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Overall features of EWPT

Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

Δαhad(mZ)Δα(5) 0.02758 ± 0.00035 0.02766
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4957
σhad [nb]σ0 41.540 ± 0.037 41.477
RlRl 20.767 ± 0.025 20.744
AfbA0,l 0.01714 ± 0.00095 0.01640
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1479
RbRb 0.21629 ± 0.00066 0.21585
RcRc 0.1721 ± 0.0030 0.1722
AfbA0,b 0.0992 ± 0.0016 0.1037
AfbA0,c 0.0707 ± 0.0035 0.0741
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1479
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.392 ± 0.029 80.371
ΓW [GeV]ΓW [GeV] 2.147 ± 0.060 2.091
mt [GeV]mt [GeV] 171.4 ± 2.1 171.7

Beyond Standard Model – p. 44/??

Almost Perfect !

EWPT & CKM
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The New Minimal Standard Model

Hooman Davoudiasl, Ryuichiro Kitano, Tianjun Li, and Hitoshi Murayama∗
School of Natural Sciences, Institute for Advanced Study, Einstein Drive, Princeton, NJ 08540, USA

(Dated: May 11, 2004)

We construct the New Minimal Standard Model that incorporates the new discoveries of physics beyond
the Minimal Standard Model (MSM): Dark Energy, non-baryonic Dark Matter, neutrino masses, as well as
baryon asymmetry and cosmic inflation, adopting the principle of minimal particle content and the most general
renormalizable Lagrangian. We base the model purely on empirical facts rather than aesthetics. We need only
six new degrees of freedom beyond the MSM. It is free from excessive flavor-changing effects, CP violation,
too-rapid proton decay, problems with electroweak precision data, and unwanted cosmological relics. Any
model of physics beyond the MSM should be measured against the phenomenological success of this model.

The last several years have brought us revolutionary new
insights into fundamental physics: the discovery of Dark En-
ergy, neutrino masses and bi-large mixings, a solid case for
non-baryonic Dark Matter, and mounting evidence for cosmic
inflation. It is now clear that the age-tested Minimal Standard
Model (MSM) is incomplete and needs to be expanded.

There exist many possible directions to go beyond the
MSM: supersymmetry, extra dimensions, extra gauge symme-
tries (e.g., grand unification), etc. They are motivated to solve
aesthetic and theoretical problems of the MSM, but not nec-
essarily to address empirical problems. It is embarrassing that
all currently proposed frameworks have some phenomenolog-
ical problems, e.g., excessive flavor-changing effects, CP vio-
lation, too-rapid proton decay, disagreement with electroweak
precision data, and unwanted cosmological relics.

In this letter, we advocate a different and conservative ap-
proach to physics beyond the MSM. We include the minimal
number of new degrees of freedom to accommodate convinc-
ing (e.g., > 5σ) evidence for physics beyond the MSM. We do
not pay attention to aesthetic problems, such as fine-tuning,
the hierarchy problem, etc. We stick to the principle of min-
imality seriously to write down the Lagrangian that explains
everything we know. We call such a model the New Minimal
Standard Model (NMSM). In fact, the MSM itself had been
constructed in this spirit, and it is a useful exercise to follow
through with the same logic at the advent of the major dis-
coveries we have witnessed. Of course, we require it to be a
consistent Lorentz-invariant renormalizable four-dimensional
quantum field theory, the way the MSM was constructed.

We should not forget that the MSM is a tremendous success
of the twentieth century physics. It is a gauge theory based
on the SU(3)C × SU(2)L × U(1)Y gauge group, has three
generations of quarks and leptons, one doublet Higgs boson,
and a completely general renormalizable Lagrangian one can
write down. We also add classical gravity for completeness.
The Lagrangian can be written down in a few lines (we omit
the metric factor

√
−g):

LMSM = −
1

2g2
s

TrGµνGµν −
1

2g2
TrWµνWµν

−
1

4g′2
BµνBµν + i

θ

16π2
TrGµνG̃µν + M2

PlR

+|DµH |2 + Q̄iiD̸Qi + ŪiiD̸Ui + D̄iiD̸Di

+L̄iiD̸Li + ĒiiD̸Ei −
λ

2

(

H†H −
v2

2

)2

−
(

hij
u QiUjH̃ + hij

d QiDjH + hij
l LiEjH + c.c.

)

.(1)

Here, MPl = 2.4× 1018 GeV is the reduced Planck constant,
H̃ = iσ2H∗, and i, j = 1, 2, 3 are generation indices. It
is quite remarkable that the nineteen physically independent
parameters in these few lines explain nearly all phenomena
we have observed in our universe.

Using the principle of minimal particle content, we attempt
to construct the NMSM. It is supposed to be the complete the-
ory up to the Planck scale unless experiments guide us oth-
erwise. What is such a theory? We claim we need only four
new particles beyond the MSM to construct the NMSM, two
Majorana spinors and two real scalars, or six degrees of free-
dom. Note that all components we add to the MSM had been
used elsewhere in the literature. What is new in our model is
that (1) it is inclusive, namely it covers all the recent impor-
tant discoveries listed below, and (2) it is consistent, namely
that different pieces do not conflict with each other or with the
empirical constraints. Even though the latter may not appear
an important point, it is worth recalling that incorporating two
attractive ideas often leads to tensions and/or conflict, e.g.,
supersymmetry and electroweak baryogenesis because of the
constraints from the electric dipole moments, axion dark mat-
ter and string theory because of the cosmological overabun-
dance, leptogenesis and supersymmetry because of the grav-
itino problem, etc. We find it remarkable and encouraging that
none of the elements we add to the MSM cause tensions nor
conflicts which we will verify explicitly in the letter.

What physics do we need to incorporate into the NMSM
that is lacking in the MSM? Here is the list:
• Dark Matter has been suggested as a necessary ingredient
of cosmology for various reasons. There is now compelling
evidence for a non-baryonic matter component [1].
• Dark Energy is needed based on the concordance of data
from cosmic microwave anisotropy [1], galaxy clusters (see,
e.g., [2]), and high-redshift Type-IA supernovae [3, 4].
• Atmospheric [5] and solar neutrino oscillations [6] have
been established, with additional support from reactor anti-
neutrinos [7], demonstrating neutrino masses and mixings.
• The cosmic baryon asymmetry η = nB/s = 9.2+0.6

−0.4 ×
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constructed in this spirit, and it is a useful exercise to follow
through with the same logic at the advent of the major dis-
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Here, MPl = 2.4× 1018 GeV is the reduced Planck constant,
H̃ = iσ2H∗, and i, j = 1, 2, 3 are generation indices. It
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we have observed in our universe.
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to construct the NMSM. It is supposed to be the complete the-
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erwise. What is such a theory? We claim we need only four
new particles beyond the MSM to construct the NMSM, two
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dom. Note that all components we add to the MSM had been
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constraints from the electric dipole moments, axion dark mat-
ter and string theory because of the cosmological overabun-
dance, leptogenesis and supersymmetry because of the grav-
itino problem, etc. We find it remarkable and encouraging that
none of the elements we add to the MSM cause tensions nor
conflicts which we will verify explicitly in the letter.

What physics do we need to incorporate into the NMSM
that is lacking in the MSM? Here is the list:
• Dark Matter has been suggested as a necessary ingredient
of cosmology for various reasons. There is now compelling
evidence for a non-baryonic matter component [1].
• Dark Energy is needed based on the concordance of data
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SM Lagrangian

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 !

