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EWPT & CKM
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Almost Perfect !




SM Lagrangian
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Based on local gauge principle




Only Higgs (~SM) and Nothing
Else So Far at the LHC &
Local Gauge Principle Works !



Building Blocks of SM

Lorentz/Poincare Symmetry

Local Gauge Symmetry : Gauge Group +
Matter Representations from Experiments

Higgs mechanism for masses of weak
gauge bosons and SM chiral fermions

These principles lead to unsurpassed
success of the SM in particle physics



Lessons for Model Building

® Specify local gauge sym, matter contents and
their representations under local gauge group

® Write down all the operators upto dim-4
® Check anomaly cancellation
® Consider accidental global symmetries

® | ook for nonrenormalizable operators that
break/conserve the accidental symmetries of
the model



If there are spin-1 particles, extra care
should be paid : need an agency which
provides mass to the spin-| object

Check if you can write Yukawa couplings to
the observed fermion

One may have to introduce additional Higgs
doublets with new gauge interaction if you
consider new chiral gauge symmetry (Ko,
Omura,Yu on chiral U(l) model for top FB
asymmetry)

Impose various constraints and study
phenomenology



New Physics Scale ?

® No theory for predicting new physics scale,
if our renormalizable model predictions
agree well with the data

® Only data can tell where the NP scales are

® Given models working up to some energy
scale, we can tell new physics scale if
Unitarity is violated, or Landau pole or
Vacuum Instability appears

® Otherwise we don’t know for sure where
is new physics scale



Why extended H sector !

® Thermal WIMP dark matter with dark gauge

symmetry often calls for additional singlet
scalar(s)

® Higgs sector of MSSM : 2HDMs
® Multi Higgs doublets in string inspired models

® New Higgs doublets needed if there is a new
chiral gauge interactions for the SM fermions

® [eV seesaw with triplet Higgs, and so on



Contents

® /'’ model for Top FBA and Flavor dependent
U(l)" model with multi-Higgs Doublets

o 2HDMs with U(1) Higgs flavor symmetry
® |nert DM with local U(l) Higgs flavor



Z’ model for Top FBA and

Flavor dependent U(l)’ model
with multi-Higgs doublets



Top Charge Asym in QCD (Muller@ICHEP2012)

NLO QCD: interference of higher order diagrams leads to asymmetry for tt E)roduced
through gqg annihilation:

@ Top quark is emitted preferentially in direction of the incoming quark
@ Antitop quark opposite
@ Production through new processes may lead to different asymmetries

@ At Tevatron: define forward-backward asymmetry

4= N(Ay>0)—N(Ay<0)
" N(Ay>0)+N(Ay<0)

A\

@ At LHC: define asymmetry in the widths of rapidity distributions of t, t —top
- antitop
_N(Aly|>0)-N(Alyl<0) \

A= _ _

<Y



|CHEP 2012 :Top FBA (Muller’s talk)

A, of the Top Quark

7)) =
t 250 — [ i DQ, 5.4 fb™ S . ] V. Ahrens et. al., July 2011
o B . Ummar . arxiv: . v
o C ] W+l"_3_ts y XHOB G (** submitted to a journal)
200 - Multuet = :Ekikﬂ;lt}ihzdﬁgé ?235131? (* preliminary)
- e Data
150
100 :— CDF LJ . S 0.158 + 0.074 (:0.072+0.017)
B (53"
50—
3 -2 -1 0 1 2 " 3 CDF DIL* ®
. . y 0.420 + 0.158 (+0.150+ 0.050)
Ay in the lepton-jets channel (5.11")
Measured asymmetry (_)n detector CDF combined* —@®—  0.201+ 0.067 (+0.065+0.018)
level after bkg subtraction: (xstat = syst)
Arg det = 0.092 £+ 0.037 (stat+syst)
DO LJ* —e—  0.196+0.060 508
54"
MC@NLO: A det = 0.024 + 0.007 e
| | | | |
Measured asymmetry on parton level: 04 02 02 04 06  os

Arg = 0.196 % 0.065 (stat+syst)

DO results in the di-lepton channel:

Arg = 0.118 + 0.032

Both CDF and DO see significant asymmetry
in tt production in all channels with strong
dependence on my, in conflict with the SM




ICHEP 2012 :Top C Asym (Muller’s talk)
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ATLAS-CONF-2012-057
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L cMS
0.6~ l+jets
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B AO =0.004 +£0.010

—— Data

—— NLO prediction

CMS PAPER TOP-11-030

@ ATLAS: Ac = 0.029 +- 0.018 (stat.) +- 0.014 (syst.)

@ CMS: Corrected: Ac=0.004 +- 0.010 (stat.) +- 0.011 (syst.)

@ Theory (Kuhn, Rodrigo):

A, = 0.0115 +- 0.0006

2
Aly|



New physics models for top Agg

q t

q t

s-channel: coloured resonance g, u-channel: exotic scalars

* flavor dependent.

