107 [?, ?]. We note that the tan 8 enhancement effect in the
calculation of By, — p*p~ with the Type-II 2HDM [?, ?, 7] does not appear in
our model, thus the constraint from B, leptonic decay is relaxed.

The a/A and h/H mixing is highly constrained by current LHC data to be
around sina ~ 1 and cos@ ~ 1. Along with the parameter choice my, ~ my,
the T parameter is suppressed, as seen in Eq. (19), therefore it does not actually
affect applications of this model as indicated in [?].

B. Relevant Processes Under Investigation

In the following sections, we investigate several relevant processes in this ex-
tended Type-IIT 2HDM model. All puzzles regarding the h — 7 excess, muon
(g—2) ., anomaly, constraints from 7 — u~, dark matter relic abundance, and
GCE explanations that were not solved in previous Type-III 2HDM studies will
be addressed.

chinarxiv.org/items/chinaxiv-201708.00112 Machine Translation


https://chinarxiv.org/items/chinaxiv-201708.00112

ChinaRxiv [$X]

1. h — put Excess The existence of flavor-violating Yukawa couplings in the
extended Type-IIT 2HDM may possibly explain the h — u7 excess observed by
the CMS collaboration. Let us compute the branching ratio of h — p7 in terms
of our model; the result is shown as

(|yh7u|2 + ‘yhu7|2)
1671, ’

BR(h — Tu) =

where Iy, is the total decay width of the SM-like Higgs boson. To meet the
observed excess, the flavor mixing should be of a magnitude

_ / 4/ COS ¥
p,u,T = |pu7'|2 + |p'ru|2 Z 0.0018 c .

‘ ﬁoz|

In the Type-II1 2HDM, the constraint on the T parameter imposed by elec-
troweak precision tests may be the most stringent. Following the method pro-
posed by the authors of Ref~[?, ?], for ') ~ 4.2 MeV and cg, = 0.01, as long
as p,, ~ 0(0.1) is reached, the new model is able to accommodate the h — ut
excess.

2. Muon (g —2), Anomaly and 7 — py With the lepton flavor-violating
Lagrangian, previous studies indicated that new physics may contribute to the
anomalous magnetic moment of the muon and the radiative process 7 — uy via
a chirality-flipping dipole operator [?]

=gy

[iawq”(AiLjPL + Af-:;PR)lj] +h.c.,

where i, j denote the flavors of the external leptons, F,; is the electromagnetic
strength tensor, and 0,5 = %[’ya,'yﬁ]. The diagonal component contributes to
the anomalous magnetic moment of the muon, whereas the off-diagonal compo-
nent corresponds to a dipole transition from 7 to pu.

It is noted that the coefficient C;; is derived in various new physics models and
has different values that help determine the corresponding parameter space.
In this work, we derive this coefficient in the extended Type-III 2HDM. The
flavor-violating Yukawa couplings and the newly introduced pseudoscalar induce
additional contributions to (g—2) , and 7 — py via one-loop and two-loop Barr-
Zee diagrams [?], as shown in the two panels of Figure 1. We include these extra
contributions in the numerical computations.

1. The Muon g —2 Anomaly In our case, the model-dependent coefficient
C;/A? could be expressed as [?]

Cuu _ NcAwemu

A2 1672m2
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The contributions from the two CP-odd Higgs bosons give rise to

6a1—100p ~ _acmm#

" Amdm? ;yfbquﬁffﬁﬁ(rf)’

where ¢ = Aa, ry = m?/mi, and y,,; is defined in Eq.~(16). The function
fs can be found in Eq. A.1 of the attached Appendix. The W and Goldstone
loops would not contribute to the Barr-Zee diagrams because Cyqypww = 0.

The other contributions from the CP-even Higgs bosons are induced by the
2-loop Barr-Zee diagrams where an intermediate photon and a W-boson are
involved [?, ?].

2. The 7 — puy Process The branching ratio of 7 — py is calculated as

483 gy,

BR = BR V) X ——
(1 — wy) (1 = pvw) x G%mﬁ

(1AL +[Ag[) .

