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A Higgs boson discovered
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« consistent with the SM Higgs couplings.

* nothing else seen yet.
* but, the new boson could be one of Higgs bosons in an extended model.

* decoupling or alignment?
- €.0. in the 2HDM, Oy =SiN(B-a) ~1 gy, =cos(f—-a)~0.



Two Higgs doublet model

« Many high-energy models predict extra Higgs doublets.

- SUSY, GUT, flavor symmetric models, etc.

» Two Higgs doublet model could be an effective theory of a high-energy
theory.

« Two (or multi) Higgs doublet model itself is interesting.

- Higgs physics (heavy Higgs, pseudoscalar, charged Higgs physics)
- dark matter physics (one of Higgs scalar or extra fermions could be CDM.)

- can resolve experimental anomalies (top Arg at Tevatron, B—D(*)1v at
BABAR)

- neutrino mass generation

- baryon asymmetry of the Universe



2HDMWZ,

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

* In general, the models with many Higgs fields suffer from Flavor
changing process.

« strong constraints on the Flavor changing neutral current (FCNC).

* A simple way to avoid FCNC problem is to assign ad hoc Z, symmetry.
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Generic problems of 2HDM

* It is well known that 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.
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The softly broken Z, symmetric 2HDM potential
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* the origin of the softly breaking term?

We propose to replace the Z, symmetry in 2HDM by new U(1), symmetry
associated with Higgs flavors.
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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 no extra fermions except RH neutrinos.

U. D, | Q L E. N, H,
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Type-I 2HDM

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

« anomaly free U(1), without no extra fermions except RH neutrinos.
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* SM fermions are U(1), singlets.

 Z,, is fermiophobic and Higgphilic.

» We discuss the fermiophobic case.

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




Higgs Potential

* in the ordinary 2HDM with Z, symmetry

V =miH I Hy + mgH;r Hy )

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

1 b 1 _
+ s M(HUH))? + 5 Ao (HSHy)?

not invariant under U(1),

- in the case with ®, HH,® is gauge-invariant ifh, =h —h,.

AV = m 8 + 22 (@1 0)?

+ p HIH 1@ + iy HIH, 910,

 in the 2HDM with U(1),,

Source of pseudo-scalar mass

V = m2(|®*)H Hy + m2(|®*)HIH, — (-n-zg(cb)H}'Hg + h.c:.)

5 (H{H)? 4 5 (HYHo)? + As(H{Hy) (HHy) + i H{ [
+m3|P[* + Aa| P . no A5 terms!

m2(|®?) = m? + X,\(D\z m3(®) = pud", where n = (qu, — qn,)/qa




Higgs Potential

« VEVs and Higgs fields in the interaction eigenstates
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« a pair of charged Higgs + 1 pseudoscalar Higgs + 3 neutral Higgs bosons
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Constraints

« experimental and theoretical constraints

m, ~126 GeV
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Constraints

« experimental and theoretical constraints o
Perturbativity
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Constraints

« experimental and theoretical constraints o
Perturbativity
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EWPOs in 2HDMwU(1),.

* SM + extended Higgs sector + Z, (+ extra fermions).

* oblique parameters : S, T,U

- the dominant effects of new physics appear in self energies of gauge
bosons.

W

e W O

w

S =0.03+£0.10, T=0.05+0.12, U = 0.03 = 0.10,

Baak et al., EPJC 72, 2205 (2012)

* consider two cases.
1. Zy, is decoupled in the limit of m, >>EW scale.

2. Z, is fermiophobic for u=d=0.
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Type-1 2HDM with hg,

* the gg fusion

* =SM
() 1.4 | | | | ' " withh | (b) 1.4 | ' ' ' ' " withhg -
Type-l 2HDM C M S ordinary AT LAS Type- 2HDM ordinary

N 12 B . § 12 ~ -
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’T‘ 1 %A—-IH:—" H ] i
FE: 1 -
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T
Hgg
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e consistent with CMS in the 10 level while consistent with ATLAS in the 20.

« difficult to distinguish because the current experimental values are
consistent with the SM prediction.

» essential to discover the extra scalar bosons and the new gauge boson.

Ko,Omura,Yu, JHEP1401 (2014) 016 14



Dark Matter

Observations 5
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Inert Doublet Model (IDMwZ,)

» one of Higgs doublets does not develop VEV and an exact Z, symmetry is
Imposed.

» Under the Z, symmetry, SM particles are even, but the new Higgs doublet
is odd (type-I).

H+ +
H = , H, =
1 NG @+@ i (V+@HG )
DM candidates SM-like H|ggs

forbidden by the Z, symmetry

A
V = yl(HfH1)+y2(H2TH2)—M.) +%(H1TH1)2+?2(H2TH2)2

+A,(H/H)(HJH,) +4,|HH, ] +%{(H1TH2)2 +hc.}.