Integrate « challenging to
= construct a realistic
model.

- anomaly free,
renormalizable, and
(new) heavy VB 4-fermion interaction | realistic Yukawa
couplings. »

Ko et al (2009), (2010);
Degrande et al (2010); etc.



u

u

Z/

Z' model

Jung, Murayama, Pierce, Wells, PRD81)
t « assume large flavor-offdiagonal coupling and
small diagonal couplings.

L3> g)(ZzLiI745fﬁ%t4-iL(}

* In general, could have different couplings to

t the top and antitop quarks.
EI" 'I""I""_: . .
19 1 e light Z'is favored from the My
[ e M =300 GeV . :
_ Ele distribution.
: [ — Mz=100 GeV
IrE i f | 1 *severely constrained by the same
: { sign top pair production.
[ - L T - the t-channel scalar exchange
: | | | | I | ] model has a similar constraint.
I4OOI IGOOI 18001 - I100(I) - iZO(]) - I1400



Same sign top pair production at LHC

u > - > t
§Z’ L = gwuy"(fLPr +fRPR)tZ’}l +h.c,

! General exclusion plot
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* the t-channel Z' or scalar exchange models are excluded?



Same sign top pair production at LHC
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* the t-channel Z' or scalar exchange models are excluded?

e the answer is NO.



Is the Z' model for top FB
asym excluded by the same
sign top pair production ?



Is the Z' model for top FB
asym excluded by the same
sign top pair production ?

NO'!
NOT YET!



Life is not that simple for models
with vector bosons that have chiral
couplings with the SM fermions !

Chiral U(l)’ model (Ko, Omura, Yu)

(1) arXiv: 1 108.0350, PRD (2012)
(2) arXiv: | 108.4005, JHEP 1201 (2012) 147
(3) arXiv:1205.0407, EPJC 73 (2013) 2269

(4) arXiv:1212.4607, JHEP 1303 (2013) 151




What is the problem of the
original Z’ model ?

® /' couples to the RH up type quarks :
leptophbic and chiral :ANOMALY ?

® No Yukawa couplings for up-type quarks :
MASSLESS TOP QUARK ?

® Origin of Z' mass

® Origin of flavor changing couplings of Z’



What is the problem of the
original Z’ model ?

ﬁy:—Y. )/,L—FHC

Not gauge \

invariant Gauge invariant : OK!

No Yukawa’s for up quarks !

How to cure this problem ?



Answer : Extend Higgs sector

Ly = —
Not gauge
invariant Gauge invariant : OK!
2 ?—" D
Ly = -Y, ~Y,?Qr;HDpgj + H.c.
i 1 Mandatory to extend Higgs sector!
kH’“ UM Cha,rged) Z’ only model does not exist!

# of U(l)’-charged new Higgs doublets depend on
U(l)" charge assigments to the RH up quarks



Flavor-dependent U(1)” model

* Charge assignment : SM fermions

SU(3)|SU(2)|U(1)y |U(1)

(1 3 2 :-/6 qL
@2 : : 1/6 4L LH quarks and RH down-type
% E 2 1/6 qr quarks have universal couplings.
D+ 3 “ f_/3 —qr
Dy| 3 1/3 | —qr
D_3 3 f-/3 —qr
U, 3 —9/3 )

AlE /3| e | - SRR

3| 3 1 | -2/3 B
H| 1 2 | 1/2 ‘Higgs




Flavor-dependent U(1)" model

» Charge assignment : Higgs fields

SU3)e[SUR)L[UMy] UQY

H, 1 9 1/2 | —qr —uy
, 1 9 1/2 | —qr — us
B[ 1| 2 [ 12 -u-u
0 1 1 1 —4e

* introduce three Higgs doublets charged under U(1)"' in addition to the S
M Higgs which is not charged under U(1)'.

Vy = v H\U1Q; + yis HoUn Qi + yis H3UsQ;
+ yi; D;QiiTo H'

+ y5EjLiimo HY 4y HN; L.

* The U(1)" is spontaneously broken by U(1)' charged complex scalar O.



Anomaly Cancellation : Sol. |

 Anomaly cancelation requires extra fermions I: SU(2) doublets

SU(3).[SU(2)L|U(1)y U(1)
Q| 3 2| 1/6 | —(a1 + a2+ g3)
Dyl 3 1| =1/3|—(dy + do + ds)
ULl 3 1 2/3 | —(u1 + ug + ug)
L 2 |=1/2 0
I 1 —1 0
2 | —1/2 QL
1 2 —1/2 QR
1 9 —1/2 —Qr
\Nry| 1 2 | —=1/2 —Qr

one extra
generation

SU2),2U(1)

a candidate for CDM

U(1)2-u(1)



Anomaly Cancellation : Sol. |1

* Anomaly cancelation requires extra fermions Il: SU(3). triplets

SU(3)|SU2)|U D)y |U (1)
qr1| 3 1 |-1/3| Q¢
gri| 3 1 —1/3| Qg
ao| 3 1 |-1/3|-0Q;
gra| 3 1 —1/3|—-0Qr

* introduce the singlet scalar X to the SM in order to allow the decay of th
e extra colored particles.

