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Lepton specific two-Higgs-doublet model based on a U(1), gauge
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We discuss a two-Higgs-doublet model with extra U(1)y gauge symmetry where lepton specific
(type-X) structure for Yukawa interactions is realized by charge assignment of fields under the U(1).
Extra charged leptons are introduced to cancel gauge anomaly associated with extra gauge symmetry.
In addition, we introduce scalar fields as dark matter candidates to which we assign Z, odd parity for
guaranteeing stability of them. We then analyze the phenomenology of the model such as scalar potential,
muon anomalous magnetic dipole moment, collider physics associated with Z’ boson from U(1)y, and dark
matter physics. Carrying out numerical analysis we search for a phenomenologically viable parameter

region.
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I. INTRODUCTION

The standard model (SM) of particle physics has been
very successful to explain experimental results and its
particle contents are confirmed completely by the discovery
of the Higgs boson at the Large Hadron Collider (LHC).
Although the SM is quite successful, there can be a new
physics beyond the SM (BSM) accommodating with the
experimental data and it is motivated by several issues such
as existence of dark matter(DM) and nonzero mass of
neutrinos which cannot be explained within the SM.
Furthermore the existence of new physics would induce
interesting phenomenology such as flavor physics and new
particle signatures at collider experiments.

One of the interesting extensions of the SM is the two-
Higgs-doublet model (THDM) in which a second Higgs
doublet is introduced. In general, the THDM has flavor
changing interactions through Yukawa interactions of both
quarks and leptons, which are strongly constrained by
various experiments searching for flavor violating proc-
esses. In many approaches softly broken Z, symmetry is
introduced to restrict Yukawa interactions to avoid flavor
changing neutral current (FCNC). One can also apply an
extra U(1) gauge symmetry to control Yukawa interactions
associated with two Higgs doublets. In such a scenario
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rich phenomenology would be induced from scalar bosons
from Higgs sector as well as Z' boson from extra U(1)
symmetry. In fact many works have been carried out in a
scheme of THDM with extra U(1) symmetry motivated by
several issues such as absence of FCNC [1], neutrino mass
[2-7], flavor physics [8—12], dark matter (DM) [13—18] and
collider physics [19-21]. Also extra U(1) could be origi-
nated from string theory [22].

In this work, we construct a model based on an extra
U(1)y gauge symmetry which can realize lepton specific
(type-X) THDM. The type-X THDM is one of the
interesting scenarios in THDM in which one Higgs doublet
only couples to quarks while the others only couples to
leptons [23]. Interestingly one can obtain sizable contri-
bution to muon anomalous magnetic moment (muon g-2)
from the structure of Yukawa coupling where the deviation
from the SM prediction is [24-27];

Aa, = (26.1 £ 8) x 10719, (1)

It is the 3.3¢ deviation with a positive value, and recent
theoretical analysis further indicates 3.7¢ deviation [28].
Moreover, several upcoming experiments such as Fermilab
E989 [29] and J-PARC E34 [30] will provide the result with
more precision in future. To explain the discrepancy a lot of
studies have been carried out within type-X [31-38], muon
specific [39] and general (type-III) THDM [40,41]. We then
investigate muon ¢-2 in our model taking into account
constraints from the SM Higgs measurements. In addition,
we introduce a scalar dark matter (DM) candidate in our
model which is stabilized by discrete Z, symmetry and its
interaction with muon can also contribute to muon g-2. The
relic density of DM is estimated to search for parameters

Published by the American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.100.115036&domain=pdf&date_stamp=2019-12-20
https://doi.org/10.1103/PhysRevD.100.115036
https://doi.org/10.1103/PhysRevD.100.115036
https://doi.org/10.1103/PhysRevD.100.115036
https://doi.org/10.1103/PhysRevD.100.115036
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

TAKAAKI NOMURA and PRASENJIT SANYAL

PHYS. REV. D 100, 115036 (2019)

TABLE 1. Charge assignments of field contents under
SUB)exSUR2), xU(1)y x U(1l)y X Z,.

Fields QL 1253 dR LL €r H] Hz EL ER NR ¢ X )(,
SUB)c 3 3 3 1 1 1 1 1 1 1 111
sv2), 2 1 1 2 1 2 2 1 1 1 111
U(l)y, % % —% —% -1 % % -1 -1 0 0 0O
u(l)y o0 1 -1. 0 0 0 1 0 -1 1 =110
Zy + + + + + + + - - 4+ 4+ - =

accommodating with the observed value imposing con-
straint from direct detection experiments. We also discuss
possibility of indirect detection experiments.

This paper is organized as follows. In Sec. II, we
introduce our model and formulate mass spectrum and
interactions. In Sec. III, we discuss phenomenology of the
model such as constraints from scalar potential, muon g-2,
Z' boson production at the LHC, and dark matter physics.
Finally we give a summary and discussion.