IDMwU(1),,

* IDM + SM-singlet o.

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

A
# 2 (H L+ 2 (I +A(HIH)(HIH) +4, | HIH,

AL +hed omd |OF +2, | of

* Without ®, Z,, boson becomes massless.

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



IDMwU(1),,

« IDM + SM-Singlet . by the Z, symmetry

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

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

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

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

* Without ®, Z,, boson becomes massless.

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

« IDM + SM-Singlet . by the Z, symmetry

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

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

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

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

» Without A;, A and H are degenerate.

m, =m’ — AV’
* Direct searches for the DM at XENON100
and LUX exclude the degenerate case.
20



IDMwU(1),,

« IDM + SM-Singlet . by the Z, symmetry

V = (M + 2| ® F)(HH,) +(m + 4, | @ F)(HIH,) —M)

A
# 2 (H L 2 (I +A(HIH)(HIH,) 4, HIH,

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

* include a higher-dimensional operator.
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IDMwU(1),,

« IDM + SM-Singlet . by the Z, symmetry

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

A
# 2 (M2 () +A(HIH)(HIH,) +2, HIH,

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

* include a higher-dimensional operator.

» It could be realized by introducing a singlet S charged under U(1), with
9s=0H,-
Va (| @ |S[?) + Vi (H;, H ) + A\s(D)S? + N\ (S)H| Hy + h.c..

(AY)? Am?

2 2

Re(S)" "' Im(S)

2 m m
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Higgs production

|
1.4 - ATLAS
) i
RJ‘:L +

X i

+ + _

+ + _

|
1.5 2

- a global fit for invisible Higgs decay B(h — inv) < 0.2

Belanger,Dumont, Ellwanger,Gunion,Kraml;Espinosa,Grojean,MUhlleitner, Trott
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Relic density
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REZ

R&l

CDM

IDMWU(1);,
08 I -> anything
0.6 _
dominant o
(14
04
0.2
0 1 i
0 20 40 60 80 100 120
My [GeV]
HH — anything
1 T T T T
IDMwZ, +
H" H -> anything (annihilation) IDMwU(1)y  +
o

0 20 40 60 80 100 120
My [GeV]

H*"H~ — anything

Preliminary

could be dominant

120
My [GeV]
HA — anything
1
' ' ' DMwZy  +
Hg Hs -> anything (annihilation) IDMwU(1)y +

0 20 40 80 80 100 120
My [GeV]
AA — anything

26



RQ(ab—>cd)=Q(a£_’Cd) Relic denSity

cDM Preliminary

too small cross section

T
IDMwZs
IDMw,
IDMWU(1);; IDMwWU (1)
0.8 X X -> anything
06 | }
] o
o
04 F
02 F
0 1 1 L 1 o
0 20 40 60 80 100 120 My [GeV]
My [GeV]
HH — anything
1 1 1 1 1 :
; IDMwZ, -
AX-=WW EDMWU();
0.8 |- 08 L |
06 06 Ldominant
04 04 |
0.2 02t
0 & oo g 0 1 1 o : "
0 20 40 60 80 1067 120 0 20 40 60 80 100 120
M, [GeV ) My [GeV]
x[GeV] HH—ZZ,, could be dominant. HH 57 7
HH >W'W- Bt

27



Relic density
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WIMP-nucleon cross section (cmE} X 10%°
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Indirect searches

Preliminary
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* Constraints on the DM annihilation cross section are derived from a
combined analysis of 15 dwarf spheroidal galaxies (Fermi-LAT).

Fermi—LAT collaboration, arXiv:1310.0828 31
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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.

" -E:II:H-L\'. d
b (AQ) = L (ov) [ 'IE,?-/ {/ pi{r)df}dﬁ’.
, J AL Jlo.s.

A Dy 2

:]:?T BnthI . E]tli.l] . .,

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

about the distribution of DM.

20

IDMwZ,  +
IDMwU(1);  +

Preliminary

Geringer—-Sameth and Koushiappas, arxiv:1108.2914

-
(8]

7 Milky Way dwarfs + Pass 7
data from the Fermi Gamma-
ray Space Telescope

Dpp X 100 cm® s Gev?
=

A 95% upper bound is
®,, =5.0"3 x10cm’s'GeV

80 100 120
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Conclusions

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

« We proposed a new resoluton of the Higgs mediated FCNC problem in
2HDM by considering gauged U(1),,.

- 2HDM has rich phenomenology : extra scalars, Z,,, dark matter, and extra
fermions.

* The U(1) extension could introduce dark matter candidates whose
stability are guaranteed by the remnant symmetry of U(1),,.