• Look 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-1 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(1)’ 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	



• TeV seesaw with triplet Higgs, and so on



Contents

• Z’ model for Top FBA and Flavor dependent 
U(1)’ model with multi-Higgs Doublets	



• 2HDMs with U(1) Higgs flavor symmetry	



• Inert DM with local U(1) Higgs flavor



Z’ model for Top FBA and 
Flavor dependent U(1)’ model 

with multi-Higgs doublets 



Top Charge Asym in QCD (Muller@ICHEP2012)

      Thomas Müller, Institut für Experimentelle Kernphysik, KIT                                                     ICHEP 2012, Melbourne 

1.2 Top-Antitop Charge Asymmetry 

NLO QCD:  interference of higher order diagrams leads to asymmetry for tt produced  
       through qq 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   
 

 

At LHC: define asymmetry in the widths of rapidity distributions of t, t 
 

 

- 
- 



ICHEP 2012 : Top FBA (Muller’s talk) 

      Thomas Müller, Institut für Experimentelle Kernphysik, KIT                                                     ICHEP 2012, Melbourne 

Asymmetries at the Tevatron 

AFB det = 0.092 ± 0.037 (stat+syst) 

MC@NLO: AFB det = 0.024 ± 0.007 

Measured asymmetry on detector 
level after bkg subtraction: 

Measured asymmetry on parton level:  
 
AFB = 0.196 ± 0.065 (stat+syst) 

D0 results in the di-lepton channel: 
 
AFB = 0.118 ± 0.032 

Summary: 

'y in the lepton-jets channel 

Both CDF and D0 see significant asymmetry 
in tt production in all channels with strong 
dependence on mtt, in conflict with the SM 

- 



ICHEP 2012 : Top C Asym (Muller’s talk)

      Thomas Müller, Institut für Experimentelle Kernphysik, KIT                                                     ICHEP 2012, Melbourne 

Asymmetries at the LHC 

ATLAS:  Ac = 0.029 +- 0.018 (stat.) +- 0.014 (syst.) 
 
 CMS: Corrected:  Ac = 0.004 +- 0.010 (stat.) +- 0.011 (syst.)  

   
Theory (Kühn, Rodrigo): Ac = 0.0115 +- 0.0006  

 
 

ATLAS-CONF-2012-057  

CMS PAPER TOP-11-030 
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•  flavor dependent. 

•  challenging to  
construct a realistic 
model. 
   - anomaly free,  
renormalizable, and 
realistic Yukawa  
couplings.  

, ,Z W φ" "

New physics models for top AFB 

Ko et al (2009), (2010); 	


Degrande et al (2010); etc.



•  severely constrained by the same
  sign top pair production. 
   - the t-channel scalar exchange   
     model has a similar constraint.  

Z’ model 
•  assume large flavor-offdiagonal coupling and
 small diagonal couplings. 

•  In general, could have different couplings to  
  the top and antitop quarks. 

•  light Z′ is favored from the Mtt  
  distribution.  

Jung, Murayama, Pierce, Wells, PRD81




Same sign top pair production at LHC 

Aguilar-Saavedra, TOP2011


CMS: σ(pp→tt(j))<17 pb at 95C.L. 
ATLAS: σ(pp→tt(j))<4 pb at 95C.L. 
CMS, JHEP1108; ATLAS-CONF-2011-169


•  the t-channel Z′ or scalar exchange models are excluded? – No. 

Same sign top pair production at LHC 

CMS: σ(pp→tt(j))<17 pb at 95C.L. 
ATLAS: σ(pp→tt(j))<2 pb at 95C.L. 
CMS, JHEP1108; ATLAS, 1202.5520


•  the t-channel Z′ or scalar exchange models are excluded? 

•  the answer is NO. 
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Same sign top pair production at LHC 

CMS: σ(pp→tt(j))<17 pb at 95C.L. 
ATLAS: σ(pp→tt(j))<2 pb at 95C.L. 
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•  the t-channel Z′ or scalar exchange models are excluded? 

•  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(1)’ model (Ko, Omura, Yu)

(1) arXiv:1108.0350, PRD (2012) 	


(2) arXiv:1108.4005, 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 ?

• Z’ 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 ?

LY = �Y U
ij QLiH̃URj � Y D

ij QLiHDRj +H.c.

Gauge invariant : OK!
Not gauge 
invariant

No Yukawa’s for up quarks !

How to cure this problem ?



Answer : Extend Higgs sector

LY = �Y U
ij QLiH̃URj � Y D

ij QLiHDRj +H.c.

LY = �Y U
ijkQLiH̃kURj � Y D

ij QLiHDRj +H.c.

Hk : U(1) charged

Gauge invariant : OK!
Not gauge 
invariant

Mandatory to extend Higgs sector!	


Z’ only model does not exist!

# of U(1)’-charged new Higgs doublets depend on 
U(1)’ charge assigments to the RH up quarks



•  Charge assignment : SM fermions 

LH quarks and RH down-type  
quarks have universal couplings. 

Flavor-dependent 

Higgs 

Flavor-dependent U(1)′ model 



•  Charge assignment : Higgs fields 

•  The U(1)′ is spontaneously broken by U(1)′ charged complex scalar Φ. 

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

Flavor-dependent U(1)′ model 
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•  Anomaly cancelation requires extra fermions I: SU(2) doublets 

one extra 
generation 

vector-like 
pairs 

SU(2)L
2·U(1)′ ! 

U(1)′ 2·U(1) 

a candidate for CDM 

Flavor-dependent U(1)′ model Anomaly Cancellation : Sol.1
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•  Anomaly cancelation requires extra fermions II: SU(3)c triplets 

a candidate for CDM 

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

Flavor-dependent U(1)′ model 
Anomaly Cancellation : Sol. 1I



•  2 Higgs doublet model : 

∝ the fermion mass 

1 2 3( , , ) (0,0,1)u u u =

Flavor-dependent U(1)′ model 



•  3 Higgs doublet model: 1 2 3( , , ) ( ,0, )u u u q q= −

Flavor-dependent U(1)′ model 
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•  Gauge coupling in the mass base 

- Z′ interacts only with the right-handed up-type quarks 

- The 3 X 3 coupling matrix       is defined by   
biunitary matrix diagonalizing the
 up-type quark mass matrix 

Flavor-dependent U(1)′ model 

g
0
Z

0µ
X

i=1,2,3

uiU
0
Ri�µU

0

Ri



•  Yukawa coupling in the mass base (2HDM) 

-  lightest Higgs h: 

-  lightest charged Higgs h+: 

-  lightest pseudoscalar Higgs a: 

Flavor-dependent U(1)′ model 

NonMFV from flavor dep U(1) interactions



1. Z′ dominant scenario 

2. Higgs dominant scenario 

3. Mixed scenario 

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


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

Z !

2( ) , ,
4

u
aRut

X tu tu
g g Y Yα
π

#
=

Top-antitop pair production 

Destructive interference 
between Z’ and h,a for the 
same sign pair production 	


(Ko, Omura, Yu)



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

•  If the top quark decays to          or         , Br(t→Wb) might significantly be 
  changed.    

Z u!+ h u+

•  requires Br(t →non-SM)<5% .  

•  choose either               or             .   ' tZ
m m< h tm m<

Top quark decay 



•  D0 

•  CMS 

D0, 1105.2788


CMS, 1106.3052


( ) 2.90 0.59 pbpp tbqσ → = ±

( ) 83.6 29.8 3.3 pbpp tbqσ → = ± ±

In the SM, 

2.1 1.5
0.7 1.7( ) 64.3  pbpp tbqσ + +
− −→ =

( ) 2.26 0.12 pbpp tbqσ → = ±

Single top quark production 



•  D0 

•  CMS 

D0, 1105.2788


CMS, 1106.3052


( ) 2.90 0.59 pbpp tbqσ → = ±

( ) 83.6 29.8 3.3 pbpp tbqσ → = ± ±

In the SM, 

2.1 1.5
0.7 1.7( ) 64.3  pbpp tbqσ + +
− −→ =

( ) 2.26 0.12 pbpp tbqσ → = ±

, ,Z h a!

Single top quark production 

⇒ no b quark or W boson 
    in the final state 



Z′ dominant case 

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

Favored region 



Scalar Higgs (h) dominant case 

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

Favored region 



Z′+h+a case 

145 GeVZm ! =

180 GeVhm =

300 GeVam =

1.1a
tuY =

Favored region 

•  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. 



145 GeVZm ! =

180 GeVhm =

300 GeVam =

0.01xα =

mixed case 

Only Z′ case 

1.0tuY =

1.1a
tuY =

145 GeVZm ! =

0.029xα =

Invariant mass distribution 



AFB versus σtt 

145 GeVZm ! =

180 GeV< 1 TeVhm <

180 GeV< 1 TeVam <

0.005< 0.025Xα <

0.5<Y 1.5tu <

0.5<Y 1.5a
tu <

Have a trouble with new CMS data < 0.39 pb



AFB versus AC
y 

145 GeVZm ! =

180 GeV< 1 TeVhm <

180 GeV< 1 TeVam <

0.005< 0.025Xα <

0.5<Y 1.5tu <

0.5<Y 1.5a
tu <

Have a trouble with new CMS data < 0.39 pb



AFB versus σtt 

126 GeVhm =

180 GeV< 1.5 TeVZm ! <

180 GeV< 1 TeVam <

0.005< 0.025Xα <

0.1<Y 0.5tu <

0.1<Y 1.5a
tu <

Still OK with new CMS data < 0.39 pb



mZ' versus σtt 

126 GeVhm =

180 GeV< 1.5 TeVZm ! <

180 GeV< 1 TeVam <

0.005< 0.025Xα <

0.1<Y 0.5tu <

0.1<Y 1.5a
tu <

Still OK with new CMS data < 0.39 pb



Conclusions
• We constructed realistic Z’ models with additional 

Higgs doublets that are cahrged under U(1)’ : 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.”	