II. MODEL SETUP

In this section, we introduce our model and formulate
mass spectrum and interactions. This model has extra
U(1)y gauge symmetry and exotic charged leptons E R(L)

U(l)x x [SUG3).J*:

ULy x [U(1)y]*:

[U()x]* x U(1)y:

U(1) x [grav]*: 3

with U(1)y charge —1(0) are introduced to cancel gauge
anomalies. In the scalar sector, we introduce two Higgs
doublets H, and H, whose U(1)y charges are 0 and 1
respectively, and complex SM singlet scalars ¢, y and y’
with U(1)y charge —1, 1 and 0. We also impose Z, parity
where E} gy, ¥ and y are odd and the other fields are even,
and neutral scalar y and ' can be our DM candidate [42].
Here we consider two DM candidates y and y’ where the
former has gauge interaction associated with U(1)y and the
other is the gauge singlet. The full charge assignment of
fields are summarized in Table I. Scalar fields in our model
are written as

o
Hl-:< :

1 .
%(Ui-i‘h,-—l—iai))’ ¢:%(’7+¢R+1¢1),

1

20) =5 Urlie) + i Get)- (2)

where i = 1, 2, and v; and 5 are VEVs of corresponding
fields. We require y(y') not to develop VEV so that Z,
symmetry is not broken.

Here we show that our fermion contents satisfy the gauge
and gravity anomalyfree condition as follows

FHOE=1-1=0,
2\ gue 4 51 41
A2Vt (2t + aret 4110
2 UR\2 ;1
3(3)orr+3(5
[U(1)x]: 3(0%) +3(0%)° + (
(O%F) +3(05%F) + (

3

)(?V+PU(?V=2—M4=Q

P H(0x") =3-3-1+1=0,

)+ =3-3-1+1=0. ?

where QQSM is the U(1), charge of the SM fermion fgy, and the condition associated with SU(2), is the same as the SM
since SU(2), doublet fermions do not have U(1)y charge. This structure of anomaly cancellation is similar to the right-
handed fermion specific U(1) case [1,43,44] where the extra charged lepton plays a role of the right-handed charged lepton
in our case.

A. Scalar sector

Here we discuss scalar sector in the model formulating mass spectrum and corresponding mass eigenstates. The scalar
potential is given by

V= miH H) +m3H Hy + myg*d+ Moy'y + M2y — u(H{Hyp + Hee.) + 4 (H Hy)?
+ Mo (HYH,)? + A3 (H{H\ ) (HyH,) + Ay (HHy) (H3H ) + 2y (6 $)? + Agwr, (H{H L) (7 0)
+ 2y, (HYH) (97) + 2, 0 20) (97 ) + Ay, (" 2) (HIH) + A, (1) (H3Ho)
+ 20, VD B) + A, 0 ) HTHY) + A, (1) (H3Ho)
+ 4,000 + 4 )+ 1, (ex'd + Heel), (4)
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where we take the couplings to be real for simplicity. In addition we require invariance under phase transformation

7 — e%yandy — €%y to simplify the scalar potential, which is softly broken by the last term of the potential. The VEV's

can be obtained by solving the condition 0V /dv; = 9V /0v, = 9V /Iy = 0. From the condition, we require the VEVs and
parameters to satisfy

1 1 1 1
mivy + v + 201035 + 5 v v3A + S vy, *ﬁ”zﬂﬂ =0

2 2 2
2 3 L 1, L 1
myv, + v34, +§vlv2/13 +§Ulvzl4 +§11211 ApH, +ﬁvlw =0
2 3 L, 1, 1
myn + 1Ay +§11117/1,/,H1 +§11217/1,/,H2 +ﬁvlv2y =0. (5)

[
Also to obtain vanishing VEV of y(y’), we require M;()/) Higgs boson. The mass of the charged Higgs boson is
and couplings associated with y(y’) to be positive. given by
After spontaneous symmetry breaking, we obtain the
mass matrix for charged scalar such that 2 Hn /1_4 2

m T2,
7 5 . H* " \/2sinfcosp 2
5 (¢1> < np _/1_4>< V3 —”1”2)<¢1 )
by V2vio, 2/ \-vj0; 03 ¢y ) where v = \/v} + 23.

6 The mass matrix for Z, even and CP odd scalar bosons is
(6) obtained as

(8)

The mass matrix can be diagonalized as in the THDM and

. N2 mp Uy
mass eigenstates are | a\T[ Vau V2 V2 a;
L\ MUy
G* cosfp —sinp\ [ ¢t £ 2| @ V2oV, V2 a |- )
(- e o T )
H* sinff  cosp b5 NN

where tanf = v,/v;, G* is the Nambu-Goldstone (NG) ~ We can diagonalize the mass matrix by rotating the basis as
boson absorbed by W* and H™ is the physical charged  follows:
|

vl _ /iCP) vy
3v)2 22 122202 2.2
a, \/L1+V2 \/;1 vi+vIZos+ne; \/11 +3 G(l)
o U2 vy 0 0
G = Vorrd Rl AT (10)
¢I 0 V10 n Gg

