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Two Higgs doublet model

« an effective theory of high-energy models.

- MSSM, GUT, flavor models, and etc.

* an extension of SM

- extra scalars

- dark matter physics Ma,PRD73:Barbieri,Hall, Rychkov,PRD74

- baryon asymmetry of the Universe  shuznhano.priii

- neutrino mass generation  «kanemura Matsui, Sugivama,PLE727

- top Ay at Tevatron and B—DOry at BABAR ko .Omura vu £RIC73:0HER 1302



2HDM with Z, symmetry (2HDMwZ,)

* One of the simplest models to extend the SM Higgs sector.

* In general, flavor changing neutral currents (FCNCs) appear.

* A simple way to avoid the FCNC problem is to assign ad hoc Z, symmetry.

Type | Type |l
Type H1 Hz UR DR ER NR QL’ L u u
I + - + + + + + d e d e
I + — + - — + +
T X Type Y
X + — + + — — + yPe
u u
Y + — + — + — + d @@ d e

Fermions of same electric charges get their masses from one Higgs VEV.

L = E(ylFTJHl +M)ERJ- + H.cC. or vice versa

NO FCNC at tree level.



Extensions of 2HDM




Why softly broken Z, sym?

* Discrete symmetry could generate a domain wall problem when it is
spontaneously broken.

 Usually the Z, symmetry is assumed to be broken softly by a dim-2
operator, H/H, term.

~

The softly broken Z, symmetric 2HDM potential

N . : 1 + . L. .
V = m{H|Hy + m3H}Hy — (m},H Hy + hc.) + S0 (HH) + 5o(HHy)?

+ Aa(H{ Hy)(H}Hz) + A (H{ Hz)(H}H,) + 5)\5[(5’1%)2 +h.c]

N /

* the origin of the softly breaking term?




Why softly broken Z, sym?

* Discrete symmetry could generate a domain wall problem when it is
spontaneously broken.

 Usually the Z, symmetry is assumed to be broken softly by a dim-2
operator, H/H, term.

~

The softly broken Z, symmetric 2HDM potential

1 - .
V = m?HI H, + m2HIH, — (m%,HIHy + h.c.) + QJ\I(H H,)? + %AZ(HQHE_}E

+ As(H{ H1)(HyHy) + Na(H{ Ho) (HyH) + 5)&5[(HIH2)2 +h.c]

- J

* the origin of the softly breaking term?

U(1), extension of Z, symmetry could be the origin of the softly breaking terms.
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Type-I 2HDM

* Only one Higgs couples with fermions.
Vy = yiijchiHlu Rj T yijl':)@LiHlDRj + injEEiHlERj + yilj\l EiHlNRj

« anomaly free U(1), without extra fermions except RH neutrinos.

U, D, | Q L Ex N, H,
U d (“;d) _3(“;0') ~@u+d) —(u+2d) U9

Ko,Omura,Yu, PLB717,202(2013)



Type-I 2HDM

* Only one Higgs couples with fermions.

Vy — yiLjJGLiI:Ilu Rj T yijl':)QLiHlDRj + injEEiHlERj + yilj\IEiH~lNRj

« anomaly free U(1), without extra fermions except RH neutrinos.

Ug Dp | Qg L Eq Ng H | Type
o g (D) BU+d) onigy —ua2d) U9

2 2 2
0 0 0 0 0 0 0 | h,=0
13 1/3 | 1/3 1 1 1 0 |u@,,
1 1| o0 0 1 1 1| U,
2/3 -1/3| 1/6  -1/2 1 1/2 | uQ,

i

Z,, strongly
constrained



Type-I 2HDM

* Only one Higgs couples with fermions.
Vy = yiljJGquu Rj T yijl':)GLiHlDRj + injEEiHlERj + yilj\l EiHlNRj

« anomaly free U(1), without extra fermions except RH neutrinos.

Ug Dp | Qg L Eq Ng H | Type
o g (D) BU+d) onigy —ua2d) U9

2 2 2
0 0 0 0 0 0 0 | h =0
/3 1/3 | 1/3 1 1 1 0 |u@,,
1 1| o 0 1 1 1| U,
2/3 -1/3| 1/6  -1/2 1 0 1/2 | uQ,

\ * SM fermions are U(1), singlets.
 Z,, is fermiophobic and Higgsphilic.

less constrained



Type-I 2HDM

* Only one Higgs couples with fermions.
Vy = yilchjLiHlu Rj T yijl':)GLiHlDRj + injEEiHlERj + yilj\l EiHlNRj

« anomaly free U(1), without extra fermions except RH neutrinos.