• Important 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)	



• Top 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(1) 
Higgs flavor symmetry

Based on 	


arXiv:1204.4588 (PLB)	


arXiv:1309.7156 (JHEP)	


arXiv:1405.2138 (JHEP under review)	


work in preparation for Type II, X,Y etc
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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. 

-  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 AFB at Tevatron, B→D(*)τν at BA
BAR) 

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

Shu,Zhang,PRL111


Kanemura,Matsui,Sugiyama,PLB727


Ko,Omura,Yu,EPJC73;JHEP1303


Ma,PRD73;Barbieri,Hall,Rychkov,PRD74




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 H1 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(1) 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
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2HDM with Z2 symmetry (2HDMwZ2) 

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

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

•  A simple way to avoid the FCNC problem is to assign ad hoc Z2 symmetry. 

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

NO FCNC at tree level. 

1 2  Type                      ,   
I
II
X
Y

R R R R LH H U D E N Q L
+ − + + + + +

+ − + − − + +

+ − + + − − +

+ − + − + − +

1 1 2 2( ) H.c.E E
i ij ij RjL y H y H E= + + or vice versa 

Z2 : Chiral



2 † 2 † 2 † † 2 † 2
1 1 1 2 2 2 12 1 2 1 1 1 2 2 2

† † † † † 2
3 1 1 2 2 4 1 2 2 1 5 1 2

1 1( . .) ( ) ( )
2 2
1    ( )( ) ( )( ) [( ) . .]
2

V m H H m H H m H H h c H H H H

H H H H H H H H H H h c

λ λ

λ λ λ

= + − + + +

+ + + +

4 

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

Generic problems of 2HDM 

•  Usually the Z2 symmetry is assumed to be broken softly by a dim-2 oper
ator,           term. †

1 2H H

•  the origin of  the softly breaking term? 

The softly broken Z2 symmetric 2HDM potential 

Z2 symmetry in 2HDM can be replaced by new U(1)H symmetry associated 
with Higgs flavors. 
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Type-I 2HDM 
•  Only one Higgs couples with fermions. 

•  anomaly free U(1)H without extra fermions except RH neutrinos. 

1 1 1 1
U D E N

y ij Li Rj ij Li Rj ij i Rj ij i RjV y Q HU y Q H D y LH E y LH N= + + +% %

1    
( ) 3( ) ( )(2 ) ( 2 )

2 2 2

R R L R RU D Q L E N H
u d u d u du d u d u d+ − + −

− + − +

2 parameters 

•  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. 
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Type-I 2HDM 
•  Only one Higgs couples with fermions. 

•  SM fermions are U(1)H singlets. 

•  ZH is fermiophobic and Higgphilic. 

1 1 1 1
U D E N

y ij Li Rj ij Li Rj ij i Rj ij i RjV y Q HU y Q H D y LH E y LH N= + + +% %

1

2

    Type
( ) 3( ) ( )(2 ) ( 2 )

2 2 2
0 0 0 0 0 0 0 0

1/ 3 1/ 3 1/ 3 1 1 1 0 (1)
1 1 0 0 1 1 1 (1)

2 / 3 1/ 3 1/ 6 1/ 2 1 0 1/ 2 (1)

R R R R R

B L

R

Y

U D Q L E N H
u d u d u du d u d u d

h
U
U
U

−

+ − + −
− + − +

≠

− − −

− −

− − −

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


•  anomaly free U(1)H without no extra fermions except RH neutrinos. 



1 2                
0 0 0 0 0

R R L R RU D Q L E N H H
u u u
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Type-II 2HDM 
•  H1 couples to the up-type fermions, while H2 couples to the down-type f
ermions.  

•  Requires extra chiral fermions for cancellation of gauge anomaly. 

1 2 2 1
U D E N

y ij Li Rj ij Li Rj ij i Rj ij i RjV y Q HU y Q H D y LH E y LH N= + + +% %

3(1)HU
2(1) (1)Y HU U

Two vector-like pairs of SU
(2)L 

One of extra fermions could be a candidate for CDM. 

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



8 

Constraints 
•  experimental and theoretical constraints 

b sγ→
tan 1β t Hermann,Misiak,Steinhauser, 

JHEP1211 (2012) 036


~ 126 GeVhm

| |AH
m m+ −

| |HH
m m+ −

sin( )β α−

tanβ

H
m +

Hm

EWPOs 
small mass differences requie
d 

Exotic top decay 

Heavy Higgs search at LHC 

Perturbativity 
 

Unitarity 
 

Vacuum stability 

SM-like Higgs 

Invisible Higgs decay 

h
non-SM

non-SM
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Z-ZH mixing 
•  tree-level mixing (vi≠0) 

•  loop-level mixing (v1=0, v2≠0) 

The mixing can appear because of SU(2)L!U(1)Y breaking effects. 

2 3sin (10 ) ~ (10 )O Oξ − −d

•  collider bound depends on the U(1)H charge assignment. 

•  In the fermiophobic ZH case, the ZH boson can be produced through the Z-
ZH mixing and the bound for the mixing angle is  
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•  a 2HDM ~ one of the simplest extension 

•  One of Higgs doublets does not develop VEV and exact Z2 sy
mmetry is imposed. 

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

•  Viable DM candidate 

•  Under the Z2 symmetry, SM particles are even, but the new Higgs do
ublet is odd. 

1 2 0,    1 1( ) ( )
2 2

H G
H H

H iA v h iG

+ +! " ! "
# $ # $= =# $ # $+ + +# $ # $
% & % &SM-like Higgs DM candidates 

Inert Doublet Model (IDMwZ2) 
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Inert Doublet Model (IDMwZ2) 

•  CP-conserving potential 

forbidden by the Z2 symmetry 

† 2
4 1 2| |H Hλ+

1 12

† †
1 1 2

†
1 22 2( ) ( ) ( h.c.)V H H H H H Hµ µµ −+ += † 21

1 1( )
2
H Hλ

+ † 22
2 2( )

2
H Hλ

+

† †
3 1 1 2 2( )( )H H H Hλ+ † 25

1 2{( ) . .}.
2

H H hcλ
+ +

•  Type-I Yukawa interactions ~ only H2 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. 
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Inert Double Model (IDMwU(1)H) 

•  A SM-singlet ! has to be added. 

† 25
1 2{( ) . .}

2
H H h cλ

+ +

† 2
4 1 2| |H Hλ+† †

3 1 1 2 2( )( )H H H Hλ+† 21
1 1( )

2
H Hλ

+ † 22
2 2( )

2
H Hλ

+

2 2
1 1( | | )V m λ= + Φ% †

1 1( )H H 2 2
2 2( | | )m λ+ + Φ% †

2 2( )H H 2
12(m− †

1 2 h .c.)H H +

2 2 4| | | |m λΦ Φ+ Φ + Φ

•  Without !, ZH boson becomes massless. 

•  ! breaks the U(1)H symmetry while H2 breaks the EW symmetry.  

•  The remnant symmetry of U(1)H is the origin of the exact Z2 symmetry.  

•  We replace the Z2 symmetry by U(1) gauge symmetry. 
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Inert Double Model (IDMwU(1)H) 

† 25
1 2{( ) . .}

2
H H h cλ

+ +

† 2
4 1 2| |H Hλ+† †

3 1 1 2 2( )( )H H H Hλ+† 21
1 1( )

2
H Hλ

+ † 22
2 2( )

2
H Hλ

+

2 2
1 1( | | )V m λ= + Φ% †

1 1( )H H 2 2
2 2( | | )m λ+ + Φ% †

2 2( )H H 2
12(m− †

1 2 h .c.)H H +

2 2 4| | | |m λΦ Φ+ Φ + Φ

•  Without !, ZH boson becomes massless. 

•  ! breaks the U(1)H symmetry while H2 breaks the EW symmetry.  