Due to [yp,,,| = |yp,,| in the model, we have [A;| = [Ag| = [A]. The two CP-
odd Higgs bosons contribute to the form factor A through 1-loop and 2-loop
Barr-Zee diagrams as shown in Fig. 1, and the new form factor is obtained as

A=A+ Ay,

where

y Ty TT
A= ZMH(TT%

; 1672m,,

2
YourYosfOtem@yNe
At b - f (T )
) E: 2 o\ f
g 8 mf

3. DM Annihilation and GCE For m, < my,, the Dirac DM fermions
annihilate into bb primarily through exchanging a at s-channel. The annihilation
cross section for the relative velocity v, is given as

Y Pis”
8m(s —m2)2 +m2lr2’

(ov,) =

where s is the center-of-mass energy of the annihilating DM fermions, and m,
and I', are the mass and decay width of the mediator boson a, respectively.
In the non-relativistic approximation s ~ 4mi + m?202, thus Eq. 33 can be

X f )
rewritten as
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(00,) = YaPho (6 +v2/4)% + 47
VY S56mm2 (02 +12)7

where v = m,I',/ 4m>2< and 0 are two dimensionless parameters, and the kine-
matic factor ¢ is defined as § = 1 —m2/(4m?). As long as § is not too small,
the DM annihilation could occur in a region far away from resonance, and then
the cross section is almost independent of velocity. In this case, the GCE and
correct thermal DM relic density could be accommodated simultaneously pro-
vided that the parameter yi P sin” 26 is adjusted to an appropriate value. For
small §, the resonance effect would enhance the DM annihilation cross section.
In that case, adjusting the parameter y2 pp, sin®20/(6% + 42) can give a rea-
sonable explanation for the GCE observation. When § > 0, Eq. 34 indicates
that the magnitude of (0w, ) decreases as temperature increases, and the process
XX — a — bb does not sufficiently reduce the DM abundance at the freeze-out
epoch; therefore, some other annihilation processes that affect the DM relic
abundance must exist in the Lee-Weinberg evolution equation.

A Synthesis of All the Ingredients

In this section, we perform a numerical analysis to investigate the CMS h — ur
excess, muon (g — 2) . anomaly and the 7 — py constraint, as well as DM relic
abundance and GCE in the extended Type-III 2HDM. The model has been
implemented in the program FeynRules [?], and the model file for CalcHEP [?]
has been employed in the packages micrOMEGAs 4.1.8 [?] to calculate the relic
density and annihilation cross section of DM.

The Higgs masses in the model are set as: my = 150 GeV, my. = m,4 = 300
GeV. Here the value of my. is allowed by flavor physics constraints [?], and
m 4 = My is suggested by the T" parameter constraint as indicated in Section
IIT A 2. The value of my employed in our computations is consistent with
vacuum stability requirements [?].

The magnitude of the two CP-even Higgs mixing angle « is severely constrained
by recent Higgs data [?], and its closeness to m/2 will be explored later. The
invisible and undetected decays of the SM-like Higgs boson are accounted as
decays beyond the SM (BSM) [?], denoted as I'(h — aa) + T'(h — ur) =
I'pgum (). Since the BSM contribution to the decay branching ratio is bounded
below 0.34 at 68% CL, the decays h — aa and h — pu7 in this model are
constrained.

The best fit of the branching ratio of the undetected decays is < 0.23 at 68% CL,
and this limit allows BR(h — p7) = (0.847532)%, implying that the constraint
on the flavor-violating process is relaxed. As m, < my,/2, the a/A mixing angle
0 dominates the exotic decay rate of the SM-like Higgs h — aa and changes
the total decay width of the SM-like Higgs, by which the predicted value of
BR(h — p7) in this model is affected.
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The magnitude of § is required to be of order 9(0.01 —0.1) by the present Higgs
signal fit, which is also welcome for estimates of the DM relic abundance and
GCE interpretation since this value affects the magnitude of (ov,) (see Eq. 34).