\/172 vi+vi o403 \/172+11%

where G and G are massless NG bosons and these degrees of freedom (d.o.f.) are absorbed by Z and Z' bosons. The
physical CP-odd scalar boson A° has a nonzero mass of

s H0P A+ cpsgr?)
My =——=——"—. (11)
\/ECﬂSﬂT]

We thus find that A becomes massless in the limit of y — 0.
The Z, even and CP-even scalar sector has three physical d.o.f. {hy, h,, g} and the mass matrix is given by

B\ T 207 + 222 Jvyvy + dgvioy = ndgmv =2\
1 )
£35 ]’lz 131)]1)2"‘}.41)]1)2—:7/—’% 2].2U%—|—:7/_ﬂ71”'2 77/1¢H2U2_ﬂ—\;§1 h2 . (12)
o Mgt =3 Myr2v2 =75 272 + 15> | \Pr
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This mass matrix can be diagonalized by an orthogonal matrix R with three Euler parameters {a;,a,, a3} which is
written as

Cq,Ca, =S¢, Ca, Sa,
R(al , A, a3) = _C(ll sazsa3 + Sa] ca3 C(ll ca3 + Sa] sazs(13 Cazsa; (13)
—Cq, Sazca3 — Sq sa; —Cq, sa; + Sa sazca3 Ca, Ca3
and mass eigenstates are obtained such that
hy HO
— 0
hy | =Ry n | . (14)
Pr &/

We write parameters in scalar potential {m,m,, %/11,/12,/13,/14,/1(,5,/14»11,/1¢H2} by physical masses and vacuum
expectation values (VEVs) such that

V2m?
= T (15)
(v* sin fcos f§ + n~ cot f + n* tan f3)
2 np )

M==l—=—""———-m 16

T2 (\/isinﬂcosﬂ H (16)

i 2m3 R vy + 2my, Ry 01 + 2m3 R0, — V21, a7)

l pu—

3
4vy

B 2m3,R3, vy + 2m3 R3, 05 + 2m§0R%3 vy — V2nuv,

Ay =
2 403

(18)

B 2m70R11Ryy +2mj, RipRy; + 2m§0R13R23 — 2010544 + V2nu

A= 19
3 0, (19)
P 2””?{01%1’7 =+ meloR%zﬂ =+ ZméRé’? - \/5171”2/4 (20)
¢ 4’73
2m3, Ry Ry + 2m3, R xRy, + 2m§0R,3R33 + V20,
! 2v1n
2m2,Ry1 Ray + 2m2 Ry Ry + 2m% Ros Raz + V2v1
Apr, = —2 " 2 . (22)
2 2vym
|
Here we formulate masses of Z, odd scalar fields 5 5 5 v? 5 -
Xr() [rep)- For simplicity we assume pu,n < M2 and ST M, + bl (Ayn, €08° P+ Ayp, sin” )
ignore y-y' mixing. Then mass eigenvalues of them are 1 )
given by + 5/1;/(/)’7 ; (24)
2 where the real and imaginary part of y(y’) have the same

v 1 .
ml, ~m; ~M?:+ 5 (A, coS? B+ Ay, sin® f) + 5/11(/,772, mass, and we write them as m, and m,. Here the mass
degeneracy of the real and imaginary part is due to the

(23) requirement of invariance under phase transformation and
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TABLE II. The mixing factors associated with Yukawa inter-
actions in Eq. (27).
[0 HO hO 4:0 AO
u Ry Ry Ry _On
Yo sin 8 sin f} sin f} sin 8
yd Ry, Ry Ros On
@ sin 8 sin f} sin ff sin ff
V8 Ry Rp» Ris On
@ cos f} cosf} cosf} cosfi
V4 Ry Ry, Ry3 _On
@ cos ff cos f} cosf} cos
E Ry v Ryv Rs3v O3v
Yo 1 1 1 1

smallness of p, parameter in the scalar potential as we
assumed above. Thus our DM is identified as complex scalar
bosons.

B. Yukawa interactions

The Yukawa interactions in our model are controlled by
U(1)y gauge symmetry, and one obtains lepton specific
|

Ly=- >

f=u.d.eE

2V,
+ [\fv d

where V ,; indicates an element of the Cabibbo-Kobayashi-
Maskawa matrix. The coefficients associated with neutral
scalar bosons, yé,, are summarized in Table II while
interactions associated with charged Higgs are the same
as the type-X THDM. In our model neutrino mass is
generated as Dirac type and mass matrix is simply given by
m, = y*v,/+/2 from Yukawa interaction Eq. (25). Note
that neutrino v; in Eq. (27) corresponds to flavor eigen-
state.