•  The remnant symmetry of U(1)H is the origin of the exact Z2 symmetry.  

•  We replace the Z2 symmetry by U(1) gauge symmetry. 

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

≠0) 

forbidden  
by the Z2 symmetry 

•  A SM-singlet ! has to be added. 
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4 1 2| |H Hλ+† †
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H Hλ
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2 2( )
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H Hλ
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2 2
1 1( | | )V m λ= + Φ% †
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Inert Double Model (IDMwU(1)H) 

† 25
1 2{( ) . .}

2
H H h cλ

+ +

† 2
4 1 2| |H Hλ+† †

3 1 1 2 2( )( )H H H Hλ+† 21
1 1( )

2
H Hλ

+ † 22
2 2( )

2
H Hλ

+

2 2
1 1( | | )V m λ= + Φ% †

1 1( )H H 2 2
2 2( | | )m λ+ + Φ% †

2 2( )H H 2
12(m− †

1 2 h .c.)H H +

2 2 4| | | |m λΦ Φ+ Φ + Φ

•  Without !, ZH boson becomes massless. 

•  ! breaks the U(1)H symmetry while H2 breaks the EW symmetry.  

•  The remnant symmetry of U(1)H is the origin of the exact Z2 symmetry.  

•  We replace the Z2 symmetry by U(1) gauge symmetry. 

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

≠0) 

forbidden  
by the Z2 symmetry 

•  A SM-singlet ! has to be added. 
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•  IDM + SM-singlet !. 

† 25
1 2{( ) . .}

2
H H h cλ

+ +

† 2
4 1 2| |H Hλ+† †

3 1 1 2 2( )( )H H H Hλ+† 21
1 1( )

2
H Hλ

+ † 22
2 2( )

2
H Hλ

+

2 2
1 1( | | )V m λ= + Φ% †

1 1( )H H 2 2
2 2( | | )m λ+ + Φ% †

2 2( )H H 2
12(m− †

1 2 h .c.)H H +

2 2 4| | | |m λΦ Φ+ Φ + Φ

forbidden  
by the Z2 symmetry 

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

≠0) 

•  Without λ5, H and A are degenerate. 

2 2
5A Hm m vλ= −

Z

H A

N N

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

Inert Double Model (IDMwU(1)H) 
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•  IDM + SM-singlet !. 

† 2
1 2{ ( ) . .}

l

lc H H h cΦ" #+ +$ %Λ' (

† 2
4 1 2| |H Hλ+† †

3 1 1 2 2( )( )H H H Hλ+† 21
1 1( )

2
H Hλ

+ † 22
2 2( )

2
H Hλ

+

2 2
1 1( | | )V m λ= + Φ% †

1 1( )H H 2 2
2 2( | | )m λ+ + Φ% †

2 2( )H H 2
12(m− †

1 2 h .c.)H H +

2 2 4| | | |m λΦ Φ+ Φ + Φ

forbidden  
by the Z2 symmetry 

•  It could be realized by introducing a singlet S charged under U(1)H with qS
=qH1

. 

Inert Double Model (IDMwU(1)H) 

•   The λ5 term can effectively be generated by a higher-dimensional operator. 

†
1H

2H

†
1H

2H

Φ

S S
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Relic density (low mass) 
2

CDM 0.1199 0.0027hΩ = ±

h
H SM

H SM

HH ZZ→

H

H

Z

Z

HH WW→
+ IDMwZ2 

LUX bound is satisfied. 
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Relic density (low mass) 
2

CDM 0.1199 0.0027hΩ = ±

h
H SM

H SM

HH ZZ→

H

H

Z

Z

HH WW→
+ IDMwZ2 
+ IDMwU(1)H 

LUX bound is satisfied. 
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Relic density (low mass) 
2

CDM 0.1199 0.0027hΩ = ±

, HH H ZZHH Z Z→

H

H

HZ

HZ

( ), SM+SMHA HH ± !→

, ,...H HHH A Z Z Z+ − → + +

+ IDMwZ2 
+ IDMwU(1)H 

Co-annihilation 

LUX bound is satisfied. 
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Indirect searches (low mass) 

, HH H ZZHH Z Z→

Fermi-LAT,arXiv:1310.0828


+ IDMwZ2 
+ IDMwU(1)H 

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 

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

, HH H ZZHH Z Z→

Fermi-LAT,arXiv:1310.0828


+ IDMwZ2 
+ IDMwU(1)H 

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 

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

4.3 30 3 1 2
PP 4.55.0 10 cm s GeV+ − − −

−Φ = ×
Geringer-Sameth,Koushiappas, PRL107


contains information  
about the distribution of DM. 

•  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. 

The final γ-ray spectrum. 

A 95% upper bound is 
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Indirect searches (low mass) 

Fermi-LAT,arXiv:1310.0828


+ IDMwZ2 
+ IDMwU(1)H 

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 

~
HH Zmm

Co-annihilation 
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Relic density (high mass) 
2

CDM 0.1199 0.0027hΩ = ±

+ IDMwZ2 
+ IDMwU(1)H 
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Indirect searches (high mass) 

Fermi-LAT,arXiv:1310.0828


+ IDMwZ2 
+ IDMwU(1)H 

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)
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Scalar DM with local Z3 sym

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

L = LSM � 1

4
X̃µ⌫X̃

µ⌫ � 1

2
sin ✏X̃µ⌫B̃

µ⌫ +Dµ�
†
XDµ�X +DµX

†DµX � V

V = �µ2
HH†H + �H

�
H†H

�2 � µ2
��

†
X�X + ��

⇣
�†
X�X

⌘2
+ µ2

XX†X + �X

�
X†X

�2

+ ��H�†
X�XH†H + ��XX†X�†

X�X + �HXX†XH†H +
⇣
�3X

3�†
X +H.c.

⌘

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

Global Z3 model by Belanger et al	


arXiv:1211.1014 (JCAP)

without phi and Z’

vx
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Semi-annihilation

(a) (b)

X

X

X̄

H1/H2 H1/H2

X

X

X̄

(c)

H1/H2

X̄X

X

(d)

H1/H2

X̄
X

X

(e) (f)

X

X

X̄

Z ′/Z Z ′/Z

X

X

X̄

(g)

Z ′/Z

X̄X

X

dnX

dt
= �v�XX⇤!Y Y

�
n2
X � n2

X eq

�
� 1

2
v�XX!X⇤Y

�
n2
X � nXnX eq

�
� 3HnX ,

r ⌘ 1

2

v�XX!X⇤Y

v�XX⇤!Y Y + 1
2v�

XX!X⇤Y
.

micrOMEGAs
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Comparison with global Z3

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

the particles’ masses or couplings, only a fraction of these diagrams might be kinematically
allowed or relevant. For example, only first four diagram are relevant for ✏ ' 0, ��X ' 0
and very heavy Z 0. Then the cross section for XX ! X⇤Hi semi-annihilation process is

d�

d⌦
=

1

64⇡2s

|pf |
|pi| |M|2 ,

with |pf | = 1

2
p
s

q⇥
s� (MX +MHi)

2⇤ ⇥s� (MX �MHi)
2⇤. For dark matter pi = MXvvel/2

and vvel is the relative velocity between two annihilating particles. Matrix elements are given
by

iMd / �i3
p
2�3,

iMa+b+c / �i3
p
2�3v�


i

s�M2
X

+
i

t�M2
X

+
i

u�M2
X

�
(�i�HXvh) ,

respectively. If �HXvhv�/M2
X ⌧ 1 and MHi < MX , then Md dominates and we have

h�vid =
9�2

3

16⇡

|pf |
M3

X

, and |pf | ' 3

4
MX for MX � MHi .

The relevant contribution r from semi-annihilation is shown with di↵erent color in Fig. 2.
It is evident that as �HX gets smaller, r becomes larger and the semi-annihilation becomes
dominant. Meanwhile the cross section for X’s scattering o↵ a nucleon gets smaller for direct
searches. Some of these points may even not be probed by XENON1T [26].

