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• Massive Vector Boson (MVB) : common in many 
BSM models


• Very often, origin of MVB mass is neglected 
assuming Proca or Stueckelberg mechanism, 
and consider etc

• Higgs Portal VDM :  for 
 . Problematic! What’s going on ?


• I will show that physics depends crucially on 
origin of MVB (and SM fermion) mass


• If mass origin is neglected, you can sometimes 
get misleading/wrong results

VμVμH†H, RgμνVμVν, RμνVμVν,
Γ(h → VV) → ∞

mV → 0



Main themes and Key Words

• Unitarity, Gauge Invariance (renorm.) 
Math / Th Consistency


• Proca, Stueckelberg vs. (Dark) Higgs 
for the case of massive vector 
boson (dark photon) : several pheno 
examples in this talk


• Theoretical issues (including gravity): 
in preparation



Lessons I learned from 
Bygone Anomalies

• Large FCNC ~ FCCC Weak Interactions


• Muon g-2, ATOMKI, MiniBooNE, …. 


• CDF Wjj, Top FBA, 750 GeV diphoton, 


• DM related ones: 511 keV  ray excess, PAMELA 
 excess, Galactic Center  ray excess, 

XENON1T, ….

γ
e+ γ



Reappraisal of SM



• Only Higgs (~SM) and Nothing Else so 
far at the LHC 


• Yukawa & Higgs self couplings to be 
measured and tested


• Nature is described by Quantum Local 
Gauge Theories


• Unitarity and gauge invariance played 
key roles in development of the SM

Current Status of SM



Building Blocks of SM

• Lorentz/Poincare Symmetry


• Local Gauge Symmetry : Gauge Group 
+ Matter Representations from Exp’s


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


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



Accidental Sym’s of SM
• Renormalizable parts of the SM Lagrangian conserve baryon #, 

lepton # : broken only by dim-6 and dim-5 op’s “longevity 
of proton” and “lightness of neutrinos” becoming Natural 
Consequences of the SM (with conserved color in QCD)


• QCD and QED at low energy conserve P and C, and flavors


• In retrospect, it is strange that P and C are good symmetries of 
QCD and QED at low energy, since the LH and the RH fermions 
in the SM are independent objects


• What is the correct question ? “P and C to be conserved or not 
?” Or “LR sym or not ?”

⟶



How to do Model Building
• Specify local gauge sym, matter contents 

and their representations w/o any global sym


• 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


• You 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



Motivations for BSM



Pheno’cal Motivations
• Neutrino masses and mixings


• Baryogenesis


• Inflation (inflaton)


• Nonbaryonic DM


• Origin of EWSB and Cosmological 
Const ?

Leptogenesis

Starobinsky & Higgs Inflations

Many candidates

Can we attack these problems ?

?



Theoretical Motivations 
• Fine tuning problem of Higgs mass parameter : SUSY, RS, ADD, etc.


• Critical comments in the Les Houches Lecture by Aneesh Manohar 
(arXiv:1804.05863)


• Standard arguments :


- Electron self-energy in classical E&M vs. QED


-  without/with charm quark


-   without/with  mesons


- They are simply wrong !

ΔmK

Δm2 = m2
π± − m2

π0 ρ



No-lose theorem for LHC
• Before the Higgs boson discovery, rigorous arguments for LHC due to 

the No-Lose theorem


• W/o Higgs boson,  scattering violates unitarity, which is 
one of the cornerstones of QFT


• Unitarity will be restored by 


- Elementary Higgs boson


- Infinite tower of new resonances (KK tower)


- New resonances for strongly interacting EWSB sector


- Higgs is there, but not observable if it decays into DM (2007,2011,..)

WLWL → WLWL



My Personal Viewpoints
• Traditionally, Fine Tuning or Naturalness problem 

was the driving force for many BSM, and predicted 
many signatures @ LHC


• No signatures @ LHC means that the traditional 
motivation is not that well motivated


• Mathematical and Theoretical Consistency : more 
important for BSM model buildings


• Unitarity is one of the Holy Grails in EFT approach



Contents
• Anomaly free : before/after GIM mechanism


• Extra spin-1 requires extensions of the Higgs 
sector : top FB asymmetry 


• DM : Unitarity and DM stability/longevity important


• Dark Higgs for massive dark photon (Jongkuk’s talk 
on Wednesday)



Anomaly Free : 

before/after GIM



Before GIM (1970)
• Weinberg Model for u,d,s : 

 , 


• Predicts FCNC ~ FCCC :
 , in 

contradiction to the exp data. What is going on ?