U, D, | Q L Ex N, H,
U d (“;d) _3(“2”') ~@u+d) —(u+2d) U9

Z> [No Dark Matter]

« Dark matter could be introduced in Higgs portal or inert type models.

* Or, in general, extra fermions are required in order to cancel gauge
anomaly.

— one of extra fermions could be a candidate for cold dark matter.
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Type-I1 2HDM

* H, couples to the up-type fermions, while H, couples to the down-type
fermions.

Vy = yiLjJ@LilqluRj + injD(jLiHZDRj + YijEEinERj + yi;'\IEiHleRj

U, D, Q. L E; N, H, H,
u 0 0 O O u u 0

* Requires extra chiral fermions for cancellation of gauge anomaly.

U@,V

U()y] U
2/3 |Qr=u+Qr

2/3 Or + Two SU(2), vector-like pairs

0 nr =u+ng

SU(3)[sU(2

e

qLi

qRi

It r.a

=] =]
i | i | ok |

R

0 T R

Mixing between new chiral fermions and SM fermions is prohibited by
U(1), charge assignment.

One of extra fermions could be a candidate for CDM.



Eg — SO(10) x U(1)y

Type-I1 2HDM

* type-ll 2HDM with U(1) inspired by E; GUT

SUB)[SU@)UL)y [U@[UQ)[UQ@)UQ),
Q' 3 2 [ 1/6 [-1/3] 1 | -1 | -2
TARE 1 |23 23] 1| 1] 2
Dl 3 1 | -1/3]-1/3] -1 | =3 | -1
L] 1 2 [-1/2 1| 3 |1
AR 1 [ =1 ] o[ =117 2
Nil o1 1 o | 1] -1]5 15
o] 1 2 [12] 0| 2 [ 2 |1
o, 1 2 12 1] 2] 2 | 4

SUB)SU@)UL)y [UQ)[UQ)[U0),[U1),
@l 3 1 |-1/3l2/3] 2| 2 | 4
a| 3 1 |-1/3]-1/3] 2 | 2 | -1
A > [-1/2] 0 | —2 | —2 | 1
A o [-1/2] 1| 2 | —2 | -4
ni| 1 1 0o | 1] 4 | 0 | =5

SUB)SU@)[UL)y [UL)]U 1)), [UQ),
3 1 1 o | 1| 4]0 5

— SU(5) x U(1),

x U(1)y

. 3 5
Qy= 7@ = 7Qu

1 .
Qs =(Qy+2Qy) == leptophobic

choose as U(1),

Yukawa interaction for extra fermions

1_;ex — yfj(I)q_LiqR + UU(DEL !3 + U:}{R HlnL + uf”fc Hzﬂ“i + h.c.

Mixing of extra neutral fermions

L, =

| 0 mz my 173

—5 (75 Zrng) | me 0 mp v | +hee.

- my mp 0 nr

| my 00 Ny

—5 (M NaN3) [ 0 my 0 Ny

- 0 0 s _-'\73

= The lightest one is CDM. 12



Higgs Potential

* in the ordinary 2HDM with Z, symmetry

, D D
V = m%HIHl + -mgH;ng )+ 5)\1(HIH1)2 + SAQ(H;FHQ)Q

* in the 2HDM with U(1),, we include an extra singlet scalar ®, which
makes Z,, heavy.

V = in3(|®>)H{ Hy + 103(|®|*) Hy Ha H/H,®
A

+ 2L HTH)? + Z2(HIH,)? + \s(H{Hy ) (HJH,) + M |HIH,|? invariant under U(1),

2 2
+mz|P* + \a| D" no A5 terms!