B. Global Z3 vs Local Z3

When the U(1)X breaking scale v� is much larger than the EW scale vh and the masses,
MZ0 and MH2 , are much heavier than those of other particles, we can get the low energy
e↵ective theory by integrating out the heavy degrees of freedom, Xµ and �. The e↵ective
theory then describes the SM+X with the residual global Z3 symmetry. And in the e↵ective
potential the terms involving X always appears as X†X, X3 and X†3,

Ve↵ '� µ2
HH

†H + �H

�
H†H

�2
+ µ2

XX
†X + �X

�
X†X

�2
+ �HXX

†XH†H + µ3X
3

+ higher order terms +H.c, (4.2)

where µ3 ⌘ �3
v�p
2
. In such a case, the e↵ective theory can not tell whether the Z3 symmetry

is a global one or just residual of a gauge symmetry. In fact the renormalizable parts of Veft

in Eq. (4.2) is exactly the same as the scalar potential in global Z3 model [11]. Therefore we
can consider the renormalizable scalar DM model with global Z3 symmetry as an e↵ective
theory of local Z3 models in the limit v� >> vh.

However there is an important di↵erence in the higher dimensional operators even in this
limit. Within the local Z3 model, the discrete Z3 gauge symmetry is respected by higher
dimenionsional operators, and the scalar DM X shall be absolutely stable. This is not the
case for global Z3 model, since the higher dimensional operators due to quantum gravity

8

could break global Z3 symmetry, so that the DM stability is no longer guaranteed. For
example one can consider

1

⇤
XFµ⌫F

µ⌫ ,

which renders the scalar X with EW scale mass decay immediately, and so the scalar X
cannot make a good DM candidate of the universe.

The di↵erence between local and global Z3 models become even more apparent and
significant when v� ⇠ TeV or smaller. There is only one additional new particle X in
the global Z3 model, while in the local Z3 model there are two more particles, Z 0 and
H2, compared with the global Z3 model. The particle spectra are di↵erent, and the local
Z3 model enjoys much richer phenomenology. In Fig. 2 we show an example that could
illustrate the di↵erences between the global and local Z3 models. For simplicity we use
MH2 = 20GeV, MZ0 = 1TeV, �3 < 0.02, ✏ ' 0 and ��H ' 0. The curved blue band shows
the parameter region in which only XX⇤ ! SM+SM processes contribute to annihilation,
namely, only �HXX†XH†H in the potential is relevant and it also marks the upper bound
for �HX for giving the correct relic abundance of X in both global and local Z3 models.
We can see that the low mass range MX < MH1 is excluded by latest dark matter direct
search limit from LUX [25], except the resonance region MX ' MH1/2 which will be probed
by XENON1T [26]. Colored circles, together with the very curved blue band, describe
the parameter space for the global Z3 model where X3-term comes to play since semi-
annhilation happens here only when MX > MH1 . However, unlike the global model, local
Z3 model allows ample parameter space in the low mass range, MX < MH1 , even if LUX
limit is taken into account. This is shown as colored triangles in Fig. 2.

There could exist other di↵erences between local and global Z3 models. Depending on
the exact value of MZ0 , MH2 and other physical parameters, the phenomena could be quite
di↵erent. For instance, when Z 0 or H2 is light, H1 can decay to them if ✏ 6= 0 or ��H 6= 0 (see
Ref. [27] for extensive survey and Ref. [28] for the comprehensive study of a singlet scalar
(�) mixing with the SM Higgs boson). Also, in local Z3 model isospin-violating interaction
between DM and nucleon can arise from Z

0
exchange. On the other hand, only isospin-

conserving couplings between DM and nucleon exist in global Z3 model through the Higgs
mediation, if we neglect small isospin violation from mu 6= md. Therefore one can have two
independent channels in the DM-nucleon scattering amplitude, which might be helpful to
understand the recent data on direct detection of DM in the light WIMP region [29]. This
is generic in models with local dark gauge symmetry which is spontaneously broken by dark
Higgs field [30].

Finally, when MZ0 or/and MH2 is about O(MeV), sizable DM self-interaction could be
realized, which is motivated to solve the astrophysical small scale structure anomalies. We
shall discuss this self-interacting DM scenario in Sec. V in detail.

C. Comparison with the e↵ective field theory (EFT) approach

In this subsection, we make a brief comparison of the renormalizable local Z3 scalar DM
model with the e↵ective field theory (EFT) approach. Usual starting point for the EFT
approach is to write down the operators for direct detections of DMs. For a complex scalar
DM X we are considering in this work, one can easily construct the following operators

9

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
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Relic density and Direct Search

• Blue band marks the 
upper bound, 

• All points are allowed 
in our local Z3 model,
1402.6449 

• only circles are 
allowed in global Z3 
model,1211.1014  
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FIG. 2: Illustration of discrimination between global and local Z3 symmetry. We have chosen
MH2 = 20GeV, MZ0 = 1TeV and �3 < 0.02 as an example. From up to down, three nearly straight
lines mark the XENON100 [21], LUX [22] and expected XENON1T limits [23], respectively. Colors
in the scatterred triangles and circles indicate the relative contribution of semi-annihilation, r. The
curved blue band, together with the cirles, gives correct relic density of X in the global Z3 model.
And the colored triangles appears only in the local Z3 model. See text for detail.

numerical investigation is done with micrOMEGAs [20]. We may define the fraction of the
contribution from the semi-annihilation in terms of

r ⌘ 1

2

v�XX!X⇤Y

v�XX⇤!Y Y + 1
2v�

XX!X⇤Y
.

The full Feynman diagrams for semi-annihilation are presented in Fig. 1. Depending on
the particles’ masses or couplings, only a fraction of these diagrams might be kinematically

7

This whole region is allowed in 	


local Z3 case
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Comparison with EFT

• There is no 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 

imposing Z3 symmetry, to list only a few:

U(1)X sym : X†XH†H,
1

⇤2

�
X†DµX

� �
H†DµH

�
,

1

⇤2

�
X†DµX

� �
f�µf

�
, etc. (4.3)

Z3 sym :
1

⇤
X3H†H,

1

⇤2
X3ff, etc. (4.4)

(or
1

⇤3
X3fLHfR, if we imposed the full SM gauge symmetry) (4.5)

where f is a SM fermion field and ⇤ is a combination of new physics scale and couplings of the
DM particle to new physics particle, and can di↵er from one operator to another. The usual
story within the EFT is that the direct detection cross section due to the renormalizable
operator X†XH†H is strongly constrained so that the scalar DM can not be thermalized if
it is light.

Note that within the EFT picture there is no room for Z
0
or H2(⇡ �) to enter and play

important roles in direct and indirect detection or in the calculation of DM thermal relic
density. This is because we do not know which fields are relevant (or dynamical) at the
energy scale we are considering. Without constructing a full theory which is mathematically
consistent and physically sensible, it would be di�cult to guess which fields would be relevant
beforehand within the EFT approach.

Also note that the usual complementarity does not work in this Z3 models, since the EFT
approach for direct detection based on Eq. (4.3) does not capture the semi-annihilation
channels for thermal relic density or indirect DM signatures described by Eqs. (4.4) and
(4.5), which is unique in the Z3 models. This simple example shows that the DM EFT can
be useful only if we know the detailed quantum numbers of DM particle, such as its spin and
other (conserved) quantum numbers. Otherwise the complementarity does not work. Since
we do not know anything about the DM quantum numbers as of now, the EFT approach
and complementarity arguments should be taken with a great caution. Otherwise one would
make erroneous conclusions.

More detailed discussions on the subtleties and limitations of EFT approach for DM
physics will be discussed elsewhere [31].

V. SELF-INTERACTING DARK MATTER X

One more di↵erence between local and global Z3 models is that there can exist strong
self-interaction between scalar DM X in the local Z3 model 1. Traditional collisionless
cold dark matter(CDM) can explain the large scale structure of the Universe. However,
astrophysical anomalies in small scale structures motivate collisional CDM, which has self-
interaction around �/MX ⇠ 0.1 � 10 cm2/g. This can be achieved in the local Z3 model
with O(MeV) H2 or Z 0. A vector Z 0 can mediate both attractive and replusive forces, and
has been considered in [33–41]. So here we shall only concentrate on the O(MeV) H2 case
in which only attractive force is mediated for explanation of small scale structures. Other
di↵erent phenomenologies of a light mediator can be found in [42–50].

1 This feature is not unique to local Z3 model, but could appear in many other DM models with dark gauge

symmetries. Another example with local Z2 symmetry will be presented elsewhere [30].