• Where is another combination, 
 ?

(uL, dL cos θc + sL sin θc)T uR, dR, sR,

Γ(K+ → μ+νμ) ∼ Γ(K0 → μ+μ−)

(−dL sin θc + sL cos θc)



GIM (1970)
• GIM proposed to introduce the 4th quark, “charm”, 

as the SU(2) partner of the 2nd combination


• FCNC=0 @ tree level, and induced at loops


•  GeV explains  (Gaillard, Lee, Rossner, 
1974), and confirmed by discovery of  in 1974 !


• In retrospect, large FCNC is a wrong prediction of 
anomalous gauge theory for 3 quark flavors, which 
is not a healthy theory [ABJ anomaly in 1969]

mc ∼ 1.5 ΔmK
J/ψ



Extra spin-1 requires extensions 
of the Higgs sector : 


Top FBA as an example




Top FBA@Tevatron & Top CA@LHC 

in chiral U(1)’ models 


with flavored Higgs fields



Contents

• SM Prediction vs. Data 

• Z’ model for Top FBA

• Flavor dependent U(1)’ model

• Conclusion & General Remarks



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

      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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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 !



However, the story is not so 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 : 
leptophobic 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-type quarks: 
MASSLESS TOP QUARK !

How to cure this problem ?

This problem is independent of top FCNC



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
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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



•  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 



•  Yukawa coupling in the mass base (2HDM) 

-  lightest Higgs h: 

-  lightest charged Higgs h+: 

-  lightest pseudoscalar Higgs a: 

Flavor-dependent U(1)′ model 

Higgs-mediated FCNC controlled 

by flavor dependent U(1) gauge int.



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)



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 



Conclusions
• We constructed realistic Z’ models with additional 

Higgs doublets that are charged 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

• Flavor issues in B and charm systems were 
also studied (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)
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B → D(∗)τν and B → τν in chiral U(1)
′

models

with flavored multi Higgs doublets

P. Koa Yuji Omurab Chaehyun Yua,c

aSchool of Physics, KIAS, Seoul 130-722, Korea
bPhysik Department T30, Technische Universität München,

James-Franck-Straβe, 85748 Garching, Germany
cSLAC National Accelerator Laboratory,

2575 Sand Hill Rd, Menlo Park, CA 94025, USA

E-mail: pko@kias.re.kr, yuji.omura@tum.de, chyu@kias.re.kr

Abstract: We discuss semileptonic and leptonic B decays, B → D(∗)τν and B → τν, in

the chiral U(1)′ models which were proposed by the present authors in the context of the

top forward-backward asymmetry (At
FB) observed at the Tevatron. In these models, extra

Higgs doublets with nonzero U(1)′ charges are required in order to make the realistic mass

matrix for up-type quarks. Then the extra (pseudo)scalars contribute to At
FB with large

flavor-changing Yukawa couplings involving top quark. The contribution of the charged

Higgs to At
FB is negligible, but it may significantly affect B decays: especially, B → D(∗)τν

and B → τν. We investigate constraints on the B decays, based on the recent results in

BaBar and Belle experiments, and discuss the possibility that the allowed parameter region

in the B decays can achieve large At
FB.

Ko, Omura, Yu, arXiv:1212.4607, JHEP(2013)

Not covered in this talk 



General Remarks
• Model independent study or simplified models are useful only if 

the stuffs put away under the rug (such as gauge invariance, 
renormalizability, unitarity, anomaly cancellation, realistic 
Yukawa’s, etc.) do not affect the physical observables we study


• Very often you don’t know a priori if this assumption is true or 
not


• When some simple model can/cannot explain some 
phenomena, it is important to work out various UV completions 
and study the detailed phenomenology 


• More examples in DM physics later



DM: EFT vs. UV 
Completions



• Feels Gravity > Currently 
evidences come only thru this


• Its lifetime >> Age of Universe


•  (Nonrel.)