C. Gauge sector

Here we formulate mass eigenvalues and corresponding
eigenstates in our gauge sector.' After symmetry breaking
gauge bosons obtain masses from kinetic term of scalar
fields

Wi\ [ g v]+0d)
g9 (v1 + v3)
B, ~2g9"v3

i(m, cotpP; — mycot pPg)dH —

—gd (v} +13)
g*(v] +v3)
+29’g/’v§

(type-X) structure for two Higgs doublet scalars and terms
associated with exotic charged leptons:

—Ly = y"QpHyug + y'Q, Hydg + y°L Hyeg
+ L H)Ng + yE¢*E Eg + Y y'E ex + Hec.,
(25)

where we omit flavor indices. We can derive the SM
fermion masses the same as the THDM. In addition the
masses of exotic leptons E is given by

yin

a:\/i'

(26)

mg

Then rewriting scalar fields by mass eigenstates the
Yukawa interactions become

m - m - .m -
&ﬁww+fmﬁmwf@mmﬂ

\/sz

v

tanﬁl_/LeRH+ + HC:| s (27)

Ly = (D,H,)"(D"H,) + (D,H,)"(D"H,)
+ (D) (D"¢), (28)

T(l

1.
WZ + E lngﬂ> Hl’ (29)

Ttl

D,H, = (@, +ig

1, .
Wi, + Elg/Bl’ + lg”Bl’,) H,, (30)

Dy = (9, —ig"B,) 9. (31)

where g, ¢, and ¢” are gauge couplings associated with
SU(2);,U(1)y, and U(1)y. The mass of W boson is given
by my = gv/2 with mass eigenstate Wi = (W), F iW3)
as in the SM. On the other hand mass matrix for neutral
gauge bosons becomes 3 x 3 such that

~299"v3 w3
+2¢'¢"v3 B+ . (32)
4d12 1}% + 49”27’12 B

'In our analysis we ignore kinetic mixing between U(1), and U(1)y gauge fields assuming its effect is negligibly small.
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Rotating (W3, B,)" by Weinberg angle 6y, we identify

massless photon field A, as
()= o))
B N —Sw Cw AH '
where ¢y (sy) = cos Oy (sinfy) whose definition is the

same as in the SM. Then we obtain a 2 X 2 mass matrix in
the basis of (Z,. B},) such that

1 Z T M2 _A2 Z
Lo = e (34)
2\ B -A2 M, /) \B

where the elements are given by

(33)

M3 su = % (¢ + g% My =g +r),
A? = \/%M%Mﬁinzﬂ. (35)
The mass eigenvalues are
my = % (M%,SM + M7 - \/(M%,SM - M7)* + 4A4)’
(36)

1
% _§<M%SM+MZ’ + \/ M%SM_M%’)2+4A4)’

(37)

m

and the mass eigenstates are obtained such that
Z cosf,,  sinfzy Z
(2)= Gy o)) 09
7' —sinf;, cosO,y B’

2
tan 29ZZ’ = ﬁ . (39)
z Z.SM
The mixing between Z and Z’ is sufficiently small in our
parameter region of interest and we ignore the effect of the
mixing in the following analysis.
The gauge interactions among Z' and fermions are
given by

L2 ¢'Z,(ugy ug — dgy*dg — Egy*Eg + Ngy*Ng).  (40)

We also obtain Z’'-scalar-scalar gauge interactions
such that

|

(239l <4m, |Ayn,,| < 87,

|143(43 + 244)| < 8,

‘z, Y+ —/12)2+/1§‘ < 8,

ey

L, MucsRay — v eyssRy,

LD ig“c/z,Z,’,(qbgaﬂqsz* -

+g Z,(A°*H° — H°O*A°)
v + U4s§ 2
vegRyy — v2cpsyR

_i_g//’7 p22 PP 322;4(1408”]10 _ hOa/,tAO)
2,2 2
n?v? + vtss 4Cp
vegRyy — v2cpsyR

4T 2232 i ﬁ233 Z,(A0 g0 — DAY,
n?v? + vts? 45Cp

(41)

where c4(s5) = cos f(sin ). In addition the h°VV and
HVYV interactions are given by

1m3 0
E D) 57 (CﬁRlz ‘I— SﬂRzz)h ZﬂZ"

2
m
+ TW (C/}Rlz + SﬂRzz)hOW;— W_ﬂ

1 m? 0
+ 57 (CﬂRll + S/ij])H Z”ZM
2

+m—y“’(cﬁR11 + SRy VHOWS W, (42)

Note that we reproduce THDM interaction in the limit
of aj > a, @ >0, and a3 = 0 as cyR, + 53Ry —
sin(f — a) and csRy; + 53Ry — cos(f —a).

III. CONSTRAINTS AND PHENOMENOLOGY

In this section, we discuss experimental constraints and
phenomenologies in the model. We first investigate con-
straints from Higgs sector such as stability and perturbativity
bound in the potential, in order to search for allowed
parameter region. Then muon anomalous magnetic moment
is estimated applying the allowed parameter sets. We also
explore collider phenomenology and dark matter physics.