10
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Cusp vs. Core

Fig. 1. The cusp-core problem. (Left) An optical image of the galaxy F568-3 (small inset, from the Sloan Digital Sky Survey) is superposed on the the dark matter
distribution from the “Via Lactea” cosmological simulation of a Milky Way-mass cold dark matter halo (Diemand et al. 2007). In the simulation image, intensity encodes the
square of the dark matter density, which is proportional to annihilation rate and highlights low mass substructure. (Right) The measured rotation curve of F568-3 (points)
compared to model fits assuming a cored dark matter halo (blue solid curve) or a cuspy dark matter halo with an NFW profile (red dashed curve, concentration c = 9.2,
V200 = 110 km s�1). The dotted green curve shows the contribution of baryons (stars+gas) to the rotation curve, which is included in both model fits. An NFW halo
profile overpredicts the rotation speed in the inner few kpc. Note that the rotation curve is measured over roughly the scale of the 40 kpc inset in the left panel.

typical for galaxy mass halos. When normalized to match the
observed rotation at large radii, the NFW halo overpredicts
the rotation speed in the inner few kpc, by a factor of two or
more.

Early theoretical discussions of the cusp-core problem de-
voted considerable attention to the predicted central slope of
the density profiles and to the e↵ects of finite numerical reso-
lution and cosmological parameter choices on the simulation
predictions (see Ludlow et al. 2013 for a recent, state-of-the-
art discussion). However, the details of the profile shape are
not essential to the conflict; the basic problem is that CDM
predicts too much dark matter in the central few kpc of typical
galaxies, and the tension is evident at scales where vc(r) has
risen to ⇠ 1/2 of its asymptotic value (see, e.g., Alam, Bul-
lock, & Weinberg 2002; Kuzio de Naray & Spekkens 2011).
On the observational side, the most severe discrepancies be-
tween predicted and observed rotation curves arise for fairly
small galaxies, and early discussions focused on whether beam
smearing or non-circular motions could artificially suppress
the measured vc(r) at small radii. However, despite uncer-
tainties in individual cases, improvements in the observations,
sample sizes, and modeling have led to a clear overall picture:
a majority of galaxy rotation curves are better fit with cored
dark matter profiles than with NFW-like dark matter profiles,
and some well observed galaxies cannot be fit with NFW-like
profiles, even when one allows halo concentrations at the low
end of the theoretically predicted distribution and accounts for
uncertainties in modeling the baryon component (e.g., Kuzio
de Naray et al. 2008). Resolving the cusp-core problem there-
fore requires modifying the halo profiles of typical spiral galax-
ies away from the profiles that N-body simulations predict for
collisionless CDM.

Figure 2 illustrates the “missing satellite” problem. The
left panel shows the projected dark matter density distribu-
tion of a 1012M

�

CDM halo formed in a cosmological N-body
simulation. Because CDM preserves primordial fluctuations
down to very small scales, halos today are filled with enormous
numbers of subhalos that collapse at early times and preserve
their identities after falling into larger systems. Prior to 2000,
there were only nine dwarf satellite galaxies known within the

⇠ 250 kpc virial radius of the Milky Way halo (illustrated
in the right panel), with the smallest having stellar velocity
dispersions ⇠ 10 km s�1. Klypin et al. (1999) and Moore et
al. (1999b) predicted a factor ⇠ 5 � 20 more subhalos above
a corresponding velocity threshold in their simulated Milky
Way halos. Establishing the “correspondence” between satel-
lite stellar dynamics and subhalo properties is a key technical
point (Stoehr et al. 2002), which we will return to below, but
a prima facie comparison suggests that the predicted satellite
population far exceeds the observed one.

Fortunately (or perhaps unfortunately), the missing satel-
lite problem seems like it could be solved fairly easily by
baryonic physics. In particular, the velocity threshold at
which subhalo and dwarf satellite counts diverge is close to
the ⇠ 30 km s�1 value at which heating of intergalactic gas
by the ultraviolet photoionizing background should suppress
gas accretion onto halos, which could plausibly cause these
halos to remain dark (Bullock, Kravtsov, & Weinberg 2000;
Benson et al. 2002; Somerville 2002). Alternatively, super-
novae and stellar winds from the first generation of stars could
drive remaining gas out of the shallow potential wells of these
low mass halos. Complicating the situation, searches using
the Sloan Digital Sky Survey have discovered another ⇠ 15
“ultra-faint” satellites with luminosities of only 103 � 105L

�

(e.g., Willman et al. 2005; Belokurov et al. 2007). The high-
latitude SDSS imaging covered only ⇠ 20% of the sky, and
many of the newly discovered dwarfs are so faint that they
could only be seen to 50-100 kpc (Koposov et al. 2008; Walsh
et al. 2009), so extrapolating to the full volume within the
Milky Way virial radius suggests a population of several hun-
dred faint dwarf satellites (Tollerud et al. 2008). Estimates
from stellar dynamics imply that the mass of dark matter in
the central 0.3 kpc of the host subhalos is M0.3 ⇡ 107M

�

across an enormous range of luminosities, L ⇠ 103 � 107L
�

(encompassing the “classical” dwarf spheroidals as well as the
SDSS dwarfs), which suggests that the mapping between halo
mass and luminosity becomes highly stochastic near this mass
threshold (Strigari et al. 2008). The luminosity function of
the faint and ultra-faint dwarfs can be explained by semi-
analytic models invoking photoionization and stellar feedback
(e.g., Koposov et al. 2009; Macciò et al. 2009), though the e�-

2 www.pnas.org/cgi/doi/10.1073/pnas.0709640104 Footline Author

Fig. 4. E↵ect of self-interacting dark matter (SIDM) on halo structure, from simulations by Rocha et al. (2013). The left panel shows a Milky Way mass CDM halo,
and the middle panel shows the same halo from an SIDM simulation with cross-section of 1 cm2 g�1. The structure and substructure are similar, but the SIDM halo is
rounder and less dense in the center. The right panel compares the density profiles of a CDM and SIDM halo, showing the core produced by elastic scattering. This halo has
M = 4.2⇥ 1013M

�

, but similar behavior is found at other halo masses.

WDM; recent examples include Polisensky & Ricotti (2011),
Anderhalden et al. (2012), Lovell et al. (2012), Macciò et al.
(2012), Schneider et al. (2012), and Angulo et al. (2013).

Warm dark matter is a “just-so” solution to CDM’s prob-
lems, requiring a particle mass (or free-streaming velocity)
that is tuned to the particular scale of dwarf galaxy halos.
However, the more serious challenge to WDM is observational,
for two reasons. First, WDM does too good a job in elim-
inating power on small scales; for a thermal relic of mass
m = 2 keV, there are too few subhalos in the Milky Way to
host the known satellite galaxies (Polisensky & Ricotti 2011).
It also appears in conflict with observations of strong-lens sys-
tems, which show evidence for a significant subhalo fraction
as well as the existence of small (108M

�

) subhalos (Dalal &
Kochanek 2002; Dobler & Keeton 2006; Vegetti et al. 2010a,b,
2012; Fadely & Keeton 2011, 2012). Second, suppressing pri-
mordial fluctuations on small scales alters the predicted struc-
ture of Lyman-↵ forest absorption towards quasars at high
redshift, where these scales are still in the quasi-linear regime
(Narayanan et al. 2000). Recent studies of the Lyman-↵ forest
set a lower limit on the dark matter particle mass of several
keV, high enough that the dark matter is e↵ectively “cold”
from the point of view of the cusp-core problem (Seljak et
al. 2006; Viel et al. 2008; but see Abazajian 2006 for a coun-
terclaim of a lower minimum particle mass). Even setting
these problems aside, it appears that WDM on its own does
not fix the shape of rotation curves across the full range of
galaxy masses where conflict with CDM is observed (Kuzio
de Naray et al. 2010). While some uncertainties in the nu-
merical simulations and observational data remain, it appears
that WDM cannot solve the cusp-core and missing satellite
problems while remaining consistent with Lyman-↵ forest and
substructure observations.

An alternative idea, made popular by Spergel & Stein-
hardt (2000), is that cold dark matter has weak interactions
with baryons but strong self-interactions. The required scat-
tering cross-section is roughly (m/g)�1 cm2 where m is the
particle mass; note that 1 cm2 g�1 ⇡ 1 barnGeV�1 is approx-
imately a nuclear-scale cross section. In this case, elastic scat-
tering in the dense central regions of halos is frequent enough
to redistribute energy and angular momentum among par-
ticles, creating an isothermal, round core of approximately
constant density (Burkert 2000). Some early studies suggested
that this idea was ruled out by gravitational lensing (Miralda-
Escudé 2002) or by catastrophic gravitational core collapse
found in a simulation of an isolated halo (Kochanek & White

2000), but recent numerical studies show that these concerns
are not borne out in fully cosmological simulations. Instead,
simulations show that there is a viable window of mass and
cross-section where self-interacting dark matter (SIDM) can
produce cored dark matter profiles and remain consistent with
observational constraints (Rocha et al. 2013; Peter et al.
2013).