¢ neUtraI nggs ha 1 0 0 cosay 0 —sinayg CcosS g — sinap 0 h
hi ] = 10cosa —sina 0 1 (0 sinag cosay 0 H
Do 0 sina cosa sinag 0 cosa; 0 0 1 h

« a pair of charged Higgs + 1 pseudoscalar Higgs + 3 neutral Higgs bosohns

g (HTHY) (H Hy) + Ma(HT Ho)NG

not invariant under U(1),




/-Z,, mixing

* tree-level mixing (v#0)

. , 5
2AMZ, 7, .
L : A T2 Mz 9
MZ M2 AMzz, = ——=gu ) {am;,;
“H 4 P—

* loop-level mixing (v,=0, v,70)

tan 2§ =

quarecw (1 mi 1 mi — m'i,
- Kg = 162 5 In 5 ~ % — .
s, -~ \ H’A /s N TESW 5] mH+ m3y
7 /\/\N\ NN \VZH f\ ;} o = G'HyH; lln ( n;i ) B lmi —2 m¥ } |
s RI\MI/L : 167 3 M. 6 m3
~ _¥ g
AA z ZH N 12 qHIHE 9 5
AMz, 5 = (m3 — mi).

 32m2swew
Kz K Y 2 aoa 2T SW CW
5 Fy Fruw — T*F,; Fruw + AM3, ;72" Zy,

* In the fermiophobic Z, case, the Z, boson can be produced through the Z-
Z,, mixing and the bound for the mixing angle is

siné <0(107%) ~0(107°)

14



Igncos P

Mass and coupling of Z, (type-I)

v,,V, #0
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siné <0(107%)
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loop-level mixing

Includes collider bound, relic
density, direct detection and



Constraints

« experimental and theoretical constraints o
Perturbativity

m, ~126 GeV Unitarity

Vacuum stabilit
| mH+ - mA | - - y

|mHJr o mH | P EWPOS = 605

small mass differences £ | E2 cmmnaans :‘;

[Invisible Higgs decay\

.~ non-SM
h e -

\ ~non-SM y

B sesces Cbssrved +10 theory
fomm— Obsarved - &7 thecry

reqUIed | ——- Expected sxchision 2011

40— osssawcusonzon |
| ATLAS Preliminary
0k mt"‘ fi:a'rdv_
b Il:dta-sa:s-fs"

SM-like Higgs :

= Upper limits on production cross section x branching ratio

g‘d’ E ATLAS Profiminary — O\» waF _j g‘o, - ATLAS Profiminary — Oba VBFVH
twf e me 3 e
m Heavy Hiagas search at LHC é —eden 3 g
E E
H y m1gg E ] £
£ ] g




Type-I (with hy) and Type-II (E;)

* the gg fusion

Type-| 2HDM
b CMS

I . h |}.1t
@ 14| orcinary AT LA

bt

S

Ko,Omura,Yu, JHEP1401 (2014) 016

ge >h—>»7ZZ

 Data are consistent with the SM prediction.

* To distinguish models, it is necessary to discover other scalar and Z,,

bosons.
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Dark Matter

Observations - 0.5-2.0 keV

- R (x 1000 1y)

. .




Inert Doublet Model (IDMwZ,)

* One of Higgs doublets does not develop VEV and exact Z,
symmetry is imposed.

* Under the Z, symmetry, SM particles are even, but the new Higgs

doublet is odd. forbidden by the Z, symmetry

A
V = yl(HlTHl)+y2(H;H2)—M.) +%(H1T|—|1)2+?2(H2TH2)2

+A4,(H/H)(HJH,) +4, |HH, [ +%{(HJH2)2 +h.c.}.
* Viable DM candidate

H* G*
H = , H, = _
' %@+@ i %(W@HGO)
DM candidates SM-like Higgs

m, =M’ — AV’

choose negative A..



Inert Double Model (IDMwU(1),,)

» We extend the Z, symmetry to U(1) gauge symmetry.
* A SM-singlet ® has to be added.

» Without @, Z,, boson becomes massless and U(1) does not break.

V=(m?+A4 | ®P)HH,) M+ 4, |®F)(HIH,) —(m5HH, +h.c)

A
# 2 (M 2 () +A(HH)HIH,) +2, HIH,

LM +hed ot |OF +2, | of

* ® breaks the U(1), symmetry while H, breaks the EW symmetry.

* The remnant symmetry of U(1), is the origin of the exact Z, symmetry.



Inert Double Model (IDMwU(1),,)

» We extend the Z, symmetry to U(1) gauge symmetry.
* A SM-singlet ® has to be added.
forbidden

» Without ®, Z,, boson becomes massless. by the Z, symmetry

V= (M + 4| ®F)(HH,) +(mE + 4, | D F)(HIH,) —W)

A
# 2 (M 2 () +A(HH)(HIH,) +2, HIH,

BT R} +mi |Of +, 0

forbidden by the U(1), symmetry (91,=0.944,#0)

* ® breaks the U(1), symmetry while H, breaks the EW symmetry.