Vio = X Drigra + MXDriaro

a candidate for CDM




Flavor-dependent U(1)" model

- 2 Higgs doublet model : (u,,u,,u;) =(0,0,1)

SU3). | SU2), |U(1)y | U(1)
H 1 2 1/2 0
Hj 1 2 1/2 1
o 1 1 1 q

V, = viQiHUpi +y5Q:HUp; + yj5Q:H3Ug,
+ylQ;HDp; + v, LHE; + y,L;HN;.

J

7 JUTT TT 1 d 1 : 7
"’lh = } z_] l'Lzl th,() + } ijDLiDlez'0~

m cos o _ 2ml

YY = ;i + ———(gp)issin(a — 3).
Y veos3 7 wsin 2,:’5’(JR)U ( b).

yd _ m{ cosa 5. — « the fermion mass
* veosB




Flavor-dependent U(1)" model

» 3 Higgs doublet model: (u,,u,,u,) =(~¢,0,9)

SU3)|SU2)|U(1)y |U(1)
Hy| | 2 1/2 q
H> 2 | /2 0
Hj 2 1/2 | —q
O 1 1 0 —1

£Y — leHlUle y12H2U2Q1+J13H3U3Q1.
+ yiHID;Q; + y§ HYE L + y} HaN; L.



Flavor-dependent U(1)" model

« Gauge coupling in the mass base

- Z' interacts only with the right-handed up-type quark

g'Z" Z (Q%)ijURZ%Ué € gZ* Z Wil g YuUg;
i,j=1,2,3 i=1,2,3

- The 3 X 3 coupling matrix g is defined by
biunitary matrix diagonalizing the
(9r)ij = (U ll%b)zku_L) up-type quark mass matrix

mass base: g'Z™ [(gﬁ)i:ﬁiwﬁi +(92)5; 3Dy, + (9R) 155Uk Ug + (ng)»:jD'}'ﬂupgz]

tree-level ccéribufions FCNC \L \L

D° — DO K — KO




Flavor-dependent U(1)" model

* Yukawa coupling in the mass base (2HDM)

- lightest Higgs h: v, = 0,0k + YDy, Dgjh + YEL.

yu mi' cos o 5 2m} (%), sin 3)
= cos (vp0;; ——(gR)i;i sin(a — 3) cos ag,
” v cos 3 o2 % M L sin 2/ IR)is “ moe
d
)g _ micosa i,
v cos [
.. mlcosa i . .
Y5 = 2eosg soedi: | NonMFV from flavor dep U(l) interactions

- lightest charged Higgs h*: v, — }“—DLlejh 1Y, +z i Dpih*
an 3
vem =3 (Vexw); {\/_'”l s,

l

)\/_ml (gR)l_j }

vsin 23

V2 m? tan [

l!

) d+ (‘ CKM)z]

- lightest pseudoscalar Higgs a: Vv, = —iv;®U,Ur;a + iY2Dy: Drja + iY, Eri Egja + h.c.,

2t
i (Q%)i;\

yau _ m; tan [3 5
iy v 1]

vsin 23

yrad mdtan 3

394
v J

yae _ M tan _,._5’0,”
i y i7"




Top-antitop pair production

1. Z' dominant scenario u \ /> {

cf. Jung, Murayama, Pierce, Wells, PRD81(2010)) Z’, h, a

2. Higgs dominant scenario

cf. Babu, Frank, Rai, PRL107(2011))

3. Mixed scenario U ‘
Destructive interference \ A /
between Z’ and h,a for the ) / \

u f

same sign pair production
(Ko, Omura, Yu)




Top quark decay

 decay into W+b in SM : Br(t—Wb)~100%.

* If the top quark decays toZ' +u or n+u , Br(t—Wb) might significantly be

changed.
0.025 T T T T T T T 1.5 J ' J ] I
5 Br(Z'u)=0.01 ; Br(hu)=0.01
Br(Z'u)=0.03 ; Br(hu)=0.03 /]
- Br(Z'u)=0.05 Br(hu)=0.05
0.02 + Br(Z'u)=0.07 :, Br(hu)=0.07 .:
0.015 | S
(/)]
B 05 f
0.005 | : /
0 B 71 - — — 111 |- .] ] |_ ] P TN N TN T SN T NN TN NN TN NN AN NN N N O | 1 I 1 1 | 1
100 110 130 140 150 160 170 100 110 120 130 140 150 160
M. M,

* requires Br(t —non-SM)<5% .