Figure 4, based on Rocha et al. (2013), compares the struc-
ture and density profiles of halos formed from the same initial
conditions with collisionless CDM and SIDM. Elastic scatter-
ing in the central regions, where an average particle expe-
riences a few collisions per Hubble time, flattens the density
cusp and reduces triaxiality. The scattering mechanism would
operate across a wide range of halo masses, allowing SIDM to
address both the rotation curves of Milky Way-like galaxies
and the central densities of dwarf satellites. Because they are
more weakly bound, SIDM subhalos are more easily subject
to tidal disruption than CDM subhalos. However, the sup-
pression of the low-mass subhalo count is not significant for
allowed cross sections except in the innermost region of the
host halo (Vogelsberger et al. 2012; Rocha et al 2013). Thus,
SIDM can solve the cusp-core problem while leaving enough
subhalos to host Milky Way satellites, unlike WDM.

The prospects for SIDM appear much more hopeful than
for WDM (though for a summary of pro-WDM views see Bier-
mann et al. 2013). Velocity-independent cross sections in the
range ⇠ 0.1�0.5 cm2 g�1 create cores that are approximately
the right size for Milky Way dwarf galaxies, spiral galaxies,
and galaxy clusters (Newman et al. 2013a,b; Rocha et al.
2013) while leaving halos triaxial enough to match observa-
tions (Peter et al. 2013). Cross sections in this range are also
consistent with observations of merging galaxy clusters (Clowe
et al. 2006; Randall et al. 2008; Dawson et al. 2012). More-
over, particle model builders have recently focused attention
on new classes of “hidden sector” models that generically pro-
duce SIDM particle candidates, although in general the elas-
tic scattering cross section has a strong velocity dependence
(Ackerman et al. 2009; Buckley 2010; Feng et al. 2010; Tulin
et al. 2013a,b). For these models, strong self-interactions may
only be present in a narrow range of halo mass, leaving halos
on other scales e↵ectively collisionless. Observationally, the
goal is to either rule out or find evidence for SIDM cross sec-
tions � > 0.1 cm2 g�1, as for smaller cross-sections the halo
phenomenology is likely to be indistinguishable from CDM.

There are alternative dark matter physics mechanisms
that could reduce the central densities of halos, including par-

Footline Author PNAS Issue Date Volume Issue Number 5
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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  

!

!

• It 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.

�

MX
⇠ cm2/g ⇠ barn/GeV
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How?

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

χ

χ̄

χ

χ̄

V

Fig. 4. E↵ect of self-interacting dark matter (SIDM) on halo structure, from simulations by Rocha et al. (2013). The left panel shows a Milky Way mass CDM halo,
and the middle panel shows the same halo from an SIDM simulation with cross-section of 1 cm2 g�1. The structure and substructure are similar, but the SIDM halo is
rounder and less dense in the center. The right panel compares the density profiles of a CDM and SIDM halo, showing the core produced by elastic scattering. This halo has
M = 4.2⇥ 1013M

�

, but similar behavior is found at other halo masses.

WDM; recent examples include Polisensky & Ricotti (2011),
Anderhalden et al. (2012), Lovell et al. (2012), Macciò et al.
(2012), Schneider et al. (2012), and Angulo et al. (2013).

Warm dark matter is a “just-so” solution to CDM’s prob-
lems, requiring a particle mass (or free-streaming velocity)
that is tuned to the particular scale of dwarf galaxy halos.
However, the more serious challenge to WDM is observational,
for two reasons. First, WDM does too good a job in elim-
inating power on small scales; for a thermal relic of mass
m = 2 keV, there are too few subhalos in the Milky Way to
host the known satellite galaxies (Polisensky & Ricotti 2011).
It also appears in conflict with observations of strong-lens sys-
tems, which show evidence for a significant subhalo fraction
as well as the existence of small (108M

�

) subhalos (Dalal &
Kochanek 2002; Dobler & Keeton 2006; Vegetti et al. 2010a,b,
2012; Fadely & Keeton 2011, 2012). Second, suppressing pri-
mordial fluctuations on small scales alters the predicted struc-
ture of Lyman-↵ forest absorption towards quasars at high
redshift, where these scales are still in the quasi-linear regime
(Narayanan et al. 2000). Recent studies of the Lyman-↵ forest
set a lower limit on the dark matter particle mass of several
keV, high enough that the dark matter is e↵ectively “cold”
from the point of view of the cusp-core problem (Seljak et
al. 2006; Viel et al. 2008; but see Abazajian 2006 for a coun-
terclaim of a lower minimum particle mass). Even setting
these problems aside, it appears that WDM on its own does
not fix the shape of rotation curves across the full range of
galaxy masses where conflict with CDM is observed (Kuzio
de Naray et al. 2010). While some uncertainties in the nu-
merical simulations and observational data remain, it appears
that WDM cannot solve the cusp-core and missing satellite
problems while remaining consistent with Lyman-↵ forest and
substructure observations.

An alternative idea, made popular by Spergel & Stein-
hardt (2000), is that cold dark matter has weak interactions
with baryons but strong self-interactions. The required scat-
tering cross-section is roughly (m/g)�1 cm2 where m is the
particle mass; note that 1 cm2 g�1 ⇡ 1 barnGeV�1 is approx-
imately a nuclear-scale cross section. In this case, elastic scat-
tering in the dense central regions of halos is frequent enough
to redistribute energy and angular momentum among par-
ticles, creating an isothermal, round core of approximately
constant density (Burkert 2000). Some early studies suggested
that this idea was ruled out by gravitational lensing (Miralda-
Escudé 2002) or by catastrophic gravitational core collapse
found in a simulation of an isolated halo (Kochanek & White

2000), but recent numerical studies show that these concerns
are not borne out in fully cosmological simulations. Instead,
simulations show that there is a viable window of mass and
cross-section where self-interacting dark matter (SIDM) can
produce cored dark matter profiles and remain consistent with
observational constraints (Rocha et al. 2013; Peter et al.
2013).

Figure 4, based on Rocha et al. (2013), compares the struc-
ture and density profiles of halos formed from the same initial
conditions with collisionless CDM and SIDM. Elastic scatter-
ing in the central regions, where an average particle expe-
riences a few collisions per Hubble time, flattens the density
cusp and reduces triaxiality. The scattering mechanism would
operate across a wide range of halo masses, allowing SIDM to
address both the rotation curves of Milky Way-like galaxies
and the central densities of dwarf satellites. Because they are
more weakly bound, SIDM subhalos are more easily subject
to tidal disruption than CDM subhalos. However, the sup-
pression of the low-mass subhalo count is not significant for
allowed cross sections except in the innermost region of the
host halo (Vogelsberger et al. 2012; Rocha et al 2013). Thus,
SIDM can solve the cusp-core problem while leaving enough
subhalos to host Milky Way satellites, unlike WDM.

The prospects for SIDM appear much more hopeful than
for WDM (though for a summary of pro-WDM views see Bier-
mann et al. 2013). Velocity-independent cross sections in the
range ⇠ 0.1�0.5 cm2 g�1 create cores that are approximately
the right size for Milky Way dwarf galaxies, spiral galaxies,
and galaxy clusters (Newman et al. 2013a,b; Rocha et al.
2013) while leaving halos triaxial enough to match observa-
tions (Peter et al. 2013). Cross sections in this range are also
consistent with observations of merging galaxy clusters (Clowe
et al. 2006; Randall et al. 2008; Dawson et al. 2012). More-
over, particle model builders have recently focused attention
on new classes of “hidden sector” models that generically pro-
duce SIDM particle candidates, although in general the elas-
tic scattering cross section has a strong velocity dependence
(Ackerman et al. 2009; Buckley 2010; Feng et al. 2010; Tulin
et al. 2013a,b). For these models, strong self-interactions may
only be present in a narrow range of halo mass, leaving halos
on other scales e↵ectively collisionless. Observationally, the
goal is to either rule out or find evidence for SIDM cross sec-
tions � > 0.1 cm2 g�1, as for smaller cross-sections the halo
phenomenology is likely to be indistinguishable from CDM.