The parameter dependence of the coupling p,, (denoted as p,, for simplicity)
needs careful analysis for the following reasons: the coupling p;; is responsible
for one of the dominant decay modes of the SM-like Higgs boson h — bb,
thus any change of p,, would affect the theoretical prediction for BR(h — u7).
Meanwhile, the DM annihilation xx — bb is supposed to be the dominant
process, and its cross section is proportional to the square of p;;, as given in Eq.
34. py, is set at the same order as p, ., i.e., 0(0.1) as aforementioned in Sec. III
B 1. The contributions of the tau lepton and top quark dominate BR(7 — uy),
as shown in Eq. 31 and Eq. 32. Thus the two parameters p... and p,, (denoted
as p,, and p,, for simplicity) need to be explored; here we use the parameter
range p.., Py ~ Ppp- Lven though we do not adopt the Cheng-Sher ansatz for
plfj7 we still choose a negative value for pzfj as in the Cheng-Sher ansatz [?, 7],
except for p_. and p,, while considering the current experimental constraint
from 7 — py.

To interpret the GCE, the DM fermion mass and the coupling of the DM fermion
to the mediator (a, A) are set as m, = 30 GeV and y, = 0.5, and the range of
m, is taken between 30 GeV and 95 GeV to account for resonance effects in the
DM annihilation process.

To obtain the parameter spaces favored by the physical picture including all
aforementioned constraints, we perform a complete numerical analysis for all
possible parameter spaces: o —p,., « —0, 0 —p,., py, — Purs Prr — Prrr and
m,—0, with relevant parameters free within the ranges: 30 GeV < m, < 95 GeV,
0.025 <0 <0.1, 1475 < a < 1.57, =0.115 < p,,, <0, 0.3 < py, <0, —0.28 <
P < 0.28, —0.05 < p.. < 0.05 based on the aforementioned arguments. For
each specific parameter space listed above, several parameters need to be fixed
as shown in the following:

e For parameter spaces of « — 0 (a —p,.): p,, = —0.01, p,. = 0.012,
P = —0.2, py, = —0.2, and m, = 50 GeV (46 GeV), p,, = —0.102
(6 = 0.06);

o For parameter spaces of py, — p.. (pp, — pr): My = 50 GeV, o = 1.546,
Pup = —0.01, 6 = 0.045, p,;, = —0.2 and p,, = —0.102 (p,, = 0.012 and
pre = —0.2);

e For the p,. — 6 (m, — 0) parameter spaces: a = 1.546, p,. = 0.015,
P = —0.2, py, = —=0.2, and p,,, = —0.01 (=0.02), m, = 50 GeV (p,, =
—0.102).

Conducting a numerical analysis using the above parameter setup, the relevant
processes are depicted in Figure 2 (see the caption for details).
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1. The h — ur Excess

To understand the CMS excess BR(h — u7) = 0.847032%, the relation between
the coupling p,,, and « given in Eq. 22 should be satisfied. The region colored
magenta in the top-left plot of Fig. 2 [Figure 2: see original paper] is allowed
to explain this excess. With a properly fixed «, both plots in the middle panel
show that a sizeable coupling p,,; ~ 0.1 is required.

The exotic decay mode h — aa with a large branching ratio can efficiently change
the total Higgs decay width, thus the a/A mixing angle 6 and the mediator mass
m,, affect the prediction of BR(h — pu7), as plotted in the bottom-right panel.
The entire magenta region in the bottom-right panel with BR(h — p7) = 0.61
implies that when 6 is relatively small or in the case 2m, < m,, the decay
process h — aa cannot occur, so it would not affect the Higgs total width
and becomes irrelevant to the h — u7 process. Eq. 21 clearly interprets this
situation.

It is worth noting that when this work was close to being finalized, the ATLAS
collaboration published a new analysis on h — u7;,, obtaining a slightly smaller

excess compared to the CMS result, while its upper bound is consistent with
the CMS result [?].