* choose either m_ <m, or m, <m,.

170



Single top quark production

t channel Wt channel s channel
W q t
>
b W
t ¢ b
DO DO, 1105.2788 In the SM,
o(pp —tbg) =2.90+0.59 pb o(pp —tbg) =2.26+0.12 pb

e CMS cus. 1106.3052

o(pp — thq) =83.6+29.8+3.3 pb o(pp = thq) = 64.37172 pb



Single top quark production

& Z'h,a => no b quark or W boson

in the final state
s“‘i |
U y
* DO DO, 1105.2788 In the SM,
o(pp —tbg) =2.90+0.59 pb o(pp —tbg) =2.26+0.12 pb

e CMS (cus 11063052

o(pp — thq) =83.6+29.8+3.3 pb o(pp — thq) = 64.3721*> pb



Favored region

0.025

rk decay
asymmetry
same sign top

0.02 total cross section

0.015

0.01

0.005

100 120 140 160 180 200
my:

Y = similar to Jung, Murayama, Pierce, Wells’ model (PRD81)



Ytu

1.5

0.5 1

Favored region

Scalar Higgs (h) dominant case

* /’Vtop quark decay

v | FBasymmetry

| same sign top

/,.f‘total cross section
/

| | | |
100 120 140 160 180 200

my, (GeV)

Y = similar to Babu, Frank, Rai’s model (PRL107)



Ytu

Favored region

1.5
[ m, =145 GeV
region m, =180 GeV
b m, =300 GeV
: Yo =1.1
0.5 .
0 i ! I ! I | ! ! L
0.005 0.01 0.015 0.02 0.025

Ox

« destructive interference between Z and Higgs bosons in the same signe top
pair production.

« consistent with the CMS bound, but not with the ATLAS bound.



do/dmy[pb/GeV]

006 | | | | |
SM ————
mixed
005 L onyz" ——
0.04
0.03 |/
0.02
0.01 +
0 | 1 1 | I ————
350 40 500 600 700 800
my[GeV]

Invariant mass distribution

m, =145 GeV
o =0.029
mixed case
m, =145 GeV
m, =180 GeV
m_ =300 GeV
a_ =0.01
Y =1.0

Yo =1.1



Arg VErsus Oy

20

15

10

G'[pb]

allowed by CMS

180 GeV<m, <1 TeV
180 GeV<m, <1 TeV
0.005<e, <0.025
0.5<Y, <1.5

0.5<Y, “ <1.5

| | 1 | l

Have a trouble with new CMS data < 0.39 pb



Arg versus ALY

0.1

SM | ' -
allowed by CMS m, =145 GeV

0.08 - mmmmm allowed by ATLAS
180 GeV<m, <1 TeV

0.06 | -
: 180 GeV<m, <1 TeV
0.04
0.005<a, <0.025
0.02
: 0.5<Y, <1.5
0
0.5<Y, “ <1.5

-0.02

-0.04

Arg

Have a trouble with new CMS data < 0.39 pb



Arg VErsus Oy

G'[pb]

+, m, =126 GeV

. | 180 GeV<m, <1.5 TeV
L 180 GeV<m_ <1 TeV
£ e AL 1 0.005<a, <0.025

o F
e
+
+
+
+
_L

0.1<Y, <0.5

0.1<Y, “ < 1.5

Still OK with new CMS data < 0.39 pb
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0.005<e, <0.025
0.1<Y, <0.5

0.1<Y,“ <1.5

Still OK with new CMS data < 0.39 pb



Conclusions

We constructed realistic Z' models with additional
Higgs doublets that are cahrged under U(l)’ : Based
on local gauge symmetry, renormalizable, anomaly
free and realistic Yukawa

New spin-one boson (Z’) with chiral couplings to
the SM fermion requires a new Higgs doublet that
couples to the new Z’

This is also true for axigluon, flavor SU(3) R,W’, etc.

Our model can accommodate the top FB Asym @

Tevatron, the same sign top pair production, and the
top CA@LHC



® Meaningless to say “The Z' model is excluded
by the same sign top pair production.”

® |mportant to consider a minimal consistent
(renormalizable, realistic, anomaly free) in
order to do phenomenology

® B->D(*) tau nu puzzle can be accommodated
in this model (w/ Yuji Omura and C.Yu)

® TJop longitudinal pol (which is zero in QCD
because of Parity) could be another
important tool for resolving the issue (Ko et
al, Godbole et al, Degrande et al, etc)



2HDMs with U(I)
Higgs flavor symmetry

Based on
arXiv:1204.4588 (PLB)
arXiv:1309.7156 (JHEP)

arXiv:1405.2138 (JHEP under review)
work in preparation for Type I, X,Y etc



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 t
heory.