A. Constraints from Higgs sector

Here we discuss constraints on our parameters such as
neutral scalar mixing {al , ), a3}, scalar boson masses and
tan f§ taking into account unitarity, stability and perturbativity
bounds for the Higgs sector as well as the experimental
measurements of SM Higgs coupling strength. The con-
straints from unitary and perturbativity are given by [45]

M £ 44| <87 A3 + 24| < 87

a1y2.3 S 877,', (43)
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where a , 5 are the solution of the following equation

.X3 — 2X2(3/1] + 3/12 + 2/1(]5)

— X2y + 25, = 36114, — 24414y — 24412y + 423 + Adady + 13)
4GBy A = Agpr Apr, (223 + Ag) + 3234 Ay + Ag((25 + 24)> = 36A142)) = 0. (44)

We also obtain constraints from stability condition for scalar potential such that [46—48]

11.2’4, > 0,

23/ Ml + 43 > 0,

2\/A12g + A, > 0,

2/ Adg + 23+ dg > 0,

21/ Ay + Ap, > O,

\/(/13),1,l - 4/11/1(/,)(/13”12 —4xhp) + 2434y > Ay Apm, s

V B, = 40125) g, = 402g) + 2005 + 25)g > Dy Dy (45)

Note that we do not consider couplings associated with y since it does not develop VEV and we just assume that these
couplings are positive values and not too large satisfying perturbativity and unitarity condition. Furthermore we impose
constraint from the SM Higgs coupling measurements as follows

1.22 > xy > 0.87, 1.26 > k; > 0.81, 1.45 > k;, > 0.55, 1.36 > «, > 0.70, (46)

R R
Ky = CﬁR]2+SﬁR22, K; = Kp :ﬁ’ K¢ :ﬁa (47)
Sp p
where we have applied the 26 region of observed values in Refs. [49,50].
Here we scan out parameters to search for allowed parameter region, such that
T
Q23 € —55} myo = my= € [200,500][GeV], My o € [40,500][GeV],
tan g € [1,50], n € [100, 10000][GeV], (48)

where we can take a range of mixing angles in [z/2, z/2]
without loss of generality. The allowed parameter regions
are shown in Fig. 1 where we take m 4o as a scanning para-
meter in the left side plots and m 0 = 40 GeV is chosen in
the right side plots. We find that relations among mixing
angle a7 <0 and a, = —a3 are required to satisfy the
constraints. Furthermore correlations of parameters |a,| ~
n/2 and myo ~ mg are preferred to obtain large tan 5. On
the other hand, the value of # is not strongly constrained
and does not correlate with the other parameters. We can
thus take # as an almost free parameter.

B. Muon g-2

Here we estimate muon g-2 in our model. First we have
contributions from loop diagrams with Z, even scalar
bosons at one- and two-loop level. The two-loop Barr-
Zee type diagrams can provide sizable contributions to
muon ¢-2 and the formula is given in Refs. [40,51]. We find
that the sum of contributions to muon ¢-2 from loop
diagrams associated with ¢ = {h°, H°, £°, A%} is at most

[

O(107'%) when we apply allowed parameter region
satisfying constraints discussed in previous subsection.
This behavior is due to the negative contribution from
two loop diagram associated with £°. We thus need the
other contribution to explain muon g-2 in the model.

In fact, we have a contribution to muon ¢g-2 from one
loop diagram in which y' and E propagate inside the loop
[52,53]. This contribution is estimated as

11 (YX/)TiY}i/ m
Aaﬂ oorx) - Z 645[2 : ﬁ F){’ (rE,-)v (49)
i=1-3 i

2(1 —
Fylrs) = [ o l-x)
' o X+ (1=rp)x+rg(1-x)

i i

. (50)

where rj; = my/Mj7 and /g’i =m% /M. In Fig. 2, we
show Aa, from the y'-E loop contribution as a function of
Yukawa coupling ¥# where we assumed three generations
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The allowed parameter regions where we take m,0 as a scanning parameter in left side plots and m 40 = 40 GeV is chosen in

right side plots. The color gradient corresponds to the values of the parameter indicated by a top label.

of E have the same mass and all Y%, has the same value. We
also assume Y)l.(1 3) = 0 to avoid constraints from lepton
flavor violation processes. Thus Aa, 2 107° can be real-

ized with sizable Yukawa coupling Y#" when the masses of
' and E are around electroweak scale.