2. The Muon g — 2 Anomaly

The contribution of two-loop Barr-Zee diagrams to da,, is negligible because of
the smallness of cos . The dominant contributions to da,, include the one-loop
diagrams where CP-even Higgs H and CP-odd Higgs A are mediators; these

two diagrams respectively provide negative and positive contributions.

The contribution of the one-loop diagram where CP-odd a is the mediator to da,,
is positive, becoming larger for smaller m, and/or larger 6, therefore canceling
the contribution of the diagram where H is involved. This situation is depicted
in the top- and bottom-right panels of Fig. 2 (by the red dashed curves).

To obtain a result consistent with the present experimental value (da,, /107 =
2.61+0.8) [?], a sizeable p,,, is required, which is also consistent with the CMS
h — pt excess, and its dependence on p,,. is demonstrated in the plots (top-left
and middle panels). Within the allowed parameter space in p,. — p,;, a value
of muon g —2: da,, = 2.80 x 1079 is reached.

3. Constraints from 7 — pvy

The dominant contributions come from the one-loop diagrams (A-loop and H-
loop diagrams) and the Barr-Zee diagram with a top quark involved, as shown
in Eq. (30,31,32). The existence of opposite signs between the contributions
of the CP-even Higgs (negative) and the CP-odd Higgs A (positive) one-loop
diagrams [?] leads to a cancellation effect; however, this does not occur as long as
m, > mpy. With a large coupling p,, and under the limit sin & ~ 1, the Barr-Zee
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diagram involving the top quark provides the dominant (positive) contribution
to 7 — wy.

Additionally, as in the case of da,, when m,, is smaller and ¢ is larger, the im-
portance of the one-loop diagram where a is involved in BR(7 — ) enhances,
as shown in the bottom-right panel of Fig. 2. As well, a smaller o would also
induce an enhancement of the contribution of the h-mediated Barr-Zee diagram
with a W loop. Thus, due to the contributions of this Barr-Zee diagram and
the a one-loop diagram, for a region with larger # and smaller a, our calculation
would predict an even larger BR(T — py) (see the top-right panel).

The theoretical prediction for BR(T — wy) with respect to p,, (plotted in the
top-left and middle panels) shows behavior similar to that for da,,.

It is noteworthy that since the form factor A is related to the tau lepton and top
quark through the relevant loops (see Eq. (31,32)), the current experimental
bound BR(7 — py) < 4.4 x 1078 [?, ?] constrains p... and p,, strictly. The red
region in the bottom-left panel of Fig. 2 is allowed. It is interesting to note
that p,, and p., should have opposite signs as favored by the data. This result
agrees with that given by the authors of Ref.~[?]. One can see that the upper
bound demands p... to be small, about |p...| < 0.04.

4. DM Relic Density and GCE

Assuming that the observed GCE is caused by dark matter annihilation, the
lower bound of the annihilation cross section (owv,) should be about 0.5 x
10726 ¢cm? /s as discussed in Ref.~[?]. The upper bound of (ov,) is determined to
be 4.0 x 10726 cm? /s at 95% CL [?]. Also, the Pass 8 data of Fermi-LAT [?] from
dwarf spheroidal satellite galaxies set a new upper bound (~ 1.0 x 10726 cm3/s)
on the dark matter annihilation cross section at a DM mass of 30 GeV. The
areas in Fig. 2 that give an annihilation cross section of (ov,) = 0.5—4.0(1.0) x
10726 ¢cm? /s are depicted as the cyan (orange) regions. For the top-left (bottom-
left) parameter space, the calculated values are (ov,.) = 1.8(2.5) x 10726 cm3/s.