« 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.)
- baryon asymmetry of the Universe
- neutrino mass generation

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



Natural Flavor Conservation
(Glashow and Weinberg, 1977)

® Fermions of the same electric charge get

their masses from the same Higgs doublet
[Glashow and Weinberg, PRD (1977)]

® The usual way to achieve this is to impose a
discrete Z2 sym under which two Higgs
doublets Hi and H2 are charged differently

® This Z2 is softly broken to avoid the
domain wall problem



However

® The discrete Z2 seems to be rather ad hoc,
and its origin and the reason for its soft
breaking are not clear

® We implement the discrete Z2 into a
continuos local U(Il) Higgs flavor sym
under which H1 and H2 are charged

differently [Ko, Omura,Yu PLB (2012)]

® This simple idea opens a new window for
the multi-Higgs doublet models, which was
not considered before



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.

‘ZZ : Chiral\ Type I Type I

Type H, H, Up Dy Ly N 0,,L U u
| + - + + + + + d e d e
11 + — + — — + +
Type X Type Y
X + — + + — — +
u u
Y + — + — + — + d @B d e

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

L = ljl(yll;Hl +}ZJ<2)ERJ' + H.c.  orvice versa
NO FCNC at tree level.



Generic problems of 2HDM

* It is well known that discrete symmetry could generate a domain wall pr
oblem when it is spontaneously broken.

» Usually the Z, symmetry is assumed to be broken softly by a dim-2 oper
ator, H'H, term.

4 N

The softly broken Z, symmetric 2HDM potential

| i | 11 |
V = m,fHIHl + '772‘..§H.;_LH2 - (-msz}LHz + h.c.) + 3/\1(H1' Hy)" + 3)\2([{;]’[2)2

t s 1 .
+ Aa(H{Hy)(H}Hz) + Ma(H{ Ho)(H3 Hy) + SAs[(H{ Ha) + h.c]

o /

* the origin of the softly breaking term?

Z, symmetry in 2HDM can be replaced by new U(1), symmetry associated

with Higgs flavors.
4



Type-1 2HDM

» Only one Higgs couples with fermions.
V nyLzﬁ/(U +y;QLiH1D +nyHE gl—’iﬁquRj

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

UR DR QL L ER NR Hl
v d (“;d) ‘3(“2+d) ~Qu+d) —(u+2d) (”;d)

* In general, extra fermions are required in order to cancel gauge anomal
Y.
— one of extra fermions can be a candidate for the cold dark matter.



Type-I 2HDM

* Only one Higgs couples with fermions.

Vy = y;’]QLiﬁ;(l]Rj + yij')QLiHlDRj + yifl_’iHlERj + yl;'v[_’iﬁ?NRj

- anomaly free U(1), without no extra fermions except RH neutrinos.

UR

D

R

O

L

E, N, H, Type

u

d

(u+d)

-3(u+d)

(u-d)

_Qu+d) —(u+2d)

5 Z,, is fermiophobic and Higgphilic.)

2 2 2
| 0 0 0 0 0 0 0 h, =0 |
/3 1/3 | 1/3 -1 -1 -1 0 |U®Y),,
1 -1 0 0 -1 1 1 U,
2/3 -1/3| 1/6 ~1/2 ~ 0 1/2 | U@,
Ko,Omura,Yu, PLB717,202(2013))
(" : :
» SM fermions are U(1), singlets.



Type-II 2HDM

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

ermions. — — T T
Vy - y;']QLiﬁ;quj + y;QLiH2DRj T nyiH2ERj + ylé'vLiﬁ;ONRj

J

U, D, O L E, N, | H H,
U 0 0 0 0 U U 0

* Requires extra chiral fermions for cancellation of gauge anomaly.

S — __° U),U(Q);,
SU3)|ISU2)|U(1)y U(l)y
qLi 3 | 2/3 QL =u-+ Q R
qri| 3 L | 2/3 Qr Two vector-like pairs of SU
N | | 0 ny =u+ng (2)L
N Ri | | 0 np

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

One of extra fermions could be a candidate for CDM.



Constraints

« experimental and theoretical constraints o
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/-Z,, miXing
» tfree-level mixing (v;#0)

. 0
. M-, - . 2AM?Z,
A T2 MZ 2 o Of ZZy
A]\[ZZ” = — » .‘,/H 2 (1]{!. { : - tan 2{ = 1\[} - \[/2
=1 " ZH R

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

L 1 2 . 2 2
o _ dugHecw i I my \ imA — my
, TN H’A VRN Z 1672 sy, 3 ’”%ﬁ 6 mi '
\ ‘ 1 (- 2 12 2
/ quaue [ 1 ms 1 m% — mx
Z /\/W N\/\/ZH \ A R~y = j ) Y In ;)A — = = 5 H \
\ y Nt ‘ 1672 |3 My 6 m3
HA N 1 |
’ Z ZH AMZ . — qHYHE P) 2\
AMz,2 =~ 5. '(_HIA — my).
2T SWCW

A K~ , o LS
_TFEWF”“V B ?F“,/“ F”l“’ + AA"I%IIZZI Z”#

» 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 and the bound for the mixing angle is

sin€£d 0(107%) ~0(107)



Inert Doublet Model (IDMwZ,)

* a 2HDM ~ one of the simplest extension

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

* The new Higgs doublet does not participate in the EW sym
metry breaking.