C. Collider physics

In this subsection, we discuss collider physics mainly
focusing of Z’ boson production at the LHC. Our Z’ boson
can be produced by gg — Z' process since right-handed
quarks have U(1), charge. We estimate the cross section

using MADGRAPH/MADEVENT 5 [54], where the Feynman
rules and relevant parameters in the model are implemented
with FEYNRULES 2.0 [55] and the NNPDF23L.01 PDF [56]
is adopted. In the model Z' can decay into SM quarks,
scalar bosons and exotic charged lepton E where branch-
ing ratio (BR) for Z' — ¢g is relatively larger than the
other mode due to color d.o.f. Then the most stringent
constraint comes from the LHC analysis searching for ¢7
resonance when the Z' — i mode is kinematically
allowed. When m, < 2m, our Z' decays into jets and
the collider constraint is looser due to large SM back-
ground cross section. We can search such a Z' boson by
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FIG. 2. y'-E loop contributions to Aa, as a function of Yukawa coupling ¥# " where the masses of y’ and E are indicated in the plots.

analyzing pp — yZ'(— jj/bb) process with smaller
number of SM backgrounds events. [57,58]

In the left(right) plot of Fig. 3 we show o(pp —
Z')BR(Z' — 1) as a function of ¢’(n) for my =
{500, 1000, 1500} GeV. The estimated values of 6(pp —
Z)BR(Z' — 1) are compared with the upper bound from
the analysis of LHC data [59] to search for allowed
parameter region. We then obtain allowed parameter space
on the (M,,n) plane as shown in Fig. 4, where we also
scanned tan # whose values are indicated by color gradient.
It is found that large # region is allowed since U(1)y gauge
coupling is small due to the relation ¢’ ~My/n.
Furthermore tan § dependence is small since Z-Z' mixing
is always very small in the parameter region. In addition we
estimate forward backward asymmetry (AFB) for 7 final
state from Z’ decay which is defined by

100

10
= |/ e
gt
4
o
S qf
mz=500 GeV
//’ L mz=1000 GeV
S e mZ'=1500 GeV
01} /
0.5 1.0 15

g"

FIG. 3.

N(Aly| > 0) = N(Aly| < 0)
N(Aly| > 0) + N(Aly| < 0)

AApp = (51)

where N(Aly| > (<)0) indicates number of events with
corresponding sign of A|y| = |y,| — |y;| for rapidities of top
and antitop quarks y, and y;. We find that AApp ~0.3-0.4
is obtained in our model depending slightly on Z’ mass and
it does not depend on the other parameters in the model.

D. Dark matter physics

Here we analyze DM physics such as relic density
and constraint from direct/indirect detection experiments.
In our model, DM candidates are Z, odd scalar bosons
x(¢') and its interactions relevant to annihilation processes
are given by

100
mz=500 GeV
A — mz=1000 GeV
10_ L N N e m— mZ'=1500 GeV
I
— \’
n ".
o
[
o
o 1}
0.1}
2000 4000 6000 8000 10000
n [GeV]

Left: Z' The products of production cross section and BR(Z' — t7) as a function of ¢” for m, = 500, 1000 and 1500 GeV.

Right: 6BR(Z' — t7) as a function of # for the same values of m.
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L2 —ig"Z, (" "y — "r'y) + §"*Z, 2%y — (Y y'ELeg + H.c.)

+
2

_ K

NG ' (¢ + i) +H.c]

(Aym, v cos Bhy + Ay, v sin fhy + A ynpr)x* x + (Aym, v cos fhy + Ay, vsin phy + Ay ndr)y’* ¥’
1

1 1
bty (WS + @t + GOV H + S A0, (15 + @3 + 3 92000 + 5200 (PR + DX X

1 1 1
+ Ay, (ht +af + LI A + 54w, (B3 + a5 + b3 937X + 525Dk + 01X (52)
2 2 2

where we ignored Z-Z' mixing effect since it is negligibly
small, and mass eigenstates for scalar fields are obtained
applying Egs. (7), (10), and (14). The scalar bosons and Z’
decay into SM particles via interactions given in Secs. Il A

and IT C. Note that y(y’) decays into y’ 455;), ()(455;),) state for
M, (/) > My, Via the interaction with coupling u, so that
only the lighter state among y and j’ is the DM. Then we
estimate relic density of our DM for each scenario given
below applying MICROMEGAS 4.3.5 [60] by implementing
relevant interactions.

In general we have many DM annihilation processes
which are described by different parameters in Eq. (52).
Thus, in our analysis, we consider several scenarios
focusing on some specific processes as follows:

() my, < myand {Aypi)s Ayt oy At ) <

1 so that yy - Z' — ff andlor yy — Z'Z' are
dominant annihilation mode.

(2 m, <my, and {A,4. Ay .4y} are sizable but
Ao Aym, s Ay, Y%} < 1 where scalar portal proc-
esses are dominant.

() my > myand {dyyirg)s Agn, 0 At << 1
but ¥* is sizable where we consider the y'y’ —
£1¢~ process via Yukawa interaction.

tanp 50
10000 5 TR EaE s T
N eX 'h'r,.i‘
s p Y Le* ©
8000 { i <y A 40
_ g i’ 130
S 000 | aii
g B
=
: 120
4000 { Rty
! 10
2000 {e
£ 5
1000 2000 3000 4000 5000
my[GeV]

FIG. 4. The parameter region allowed by the constraint from
data of 7 search at the LHC where color gradient indicates the
value of tan /.