There are alternative dark matter physics mechanisms
that could reduce the central densities of halos, including par-

Footline Author PNAS Issue Date Volume Issue Number 5
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Strong DM self interaction  
from Light Mediators
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We expect light bosons (H2 and/or Z’) 
Can we find them experimentally ?



• SM + X	



• DD & thermal relic >> 
mX >  120 GeV	



• Vacuum stability >> DD 
cross section within 
Xenon1T experiment	



• No light mediators

• SM + X , phi , Z’ 	



• Additional annihilation 
channels open 	



• DD constraints relaxed	



• Light mX allowed	



• Light mediator phi : strong 
self interactions of X’s

Global Z3	


(Belanger, Pukhov et al)

Local Z3	


(Ko, Yong Tang)
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FIG. 1: Feynman diagrams for XX̄ annihilation into H2 and Z 0.
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FIG. 2: Feynman diagrams for XX semi-annihilation into H2 and Z 0.

III. �-RAY FROM DM (SEMI-)ANNIHILATION

In the section, we discuss the �-ray spectrum from dark matter (semi-)annihilation in
scalar DM model with local Z3 symmetry. We shall focus on the channels showed in Figs. 1
and 2, where H2 and Z 0 decay into standard model particles. DM annihilation directly into
SM particle such as

XX̄ ! Z
0⇤ or H

0⇤
2 ! f̄f,

are suppressed by the small mixing parameters, ↵ and ✏. For the parameter regions we are
interested in, we can take ↵ and ✏ to be smaller than 10�4, which are definitely allowed
by direct searches so far. For simplicity, we also assume vanishing ��H and �HX . Non-
vanishing ��H and �HX will not change our discussion qualitatively, and both parameters
are constrained by DM direct searches, higgs invisible decay and collider searches which are
beyond the scope of this paper.

The �-ray flux from self-conjugate dark matter (semi-)annihilation is determined by par-
ticle physics factors, h�viann and dN�/dE�, and dark matter density profile ⇢ from astro-
physics:

d2�

dE�d⌦
=

1

8⇡

h�viann
M2

DM

dN�

dE�

Z 1

0

dr⇢2 (r0, ✓) , (3.1)

where r is the distance to the earth from the DM annihilation point, r0 =

5

(arXiv:1407.5492 with Yong Tang)
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FIG. 4: �-ray spectra from dark matter (semi-)annihilation with H2(left) and Z 0(right) as final
states. In each case, mass of H2 or Z 0 is chosen to be close to mX to avoid large lorentz boost.
Masses are in GeV unit. Data points at ✓ = 5 degree are extracted from [1].

depends on the parameters, �3,��X , gX . Here for simplicity, we discuss two illustrative cases
at the boundary, either 100% to H2 or Z 0 at the final state. Large parameter space exists
between these two cases. Dedicated analysis would require multi-dimension �2 fitting, which
is beyond the scope of this paper. We use micrOMEGAs-3[32] for our numerical calculation
and to generate the �-ray spectra.

We show the �-ray spectra in fig. 4 from H2(left panel) and Z 0(right panel). Since we
are discussing the boundary cases, we choose the mass of H2/Z

0 to be close to mX . It is
seen that mX is around 70GeV for H2 case while mX ⇠ 30 for Z 0 case. This is due to the
fact that light H2 mainly decays to bb̄ which give a softer �-ray spectrum, compared to Z 0

decay to all light fermion pairs. For 30GeV . mX . 70GeV, we can adjust the relative
contributions from H2/Z

0-channel, and it is anticipated that this can be easily achieved by
shifting mH2 ,mZ0 ,�3,��X and gX .

IV. CONCLUSION

In conclusion, we discussed the galactic center �-ray from dark matter with Z3 which is
the remnant of a spontaneously broken U(1) gauge symmetry. Thanks to the new opened
(semi-)annihilation channels, dark matter as light as several ten GeV can still exist. In this
model, dark matter particle can (semi)-annihilate to the dark higgs H2 and/or dark photon
Z 0 which then decay to standard model light fermions. The �-ray from these light fermions
can fit data well. Depending on the relative contributions of individual (semi-)annihilation
channel, the mass of dark matter can vary from 30GeV to 70GeV, a large parameter space.

6

(arXiv:1407.5492 with Yong Tang)

Possible only in local Z3, not in global Z3
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FIG. 5: p̄ and e+ spectra from dark matter (semi-)annihilation with H2(left) and Z 0(right) as final
states. In each case, mass of H2 or Z 0 is chosen to be close to mX to avoid large lorentz boost.
Masses are in GeV unit. h�viann ' 6.8(4.4)⇥10�26cm3/s for H2(Z 0) final states are assumed. Data
point are taken from [53] for anti-proton and [54] for positron fluxes, using the database [55].

from DM (semi-)annihilation propogate to earth, subjected to di↵usion, synchroton radiation
and inverse Compton scattering. We use the micrOMEGAs-3 [52] for calculate their spectra,
with MIN model being used for anti-proton propagation. As we can see that p̄ fluxes are
at the same order while e+ can have huge di↵erences in the considered cases. This is due
to the decay of Z 0 that can produce much harder e+, which can be also used to distinguish
di↵erent models.

In Fig. 5 we only show the signal from DM (semi-)annihilation. When added with the
background, these fluxes can be compared with the data from PAMELA [53, 54]. The
constraints from p̄ and e+ can provide important complementary information for models
explaining �-ray excess. It should be pointed out that potentially stringent constraints from
indirect detections of cosmic rays depend sensitively on astrophysical parameters involved
in the calculations of cosmic ray production and propagation.

The propogation equation that describes the evolution of the energy distribution for
charged particle a is [56]

@

@z
(VC a)�r · (K(E)r a)�

@

@E
(b(E) a) = Qa(x, E), (3.6)

where  a = dn/dE is the number density of particle a per unit volume and energy. Qa is the
source term from dark matter annihilation. The function K is the space di↵usion coe�cient
which depends on the energy E:

K(E) = K0�(E) (R/1 GV)� (3.7)

Here � is the particle velocity, R = p/q is its rigidity, and b(E) is the energy loss rate.
As a concrete illustration, in Fig. 6, we show how anti-proton flux can change for di↵er-

ent astrophysical models in table I, solving Eq. (3.6) with micrOMEGAs-3 [52]. As shown,
because of these uncertainties, there is still viable parameter space that is consistent with
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Model � K0 (kpc2/Myr) L (kpc) VC(km/s)

MIN 0.85 0.0016 1 13.5

MED 0.7 0.0112 4 12

MAX 0.46 0.0765 15 5

TABLE I: Astrophysical models that are consistent with the B/C data [57, 58]. L is half of the
thickness of di↵usion zone for cosmic rays.
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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.

such constraints (see Ref. [30] for further detailed discussion including the constraints from
radiowave).

Neutrinos are also produced promptly from the above DM (semi-)annihilation with the
absolute flux depending on the final states. Since the h�viann ⇠ 10�26cm3/s, the flux is
about 3� 4 order smaller than the current sensitivity or the limits from neutrino telescope
like IceCube. Unless there is a huge boost factor from astrophysics or other mechanisms,
we expect that the produced neutrinos can not be detected and therefore no meaningful
constraints from neutrino flux measurements.

IV. GENERALIZATION TO HIDDEN SECTOR DM MODELS WITH LOCAL
DARK GAUGE SYMMETRIES

From our discussion, it is clear that the gamma ray excess from the GC can be accom-
modated if there is a new particle analogous to the dark photon or dark Higgs boson with
suitable mass spectra. This is in fact realized readily in a class of dark matter models with
local dark gauge symmetry and thermalized by singlet portals (including Higgs portal). In
such scenarios, there is almost always a SM singlet scalar from the dark sector [39], as well
as dark gauge boson that couples to the dark matter particles, independent of details of
dark gauge symmetry or matter contents in the dark sector.

The dark Higgs boson is a SM singlet, and will mix in general with the SM Higgs boson.
It will improve the stability of the EW vacuum upto Planck scale [59], and also modify the
predictions of Higgs inflation so that somewhat large tensor-to-scalar ratio r ⇠ O(0.01�0.1)
becomes possible even for mt = 173 GeV [60].
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Conclusions

• U(1) 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(1) 
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(1) Higgs gauge symmetry, in sharp 
contrast with the usual IDM where this is 
impossible	



• Likewise local dark gauge symmetries can 
play an important role in DM physics