* The remnant symmetry of U(1), is the origin of the exact Z, symmetry.
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Inert Double Model (IDMwU(1),,)

: forbidden
« IDM + SM-SInglet . by the Z, symmetry

V = (7 + 4 [ P)(HH,) +(mE + 4, | @ F)(H]H,) —M)

A
# 2 (M 2 () +A(HH)HIH,) +2, HIH,

+%{(HT A rhe} +me | DR +4, [

forbidden by the U(1), symmetry (9n,=0.94,70)

» Without A;, H and A are degenerate.

m, =m’ — AV’
* Direct searches for DM at XENON100 and
LUX exclude this degenerate case.
22



Inert Double Model (IDMwU(1),,)

: forbidden
« IDM + SM-SInglet . by the Z, symmetry

V = (M7 + 4 | @ PY(HH) +(m + 4, | @ P)(HIH,) —M)

A
# 2 (H]H 2 () +A(HH)HIH,) +2, HIH,

|
()
H{ [X] (HIH,)? +he} +m2 [ O F 44, | O [

* The A; term can effectively be generated by a higher-dimensional operator.

» It could be realized by introducing a singlet S charged under U(1), with

9s=0H,-
Va (|2, |S*) + Vir (Hi. H]) M (S)H{Ha + h.c..
SURY A g2
2 m Re(5) M Tm(S) / .




WIMP-Nucleon Cross Section [cm?]
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Direct detection
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Relic density (low mass)

Q.,,h? =0.1199+0.0027

(ano 3 T T T

1k / LUX bound is satisfied.
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Relic density (low mass)

Oy, h? =0.1199+0.0027

IDMWZ, 1 HH S ww + IDMwU(1),

IDMwU(1)y + 7
/ LUX bound is satisfied.

0.1

Relic density (Qpuh?)

0.001
200
HH —» ZZ
H SM
A [ — ’VW\; Z
Y
" SM o J— i S W’ Z
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Relic density (low mass)

Oy, h? =0.1199+0.0027

(a)10

IDMwZ,

IDMwU(1)y;  + + IDMwU(1),

LUX bound is satisfied.
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Airid
0.001
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Y
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i

N
T
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Indirect searches (low mass)

+ IDMwU(L),,

Constraints on the DM
annihilation cross section from
 emememe——oooo Fermi-LAT's analysis of 15 dwarf
spheroidal galaxies.

—\ Constraint on the S-wave DM

annihilation from the relic
density observation

<gv> [cm3fs]

1070 .

10-32 ] 1 1 1 1
0 20 40 60 80 100 120
My [GeV]

 All points satisfy constraints from the relic density observation and LUX
experiments.



Indirect searches (low mass)

+ IDMwU(L),,

Constraints on the DM
annihilation cross section from
—mmmmmoos - Fermi-LAT's analysis of 15 dwarf
spheroidal galaxies.

—\ Constraint on the S-wave DM

annihilation from the relic

| density observation
1070 |-

<gv> [cm3fs]

0 20 40 60 80 100 120
My, [GeV]

 But, indirect DM signals depend on the decay patterns of produced particles
from annihilation or decay of DMs.



®pp X 10°%cm® s Gev?

Gamma ray flux from DM annihilation

» Dwarf spheroidal galaxies are excellent targets to search for
annihilating DM signatures because of DM-dominant nature without
astrophysical backgrounds like hot gas.

» 1 (ov) [EmefdN) ;
b.(AQ) = “NE { p“{r)c:lf}c:lﬁ |
E ALy J AL Jlo.s.

—]:.ll ._n-!',I:}\.I o __,

T
) J-factor o )
The final y-ray spectrum. contains information

about the distribution of DM.

~“min
W

A 95% upper bound is @_, =5.0%3x10 ¥ cm’s'GeV?