Note that in scenario (2) we will get the same
behavior if we exchange the roles of y and y' so
that we only consider the case in which y is DM.
Under these scenarios, we estimate the relic density
of DM.

In addition to the relic density, we need to take into
account constraints from DM direct detection experiments.
In our model DM can interact with nucleon through scalar
and Z' exchange when DM is y. Then we can estimate the
DM-nucleon scattering cross section, in the nonrelativistic
limit, such that

,u]zv){m%vf,zv R22Choﬂ RZICHOJ(;( R23C§0)0( 2
ON—y =13 35> T 7 T 2
TSV mj, mi, M
14,2
9/_@, (53)
% b,

where myy is nucleon mass, puy, = mym,/(my + m,), and
fn 1s the effective nucleon-Higgs coupling [61,62]. The
couplings Cigo jo 20}, are obtained from terms in second
line of Eq. (52) such that

g//
20004 -
————— myz = 2m, o // 0.40
.‘ e .c*
1750 2
AT 0.35
1500 F
03 ‘
gL L 0.30
.’ L)
S 1250 e
® & L0.25
,
£ 10004 A | 020
.c,‘.l
.,.,/
750+ Iy 7 015
7
500 - ':;/ 0.10
M
‘,/
2504 ¢ 0.05
200 400 600 800 1000
my[GeV]
FIG. 5. Parameter region accommodating with relic density of

DM in scenario (1).
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FIG. 6. Parameter region accommodating with relic density of
DM in scenario (2).

C[Hoﬁo.gow( = AyH, v COS ﬂR1[1,2,3] + Ayu, v sinﬁRz[Lm]
+ AN R3[1 2.3 (54)

In our numerical analysis below, we adopt MICROMEGAS
4.3.5 in estimating o)_, and the experimental constraints are
imposed [63]. When DM is y’ only scalar mediating
|

Ny () (S [100, 1000] [GCV},
on,ézo (S [40, 500] [GBV],

@ange (1,50, o € —g,o

s (126

YX/12

FIG. 7. Parameter region accommodating with relic density of
DM in scenario (3).

interaction contribute to DM-nucleon scattering where we
can obtain the contribution by exchanging y to y' for
couplings in Eq. (54).

We perform parameter scan for each scenarios to search
for parameter region realizing observed relic density of DM.
First we set the following parameter ranges for all scenarios:

My = mys € 200, 500][GeV],
My, € [m,, 1200][GeV]

_g,f}, az € —sign(a,) x [0, g] (55)

where the range of @; is chosen as indicated by the constraints from scalar sector discussed above. The other parameters are

set for scenario (1) as

M, € [150,2000][GeV].

Ayded) = Ayt (rry) = Ay rmy) = 107,

n € [4500, 10000][GeV],
L 10-5
Y4 =107, (56)

In addition, we impose LHC constraint on {m, ¢’} parameter space discussed in the previous section and we scan these

values within allowed region. For scenario (2), we chose

M = 2500[GeV],
(A Ayt Ay, } € [0.001,0.1],

For scenario (3), we chose

M, = 2500[GeV],

oo ) = Mt (1) = Mty = 107,

n = 10000[GeV],

n = 10000[GeV],
gy = Apn, = Ay, =107, Y5 =107, (57)
Y4 €[001,v4z], Y4 =10 forj#2. (58)
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Note that we assume y and y’ masses are not degenerated,
and coannihilation processes are not taken into account in
relic density calculations.

In Fig. 5, we show allowed parameter region giving relic
density, 0.11 < Qh? < 0.13, in scenario (1) where hori-
zontal(vertical) axis corresponds to M,(Mz) and color
gradient indicate the value of ¢’. It is found that the
observed relic density can be obtained around M, ~2M,
since the annihilation cross section is enhanced by resonant
effect [64—68]. We also show allowed parameter region for
scenario (2) in Fig. 6 where horizontal(vertical) axis
indicates M,,(My,) and color gradient shows M, . In this
case we obtain allowed region for M, < My, (or M)
since the relic density is explained by the process
xx = HoHy(Eép). In addition, the allowed parameter
region for scenario (3) is shown in Fig. 7 where horizon-

tal(vertical) axis indicates Y%,(¥%,) and color gradient
shows Y{z We find that required values of Yukawa

couplings Y)fz/ are O(1) scale which is also required to
obtain sizable Aa,,.

Finally we comment on the possibility of indirect
detection of our DM. For each scenario above, DM pair
annihilates mainly as follows: in scenario (1) yy —
Z' = fomfsm of x¥ = Z'Z' = 2fsufsm; in  scenario
) x7 = ¢° = fsmfsm of x7 = ¢p — 2fsufsu Where
¢° and ¢ indicate neutral scalar and any scalar bosons; in
scenario (3) ¥y’ — £+¢~ where ¢ is the SM lepton. Then
the gamma-ray search gives the strongest constraint on the
annihilation cross section by Fermi-LAT observation
[69,70]. For scenario (3), current DM annihilation is small
since the cross section is suppressed by DM velocity since
it is a P-wave dominant process. We thus estimate DM

ovlcm?3/s]
2000 4 .
PR 10728
R
1750 - e
&
[ 10-29
1500 1 aF £ 10
% £
— & i
< 1250 'S [
) : L 10-30
N E
£ 1000 f‘,‘; 3
J ke -31
750 p 10
-
500 -
10732
250 -
200 400 600 800 1000
my[GeV]
FIG. 8. DM annihilation cross section at the current universe in

scenario (1).