• 


• 


• It forms a halo, not a disk

ρ( ≃ m) ≫ p( ≃ 0)

ΩDM ∼ 5 ΩBaryon

ρlocal ∼ 0.3GeV/cm3

• Mass, Spin ?


• How many species ?


• Any internal quantum #’s ?


• Any internal structures ?


• Interactions w/ SM particles ?


• DM self int. ? (  )


• Almost nothing known about 
particle physics nature of DM

σχχ /mχ ≲ 1g/cm2

KNOWNS UNKNOWNS



Local dark gauge symmetry
• Better to use local gauge symmetry for DM stability 

(Baek,Ko,Park,arXiv:1303.4280 )

• Success of the Standard Model 
of Particle Physics lies in “local 
gauge symmetry” without 
imposing any internal global 
symmetries 


• Electron stability : U(1)em gauge 
invariance, electric charge 
conservation, massless photon


• Proton longevity : baryon # is an 
accidental sym of the SM


• No gauge singlets in the SM ; all 
the SM fermions chiral

• Dark sector with (excited) dark 
matter, dark radiation and force 
mediators might have the same 
structure as the SM


• “(Chiral) dark gauge theories 
without any global sym”


•Origin of DM stability/longevity 
from dark gauge sym, and not 
from dark global symmetries, as 
in the SM


• Just like the SM (conservative)



In QFT (I)
• Kinematically long-lived if DM is very light 

(axion, sterile  ,…) : not considered here


• DM could be absolutely stable due to  
unbroken local gauge symmetry 


• DM with local Z2 (inelastic), Z3 (semi-
annihilation)


•  (and 2 more works) 
for  (2016)

νs

SU(3)D → SU(2)D
H0, σ8



In QFT (II)
• DM could be stable because of topology 

(hidden sector monopole + VDM+DR)


• Longevity of DM could be due to some 
accidental symmetries of unbroken/broken 
dark gauge symmetries


• EWSB and CDM from hQCD, and scale 
invariant extensions : dark  pions and 
dark baryons : Hur, Ko et al (2007)


• Dark gauge sym completely broken 



Landscape of dark sector
• DM EFT : DM + SM (unitarity violation in most cases)


• (Improved) Simplified Model for DM : DM + SM + Mediators 
(without full SM gauge symmetry) Full SM gauge symmetry was 
imposed by P Ko, A Natale, MH Park, H Yokoya (2016) 


• DM stabilized by global symmetry can not protect DM to decay 
fast from dim-5 operators from gravity : Need to introduce dark 
gauge symmetry [S Baek, P Ko, WI Park (2013)] : Now called as a 
“dark sector” 


• (Excited) DM, DR, (Light) Mediators with dark gauge symmetry


• Only questions: mass scales and couplings (various mechanisms)



mDM /mγ′￼

mDM /mϕ

0

Dark sector parameter space for a fixed mDM

1/2

1/2

1

1
 : dark matter 
 : dark photon 
 : dark Higgs

χ
γ′￼

ϕ

χ + χ → SM + SM χ + χ → γ′￼+ γ′￼

χ + χ → ϕ + ϕ

DM EFT, including 
Higgs portal DM EFT

Models w/o dark Higgs 
Along the x-axis

Higgs Portal DM 
Along the y-axis



mDM /mγ′￼

mDM /mϕ

0

Dark sector parameter space for a fixed mDM

1/2

1/2

1

1
 : dark matter 
 : dark photon 
 : dark Higgs

χ
γ′￼

ϕ

χ + χ → SM + SM χ + χ → γ′￼+ γ′￼

χ + χ → ϕ + ϕ

χ + χ → ϕ + γ′￼

χ + χ → ϕ + γ′￼

DM EFT, including 
Higgs portal DM EFT

Models w/o dark Higgs 
Along the x-axis

P-wave annihilation 
For fermion DM χ

P-wave annihilation 
For scalar DM χ

These two channels are possible for light DM, 
only if we include dark Higgs boson !