Geringer—Sameth,Koushiappas, PRL107

20 T T 20 T

IDMwZ, : ; IDMwU(1
IDMwU(1); |DMW£4
o
15 | 4 S 15}
@
o
‘Tb‘]
=
10 7] o 10 F
2
[
>
5 - - "& 5
=
0 i 1 L 1 L 0 ] ] ] ] ] ] ] ]
0 20 40 60 80 100 120 100 200 300 400 500 600 700 800 900 1000

My, [GeV] My, [GeV]



<gv> [i:rnafs]

Indirect searches (low mass)

+ IDMwU(1),,

Constraints on the DM
annihilation cross section from
NS | Fermi-LAT's analysis of 15 dwarf

spheroidal galaxies.

Constraint on the S-wave DM
annihilation from the relic
density observation

Co-annihilation
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Relic density (high mass)

Q.,,h% =0.1199 +0.0027

10y

E/ | | | 1 1 1 | E
F IDMwZ,, ]
5 IDMwU(1),] i + IDMwU(1),
ol 1 3 E
-
=
(m]
NU
= 01F
n F
@ g
[1)]
o]
Q
L]
o 0.01 F
0.001

200 300 400 500 600 700 800 900 1000
My, [GeV]



<gv> [{:m‘?’fs]

Indirect searches (high

10'21 L T I T I : |
W'W -
bb ——
IDMwZ,
1022 HDMwU(1);; __
102 |
10—24 | o __:___:__:_;______—__:_;;_;-_‘_—_____———— =
10—25 B
_________________________________________________________________________________ J
10—26 I 1 I I I | | |
100

mass)

+ IDMwU(1),,

Constraints on the DM
annihilation cross section from
Fermi-LAT's analysis of 15 dwarf
spheroidal galaxies.

Constraint on the S-wave DM
annihilation from the relic
density observation



Benchmark points

L

= dark matter mass my = 38.6 GeV = Zy mass My, = 392 GeV
= direct detection  A\s = —0.174 ma =110 GeVoo fvrmereegreseeeess i
¢ E]t.f:
og; = 2.3 x 1074 cm? ;
q > : q
= relic density Qh? = 0.113
H =mm-mm--- W Zy
~100%
H emmmmemen hanaan Zy
= annihilation cross section (ov); = 8.6 x 1072° cm?/s
Howeemeeees MW 7 H . b
~ 98% R < ~ 2%
Hosmmmmemem AN g7 7 :
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Benchmark points

L

= dark matter mass 1 — 53.8 GeV = Z,, mass

= direct detection ), — .11 my = 108 GeV

o = 2.9 x 10716 42

= relic density Oh? = 0

= annihilation cross section

A17
H ., b
~52% P <
i b
av)y = 2.20 x 10726 cm? /s
{ov)o
[ =mmmmnea- HAVATAVLV Ve
~ 52% i
H wmmmmmme- Aaan 2y

Mgz, = 29.6 GeV
2 LT RTCIRTERIE H
E h, f:
q > E q
~ 34%
~ 45%
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Benchmark points

d H1
= dark matter mass  my = 821 GeV " Zyymass My, = 985 GeV

= direct detection )\ = 0164 my =827 GeV Hirermeeees R "

ogr = 6.1 x 10716 32

e q

= relic density Q2 = 0.119

Jf rmmmemee MW 7 H ., W+ HT -, W
N T S S
Hommmmmeame PANNN VA% H ."‘ W- H—,o" wW-

2 EEEEEEEEES W 7 H W 2 EEEEEELEES W 7
~ 34% PR qf;: ~31% ~ 23%
H -memmeeen AAAAA Ty H W- H mmmmeeee ;A 7 36



=

Relic density in Type-II

< SM
M

preliminary
| | | | | | |

60 80 100 120 140 160 180 200
my, [GeV]

very large Yukawa couplings required

with the bounds on
EWPOs
b—sy
B—Tv
extra scalar search
extra fermion search

Pp —* lexler — Ul 4 missing

mi,,,Mq,., 2 1TeV

ex !

work in progress
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Conclusions

« 2HDM may be an effective theory of high-energy models and useful to
test the underlying theory.

« 2HDM can easily be extended to a gauged model and the U(1) gauge
symmetry could be the origin of Z, symmetry.

* The U(1) extension to inert doublet model could introduce dark matter
candidates whose stability are guaranteed by the remnant symmetry of

U(1),.

* A light CDM scenario can be possible in the Type-I IDMwU(1),,.

* Type-ll 2HDM with local U(1) symmetry is under study.



Mass and coupling of Z, (type-II)
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