1.0
0.8

0

"‘E 0.61

Q

a9

o

—

X 0.4

>

(e}
0ol G A SH TR
100 200 300 400 500 600 700 800 900 1000

m,[GeV]

FIG. 9. DM annihilation cross section at the current universe in
scenario (2).

annihilation cross section in current universe for scenario
(1) and (2) using MICROMEGAS 4.3.5. In Figs. 8 and 9, we
respectively show the DM annihilation cross section in the
current universe for scenario (1) and (2). We find that the
cross section in scenario (1) is smaller than that in scenario
(2) since DM-DM-Z’ coupling include derivative and the
cross section is suppressed by momentum factor. Therefore
the scenario (2) is the most sensitive case for indirect
detection where the shown parameter region is still allowed
by the current measurements [69,70], and it can be tested
by in future data. For illustration, we also estimate spectrum
of y-ray from DM annihilation in scenario (2) where we

TABLE III. Parameter choice allowed by relic density and
direct detection constraints for computing the photon flux for
three angular regions.

Parameters BPI BPII
m, 590 GeV 766 GeV
mypo 362 GeV 368 GeV
my, 362 GeV 368 GeV
m 40 283 GeV 143 GeV
mgo 121 GeV 449 GeV
mg, 971 GeV 811 GeV
mg, 673 GeV 915 GeV
mg, 954 GeV 1143 GeV
tan 2.8 13.8
a —1.51 rad —0.39 rad
a —0.09 rad 1.34 rad
o 1.55 rad —0.34 rad
Ayg 0.042 0.053
Ayh, 0.077 0.062
Ayh, 0.018 0.041
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FIG. 10. Left and right plots correspond to y-ray spectrum from DM annihilation for two benchmark points 1 and 2 in scenario

(2) where we applied three angular regions.

adopt two benchmark points(BPs) given in Table III and
use MICROMEGAS. The spectrum for BP1 and BP2 are
shown in left and right plot of Fig. 10 where we applied
three angular regions characterized by galactic latitude b
and longitude /. We find that d®,/dE has broad range and
its value is larger for smaller energy region since y-ray
comes from radiation from charged particle in final states in
DM annihilation.

IV. SUMMARY AND CONCLUSIONS

We have constructed a two Higgs doublet model with
extra U(1), gauge symmetry in which lepton specific
(type-X) structure is realized by charge assignment of
Higgs doublets, quarks and leptons. In addition exotic
charged leptons E are also introduced to cancel gauge
anomalies. We have also introduced discrete Z, symmetry
under which exotic charged leptons have odd parity, in
order to restrict exotic charged lepton interactions.
Furthermore the SM singlet scalars y and y’ with Z, odd
parity are added as our dark matter candidate where y is
charged under U(1), while ¥ is not charged.

We analyzed scalar sector formulating mass eigenstates
and relation among parameters in the scalar potential. Then
allowed parameter regain is explored by investigating
constraints from scalar sector such as stability and petur-
bativity bound in the potential. We have also estimated
muon g-2 applying the allowed parameter sets. It has been
found that the contributions from loop diagrams with Z,

even scalar bosons cannot be sizable to explain muon g-2
discrepancy. To explain muon ¢-2 we should rely on
contribution from loop diagrams with Z, odd particle
and it can give sufficiently large muon g¢-2 with sizable
Yukawa coupling associated with exotic leptons and dark
matter.

The collider physics has been also discussed focusing on
7' boson production at the LHC. Our Z' boson has
leptophobic interactions and pp — Z' — ff process pro-
vides the strongest constraint if Z’ mass is heavier than 2m,.
We have estimated the Z' production cross section and
discussed its constraints. In addition we have discussed #f
asymmetry for the pp — Z' — t7 process.

Finally we have analyze dark matter physics such as relic
density and constraint from direct/indirect detection experi-
ments. In our analysis, we have considered several scenar-
ios: (1) DM is y and Z’ interaction is dominant, (2) DM is y
(or ) and scalar portal interaction is dominant, (3) DM is
' and Yukawa interaction with exotic leptons is dominant.
Then allowed parameter region for each case have been
searched for taking into account observed relic density and
direct detection constraints. We then find all the cases can
realize the observed relic density by choosing parameters
relevantly. In addition we have discussed possibility of
indirect detection estimating DM annihilation cross section
at the current universe. It has been shown that scenario
(2) is the most sensitive to indirect detection and will be
tested in future measurements.
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