* In type-I, a light CDM scenario is possible in the IDMwU(1), and
h—Z,Z,, is predicted.

Thank you for your attention.
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Indirect searches
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Z-Z,, mixing

 tree-level My
ee e e é“ﬂf‘%zu — _—_ZQH ZQH,-'I-'E- .
v i—1 p = 1.01051£0.00011 In the SM

M2 AM? 2AM2
2W2 =p=1+ ZZZH E+0(&° tan2f = ———— 225’2
M2c2 VE M2, — M2
should be small
- loop-level A
OOp-level  znr v navuzu .
e M
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/' search

» collider bound depends on the U(1)’ charge assignment.

* in the fermiophobic Z,, case, the Z,, boson can be produced through the Z-
Z,, mixing.

10_40M5Freh1han,‘ 8Tev, eenssl'h‘}pp(zoﬁrh;-
B "ETT T TTY T rrJrrrfrrJrrrrJrrrr|] T
o 3 sanssmss median exmm 0200
- B 60% expecied 0.100
105 o o0
S 0020 4
—a— 95% CL limit v :
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: 0002 — T I
107 £ 0001 i {
Ea lllllllllllllllllllllllll 0! l lo lm
500 1000 15{10 2{]{]{} 25[]0 SU'UU 3500 mz (GeV)
m(ll) [GeV]
resonance search (CMS.25.2.2013) Bound on U(1)xU(1)" kinetic mixing (Hook,Izaguirre, Wacher)

sin& < 0(107%) ~0(10°%)
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Type-I 2HDM with fermiophobic Z,

. fusion
99 (o, =, =0)
(a) 14 I ] I I OV:J(;E':]IaZH + (b) 14 I ' I I Wil.h lZH + ;
- Type-I 2HDM ATLAS Type-1 2HDM il
: 1= 12

U

gg >h—>ZZ
2L
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Ll"'pJlr TT
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2HDM with fermiophobic Z,

* realized with u=d=0 and assume a,= a,=0.
* Z,, can mix with the Z boson.

V2 — ( g7v? —gz8n (1 v3 +hzv§))
—gzgH(hvE +hav3)  gh(hive +hiv3)

« affects EWPOs and Drell-Yan process.

* requires that corrections to the most sensitive variables are within the
errors of the SM prediction.

AMZ SR,
Pion =1+ — f_fz“ €, where pgy = 1.01051 £ 0.00011.
Hzo

'z =2.4961 +£0.0010 GeV.

* requires £ < 10-3, which is safe for the Drell-Yan process at LHC.

« impose the constraints on S,T,U at the one-loop level.



fermions.

Type-I1 2HDM

* H, couples to the up-type fermions, while H, couples to the down-type
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0

0

0

0

u

* Requires extra chiral fermions for cancellation of gauge anomaly.
for example, Es — SO(10) x U(1)y — SU(5) x U(1)y x U(1)y.

SU3)|SU@)| Uy [U1)r|U1)|U(1),|U(1),
ol 3 2 | 1/6 |-1/3] 1 | -1 | -2
Uil 3 1 | 2/3]23 ] -1 1] 2
Di| 3 1 |—1/3|-1/3| -1 | -3 | -1
L| 1 2 [-1/2] 0 | 1 | 3 | 1
Ei| 1 1 | =1 0 | =1| 1] 2
Ni| 1 1 0 1 | -1| 5 | 5
Hy| 1 2 |12 0 | 2| 2 | -1
H,| 1 2 |12 1 | -2] 2 | 4

Vy = yiLjJ@LiH~1URj + injD(jLiHZDRj + YijEEinERj + yi;'\IEiHleRj

SUB)SUR) ULy \UD)u|U1)p|U(L)y|U(1)y
gi| 3 1 |-1/3| 2/3 | =2 | 2 | 4
gl 3 1 | =1/3|-1/3| 2 2 | —1
o1 2 [—1/2] 0 | =2 | =2 1
i1 2 |—1/2] -1 | 2 | =2 | -4
ni| 1 1 0 | -1 | 4 0 | =5
SUEB)|SUE) Uy |U(L)u|U(L)y |U(L)y|U(1),
o 1 1 0 1 | 4] 0 | 5 |*




Type-II 2HDM with hy,

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

— Natural Flavor Conservation (NFC). ~ Glashow, Weinberg, PRD15, 1958 (1977)

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

~ achieved by assigning new distinct charges to the two Higgs doublets
as well as SM fermions.

Z,.(H,H,)—>(+H;,-H,)

* Type |l :Vy = yiLjJQLi@J rRj T injDGLiHZDRj + injEEiHZERj T yi;'\l E@N Rj

Type H, H, Uz Dg E. Ng QL
I + — + + + + +
I + — + — — + +
X + — + + — — +
Y + — + — + — +
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