The blue curves and contours in Fig. 2 represent the correct dark matter relic
density (Qh% = 0.1197 4 0.0022) [?]. We note that the range of (ov,) favored
by the DM relic density and GCE, as expected, highly depends on m,, 6, and
Py (see Sec. TII B 3). Due to the enhancement of the annihilation cross section
when the mediator mass m, is close to ~ 2m,, the dark matter relic density
rules out a range in the parameter space (see the bottom-right panel). With a
sizeable py, ~ 0(0.1), the DM relic density and GCE could be accommodated
simultaneously in a range of (ov,) = (0.5—4)x 10726 cm3 /s. However, the results
newly reported by the Fermi-LAT and DES collaborations constrain {(ov,.) to
be smaller than 1.0 x 10726 cm?/s for 30 GeV dark matter fermions, which is
slightly smaller than the value required by the thermal relic abundance; thus,
there should exist other additional DM annihilation channels to make up the
correct DM relic density [?, ?].
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5. The CMS Constraints

Recently, the CMS collaboration combined comprehensive sets of production
and decay measurements of the 125 GeV Higgs boson, including decay channels
into yy, ZZ*, WW*, 7H7—, bb, and p ", and found no significant deviation
from Standard Model predictions [?]. This synthesis should severely constrain
the parameter spaces of all built models.

More specifically, the signal strengths for 747, bb, WW*, ZZ*, and 4~y channels
are defined as

i = ——————5p>
" ogu(h) x BRI

which can be obtained by fitting the CMS data within 1o tolerance [?]. In the
text, o(h) and ogy(h) (BR,; and BR$M) correspond to the Higgs production
cross section (decay branching fractions of the five decay modes) predicted by
this model and the SM, respectively, as BR, = T'(h — i) /(Tggp(h) + Do (R)).

We find that the upper bound on py, and the lower bound on u., set more
rigorous constraints on the parameters of this model, and the grey areas in Fig.
2 are excluded. With the allowed parameter spaces, the ranges of the signal
strengths p; are given in Table I .

The CMS Higgs decay signal strength strongly constrains the h/H, a/A mixing
angles o and 6, concretely demanding both sin « and cos € to be close to unity
(see the middle-left and top panels). The constraint on « is found to be compat-
ible with the parameter space obtained by accounting for the h — ur excess.
Py 18 also severely bounded since it could affect the primary decay mode of the
SM-like Higgs significantly. As shown in the middle-right panel of Fig. 2, which
is a contour diagram of py, — p,,, only a small band with p,, between —0.15
and —0.22 is not ruled out. Meanwhile, from the contour diagram of m, — 6,
one can see that as long as BR(h — aa) is larger than 0.12; the grey regions in
the figure are excluded by the CMS Higgs signal strengths.

For the not-yet-detected channel h — aa, the pseudoscalar primarily decays into
bb, so there should be an additional contribution from the process h — aa — 4b
in the h — bb searches [?], and the CMS experiment data [?, ?] would definitely
constrain the coupling between hbb as long as m, < my/2. The upper bound
on the undetected decay of the Higgs will be further improved as the bb pair
production is measured at 13 (14) TeV. Moreover, the h — 2b2v searches at the
LHC [?] could give more rigorous constraints on the parameters m, and 6.

6. Collider Observation of the Pseudoscalar

For the benchmark scenarios of this work, when m, > 2m,, the mass relation
my > m, + m, opens the channel pp(g9) - A — h(h — ~vvy)a(a — xX) for
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observation of the pseudoscalar a at the LHC, which corresponds to the mono-
Higgs searches in [?]. The backgrounds are dominated by the SM process pp —
Z~~ with Z — vv, and the Higgs associated production process pp — Zh with
Z — vv. The collider analysis is performed by generating signal and background
events with MadGraph5_ {aMC}@QNLO [?, ?] at 14 TeV, then passing them
to Pythia 8.1 [?] for parton shower and hadronization, and finally conducting
detector simulation with Delphes 3 [?]. After implementing the selection cuts
m.,, € [120,130] GeV, as well as EF*S, P;" > 76 GeV following Ref~[?], the
number of signal and background events obtained are 37 and 48, respectively,
giving a significance for observing a of S/v/S + B ~ 4 for the benchmark m,  —60
with 6 = 0.08, m, = 76 GeV and an integrated luminosity £ = 300 fb". The
pseudoscalar could also be probed with hard b-jets and large missing transverse
energy [?] when m, > 2m, and the pseudoscalar dominantly decays to dark
matter. When the pseudoscalar decays mostly to b-quarks, collider searches for
the pseudoscalar could follow Ref.~[?].