* Under the Z, symmetry, SM particles are even, but the new Higgs do
ublet is odd.

* Viable DM candidate

([ H ) [ G’ )

1 , H,=| 1 . 0
\ﬁ@-l_@ \ﬁ(v+@+lG )

DM candidates SM-like Hig{;s

H, =




Inert Doublet Model (IDMwZ,)

« CP-conserving potential

forbidden by the Z, symmetry

V= (HH,)+ t,(H}H,) ﬂ/mM >+£<H’“H >2+£<H*H y
A

+ A (H/H)(HH,) +A, | H/H, +75{<H3H2> +hel.

* Type-l Yukawa interactions ~ only H, couples to the SM fermions.

* The h decay to two photons receives additional contribution through charg
ed Higgs loop.

* H,A,H* ~ do not couple to SM fermions at tree level.



Inert Double Model (IDMwU(1),)

* We replace the Z, symmetry by U(1) gauge symmetry.
* A SM-singlet {¥] has to be added.

* Without ¥}, Z, boson becomes massless.

W

V=(m + AQOPYHH,)+(m + X ® YHIH,)~(m),H H, +h.c.)
+%(HFH1)2+%(H§H2)2 +4(H{H\)(H,H,) +A, | H{H, [

A
P ALY +he +m | OF +2, | @]

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 replace the Z, symmetry by U(1) gauge symmetry.

* A SM-singlet

W

has to be added.
forbidden

* Without {¥j, Z, boson becomes massless. by the Z, symmetry

V = (mlz +/ﬂ/q o |2)(H1TH1)+(m§ +&/O| % |2)(H;H2) _M)

+SLCH Y+ 22 (HUHL ) + 20 CHH ) 44, | HUH

+%{( ) +he) +my | @ +4, ||

forbidden by the U(1), symmetry (qH2=O,qH1¢O)

* ¥} 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),)

* We replace the Z, symmetry by U(1) gauge symmetry.
* A SM-singlet [¥] has to be added.

» Without (¥}, Z,, boson becomes massless.

W

V = (m12 +£/“I<I> |2)(H1TH1)+(m22 +%/0| D |2)(H;H2)—(m122H1TH2 +h.c.)

2 CHH) 4+ 22 (LY + 2 (HH L)+, | HH,

+%{(H5H2)2 +he +ml | @ +4, | P

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 replace the Z, symmetry by U(1) gauge symmetry.

* A SM-singlet

4

has to be added.
forbidden

* Without (], Z,, boson becomes massless. by the Z, symmetry

V = (o} + RO @ P HH,)+(m? + 2 CIDZ)(H;Hz)—M)

S CH )+ 22 (HUHL ) + 20 H ) 44y | HUH |

+%{( M) +he) +my | @ +4, | @[

forbidden by the U(1), symmetry (qH2=0,qH1¢O)

* ¥} 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.

13



Inert Double Model (IDMwU(1),)

* IDM + SM-singlet {¥].

forbidden
by the Z, symmetry

V = (m} + A4 @ FYHH,)+(m; + 2 ¢2><H§H2>—W>

+%(H1TH1)2+%(H;LH2)2 +A3(H1TH1)(H;H2) +A‘4 |H1TH2 |2

+%{(HT Y +he +my | OF +4, | P

forbidden by the U(1), symmetry (qH2=O,qH1¢O)

* Without A;, H and A are degenerate.

2 2
m, =\/mH - Ay

* Direct searches for DM at XENON100 and
LUX exclude this degenerate case.

\/

/7\
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Inert Double Model (IDMwU(1),)

_ forbidden
* IDM + SM-singlet ¥]. by the Z, symmetry

V = (i} + R4 @ PYH )+ + 20 @ PYHIH, )—W)

’L(H*H )2+£(H*H) +A(H H)HIH,) +A, |HH, |’

[

)
+{c, (X) (H H,)’ +hey +m |® +A, | D

* 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 gg

=qH1'
Va(|®[2,|S|?) + Vi (H,;, H) A (S)H{Hy + h.c.

('/\OH )2 Am? \ ‘

2 m‘P mI (5)‘ /
(S) m / \ "

0 ¢
/\H — /\Hﬂb /\5 ~




Relic density (low mass)

Qi =0.1199 +0.0027

(@no g I | I
: IDMwZ,
o 1 _ _ LUX bound is satisfied.
< : :
§ i ]
3
=
- 0.01 3 E
0.001 | /l | |
20 40 60 80 100 0
My [GeV]
HH — 2/
H SM
N ¢S H sl NN, Z
H SM H e NNNNy Z
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Relic density (low mass)

Qo =0.1199 £0.0027

IDMwZ
ovaees L HH—ww  +IDMwU(1),
1 | LUX bound is satisfied.
3
<
%‘ 0.1 E
g
%
- 0.01 E
0.001
2/ )
HH — 7/
H SM
e S e e VAVAV AV
N Y
H SM H ot NNNNy 7
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Relic density (low mass)

Q. i’ =0.1199 +0.0027

NA
-
=
o
O
S
> 0
‘»
C
)
o)
O
O
o 0.01

IDMwZ,,
IDMwU(1);,

0.001

HA, HH* — SMt+SM Ao(HT) -

120

+ IDMwU(1),,

LUX bound is satisfied.

Co-annihilation

HO f(’)

. Z(WH)

o —

f

H'H —A+Z,,Z+7,,...

18



Indirect searches (low mass)

+ IDMwU(1)

Constraints on the DM annihilatio
n cross section from Fermi-LAT’s

T = analysis of 15 dwarf spheroidal g
________________________ alaxies.

<gov> [cm3/s]

Constraint on the S-wave DM an

nihilation from the relic density ob
servation

10-32 ] ] ] ] ]

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

 All points satisfy constraints from the relic density observation and LUX exp
eriments.
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Indirect searches (low mass)

+ IDMwU(1)

Constraints on the DM annihilatio
n cross section from Fermi-LAT’s
~csrsmaas - analysis of 15 dwarf spheroidal g
alaxies.

j\ Constraint on the S-wave DM an

nihilation from the relic density ob
servation

<gov> [cm3/s]

10—30 . a

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

10

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



Ppp X 10%%cm® s GeV?

Gamma ray flux from DM annihilation

» Dwarf spheroidal galaxies are excellent targets to search for annihilatin
g DM signatures because of DM-dominant nature without astrophysical b

ackgrounds like hot gas.
1E., - / / pQ('r')cll dQY .
- Jan { Lo.s. | }

(:)\(AQ) ) /
7 2mpn S,
“
J-factor
The final y-ray spectrum. contains information

about the distribution of DM.

A 95% upper boundis @, =5.0%x10* cm’s "' GeV ™
Geringer—Sameth,Koushiappas, PRL107

20 T T T | T 20 I 1
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Indirect searches (low mass)

<ov> [cm3/s]

+ I_ | | | |
L A - + IDMwU(1),,
— IDMw22 n
IDMwU(1 )H Constraints on the DM annihilatio
- n cross section from Fermi-LAT’s
analysis of 15 dwarf spheroidal g
alaxies.
10—26 L
10—28 L
Constraint on the S-wave DM an
nihilation from the relic density ob
10739 | servation
10-32 u
10—34
0 / 20 40 60 80 100 120
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My ~my,

Co-annihilation
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Relic density (high mass)

Q. h* =0.1199 +0.0027

10(t§) T T T T T T

! =
IDMwZ, :
IDMwWU(1)y4 ] + IDMwU(1)
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23



Indirect searches (high mass)

IDMwZ,

—————

HDMwU (1), 4

+ IDMwU(1),,

Constraints on the DM annihilatio
n cross section from Fermi-LAT’s
analysis of 15 dwarf spheroidal g
alaxies.

Constraint on the S-wave DM an
nihilation from the relic density ob
servation



Gamma flux from GC

® DM with mass 30-40 GeV with pair
annihilating into ZH ZH should be able to
accommodate the gamma ray excess from
the galactic center (work in progress)

® This DM mass range is impossible within
the usual IDM

® Becomes possible in IDM with local U(1)H
because of new channels involving ZH s



Scalar DM with Local Z3

P, Ko, Y.Tang, arXiv:1402.6449, JCAP (2014)



Scalar DM with local Z3 sym

P, Ko, YTang, arXiv:1402.6449 (JCAP)

Consider U(1)x dark gauge symmetry, with
scalar DM X and dark Higgs phi_X with
charges 1 and 3, respectively.

()
Global Z3 model by Belanger et al /V'
arXiv:1211.1014 (JCAP) X

without phi and Z’ 77




Semi-annihilation

MmicrOMEGASs

/8



Comparison with global Z3

Vg~ — 2, HTH + Ay (HTH)2 + 12 XTX + Ay (XU()2 + Aux X' XH'H + 15X°3
+ higher order terms + H.c,

* However global symmetry can be broken by
gravity induced nonrenormalizable op’s:

1 v
A X F!