Conclusions and Discussions

The anomalies discovered by LHC experiments and dark matter observations
greatly excite human curiosity and inspire enthusiasm for searching for new
physics beyond the Standard Model. However, so far the trend has not been
very successful. Even though we know new physics must exist, we do not know
its scale. Direct and indirect searches for dark matter, LHC experiments, long-
baseline and short-baseline neutrino experiments, and numerous lower-energy
experiments including BELLE, BES, and many others provide hints toward
new physics beyond the Standard Model, while simultaneously setting increas-
ingly rigorous constraints on models proposed to explain anomalies observed
in astronomy and high-energy experiments. Some models survive the current
measurements, while many have been ruled out.

In this work, we have extended the Type-III 2HDM by introducing a pseu-
doscalar a that can mediate DM pair annihilation. In a recent paper, Han et
al.~[?] also extended the 2HDM with an aligned Yukawa sector to explain the
(9 —2), excess. In comparison, our scheme is somewhat different from theirs.
We not only consider the (g — 2),, excess but also many other constraints from
both terrestrial experiments and cosmology.

In this framework, the LF'V process h — pu7 observed at the LHC is addressed,
and the possibility of explaining the muon g—2 anomaly, dark matter relic abun-
dance, and GCE has been investigated. The role played by the newly introduced
a is studied in detail. It is found that there indeed exist certain parameter spaces
that can accommodate the h — u7 excess, muon g — 2 discrepancy, and dark
matter relic abundance.

With the flavor-violating coupling p,,, ~ 0(0.1) and a tiny mixing between h and
H around sina ~ 1, the observed h — u7 excess can be easily accommodated.
The pseudoscalar a opens an important undetected decay channel for the SM-
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like Higgs (h — aa) as m, < my,/2, thus affecting the branching ratio of h — Tp.
It also plays a role in explaining the discrepancy between theoretical prediction
and data for (g —2),. A smaller m, and a slightly larger CP-odd a/A mixing
0 help interpret the muon g — 2 anomaly. Increasing the CP-odd Higgs mixing
angle and |p,,,| increases BR(7 — ), thus further constraining the parameter
space of our model. The measurement of the branching ratio of 7 — u~y sets
a stringent bound on the flavor-conserving Yukawa couplings p,, and p_., and
moreover determines an opposite sign between these two couplings. There are
parameter regions in our model allowed by current experimental data on 7 — py
where both the measured h — u7 excess and the muon g — 2 anomaly can be
explained.

To account for the dark matter relic density, the a/A mixing angle should be of
order ©0(0.01) and py, ~ O0(0.1) is required; however, this parameter region does
not coincide with that favored by the GCE observation if it is postulated that
the GCE fully originates from xx DM pair annihilation. This inconsistency may
imply that there are other sources contributing to the GCE besides the pure xx
DM annihilation mechanism.

The LFV process h — u7 is studied in terms of our model, and our prediction for
BR(h — p7) is qualitatively consistent with that observed by CMS and ATLAS
at 8 TeV. However, to reach a decisive conclusion, more data are needed, and
the LHC Run II at 14 TeV should help. A synthesis of data accumulated by
the high-energy collider LHC, the future SPPC at 100 TeV, perhaps some lower-
energy experiments, and new astronomical observations would make the whole
picture clearer, enabling us to judge whether this model indeed works or needs
further modification. For the case m, > 2m,, the mono-Higgs search provides
one possible probe of the pseudoscalar.

Appendix: Loop Functions

The functions f,; and h used for the calculation of g — 2 and 7 — uy are given
by

B ! z(1—x)
fA,a(T)/O dmm~

The functions f(z,y,r) and Inami-Lim function Y (z) used in Eq. (17) are

r L zlnz ylny rilnr
@—-Dr—z) @-D@-y) @-Dy-—2) r—z)r—y)’

f(x,y,r) =

x :E*4+ 3xInx
8lz—1 (z—1)2]"

Y(z) =
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