Global Z3 “X” with EW scale mass will decay immediately and can not be a DM

* Also particle contents different : Z' and H2
DM & H phenomenology change a lot

79



Relic density and Direct Search

Oh?c[0.1145,0.1253], 13<0.02

0.500 : . . .
SN0 | 7, » Blue band marks the
-LUX ‘ Global Zs upper bound,
XENONIT .
£ 100/ ) 24+ All points are allowed
NKEY o e '
oosof oo nour local Z3 model,
| oo e 1402.6449
2 ~" 1 I" « only circles are
: 3 =l 104 :
0010; | - ! allowedin global Z3
0.005] i, model,1211.1014
This whole region is allowed in
local Z3 case OXXSX'Y
0.0

Z. . . . | =
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U(l)x sym :

/3 Sym :

Comparison with EFT

X'XH'H, % (X'D,X) (H'D"H) % (XTD,X) (f+"f), etc. (4.3)
1

1

KX3HT H, FX?’ ff, etc. (4.4)
1

(or FX?’fLHfR, if we imposed the full SM gauge symmetry) (4.5)

e Thereisno Z', H2 in the EFT, and so indirect
detection or thermal relic density

calculations can be completely different

« Complementarity breaks down : (4.3) cannot
capture semi-annihilation
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Cusp vs. Core

150

M, =4.2x10" M

-1 Cusp +baryons Collisionless CDM

Core + baryons

Vo (krm s—1)
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Possible solutions

» Baryonic physics:

gas cooling, star formation,

supernova feedback,...

 Dark Matter:
warm dark matter
Self-Interacting CDM

Spergel et al, Sigurdson et al,
Boehm et al, Kaplinghat et al,

Loeb et al, Tulin et al,
van de Aarseen et al,
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What is SIDM?

 DM-DM scattering cross section is around

* |t can flatten the halo centre, solving the
“cups-core” and “too-big-to-fail” problems.

 |Interaction with relativistic particles can
induce a cut-off in the matter power
spectrum by collisional damping, solving the
‘missing satellites” problem.

84



How?

* MeV mediator can provide the right elastic
scattering cross section for TeV dark matter,

M, =4.2x10" M

Collisionless CDM

________
-~
-~
~

Self—interacting DM

r|kpc/h)



M H> [G@V]

Strong DM self interaction
from Light Mediators
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Can we find them experimentally ? %0




Global Z3 Local Z3
(Belanger, Pukhov et al) (Ko, Yong Tang)

o SM + X e SM+ X,phi,”Z
® Additional annihilation

® DD & thermal relic >>
channels open

mx > |20 GeV

. ® DD constraints relaxed
® Vacuum stability >> DD

cross section within

Xenon| T experiment * Light mxallowed

® Light mediator phi : strong

® No light mediators . ) ,
8 self interactions of X’s




Gamma ray excess from GC

- — > - T = > - - N ’ N s
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FIG. 2: Feynman diagrams for X X semi-annihilation into Hy and Z’.

(arXiv:1407.5492 with Yong Tang)



Gamma ray excess from GC

(arXiv:1407.5492 with Yong Tang)

y-ray spectra at 6=5° y-ray spectra at 6=5°
| data —— | data ——
46—06 g mX=72, mH =71, mZ/=9O  — 7] 46'06 [ mX=355 mH =501 mz’=34 —
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FIG. 4: ~-ray spectra from dark matter (semi-)annihilation with Hy(left) and Z’(right) as final
states. In each case, mass of Hy or Z' is chosen to be close to myx to avoid large lorentz boost.
Masses are in GeV unit. Data points at § = 5 degree are extracted from [1].

Possible only in local Z3, not in global Z3



Antiproton and positron
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FIG. 5: p and e spectra from dark matter (semi-)annihilation with Hs(left) and Z'(right) as final
states. In each case, mass of Hy or Z’ is chosen to be close to mx to avoid large lorentz boost.
Masses are in GeV unit. (00)ann ~ 6.8(4.4) x 10~?%cm? /s for Ho(Z') final states are assumed. Data
point are taken from [53] for anti-proton and [54] for positron fluxes, using the database [55].
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FIG. 6: Antiproton flux dependence on astrophysical parameters. From left to right, MIN, MED
and MAX models are used respectively. See table. I for model parameters.



Conclusions

U(l) Higgs gauge symmetry may be a useful
concept in multi Higgs doublet models for
evading the Higgs-mediated FCNCs

Usually taken as low energy EFT of MSSM

Could be a signature of new chiral U(l)
gauge interactions (in order to have
realistic Yukawa interactions)

It remains to be seen whether there exists
an extended Higgs sector or not



® When applied to the inert DM model, a
new range for DM mass is open due to
newly open channels involving ZH’s

® Possible to accommodate the gamma ray
excess from the GC in the IDM with local
U(l) Higgs gauge symmetry, in sharp
contrast with the usual IDM where this is
impossible

® |ikewise local dark gauge symmetries can
play an important role in DM physics