Higgs Portal DM 
Along the y-axis



Portals to DM
• Higgs portal : 


• U(1) Vector portal : 


• Neutrino portal : 


• (Dark) Axion portal (HSLee et al)


• So on & on & on …


• Eventually “Portal” is what we observe in the experiments 

H†HS, H†HS2, H†Hϕ†ϕ

ϵBμνXμν

NR( H̃ lL + ϕ†ψ)

  : Dark Scalarsϕ

  : Dark photonXμ

  : Dark fermion

~ Sterile 

ψ
ν



Portals to DM
• Higgs portal : 


• U(1) Vector portal : 


• Neutrino portal : 


• (Dark) Axion portal (HSLee et al)


• So on, & on & on , …


• Eventually “Portal” is what we observe in experiments 

H†HS, H†HS2, H†Hϕ†ϕ

ϵBμνXμν

NR( H̃ lL + ϕ†X)

Singlet Portals to Dark sector w/ local dark gauge sym 
(Baek, Park, Ko, arXiv:1303.4280 [hep-ph] )

DM stability is guaranteed by 
Local gauge symmetry 

OR 
DM longevity is guaranteed by 
accidental global symmetries



Crossing & WIMP detection

21 Jun 11 Feng  47

WIMP DETECTION

Correct relic density Æ Efficient annihilation then 
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However this crossing idea can lead to wrong answers  
if one works in DM EFT, since kinematic regions relevant  

to each experiment are very different in general !     
Better and safer to work in UV completed models,  

Especially for DM searches @ high energy colliders !

Furthermore one can consider on-shell mediators,  
dark radiation and inelastic DM, etc..



Dark Gauge Symmetry



Z2 real scalar DM
• Simplest DM model with Z2 symmetry :  

• Global Z2 could be broken by gravity effects (higher dim 
operators)


• e.g. consider Z2 breaking dim-5 op :  


• Lifetime of EW scale mass “S” is too short to be a DM


• Similarly for singlet fermion DM 

S → − S

1
MPlanck

SO(4)
SM

3

not consider dim-3 operators, XRH†H or XIH†H, as-
suming the global dark symmetry GX is broken only by

nonrenormalizable operators.
Then the lifetime of XR or XI decaying into a pair or

photons would be

�(XR(or XI) ! ��) ⇠ 1

4⇡

✓
e2

MPl

◆2

m3
X

⇠ 10�38

✓
mX(GeV)

100

◆3

GeV (3)

This decay rate should be smaller than 10�52GeV, which
is possible only if mX . O(10) keV. If these nonrenor-
malizable operators are induced at lower energy scale
⇤ < MPl, then the DM mass should be lighter than the
above estimate, scaled by (⇤/MPl)2/3. Axion or light di-
lation DM is a good example of this. If these operators
were allowed with O(MPlanck), it would be disastrous for
dark matter physics.

The above argument also applies to global Z2 symme-
try which is invoked very often to stabilize the scalar dark
matter S with the following renormalizable lagrangian :

L =
1

2
@µS@

µS � 1

2
m2

S
S2 � �S

4!
S4 � �SH

2
S2H†H.

The Planck scale suppressed dim-5 operators will make
the weak scale dark matter S decay very fast in this
model too. Namely global Z2 discrete symmetry is not
strong enough to guarantee the stability or longevity of
the scalar dark matter. This is also true for the case of
fermion dark matter, as described in the following sec-
tion.

Local dark gauge symmetry

If dark symmetry U(1)X is unbroken, then the scalar
dark mater will be absolutely stable and there will be a
long range dark force between dark matters. The mass-
less dark photon can contribute to the extra dark radia-
tion at the level of ⇠ 0.06, making slight increase of the

SM prediction for�Ne↵ towards the WMAP9 data. This
issue has been addressed in detail in our recent paper [2],
and we don’t describe it here in any more detail.

If dark symmetry U(1)X is a local symmetry that is
broken spontaneously by h�Xi = v� 6= 0, then the e↵ect
would be similar to the global symmetry breaking with
suitable changes of couplings. The dim-5 operators which
were dangerous in case of global dark symmetry are now
replaced by dim-6 operators since the global dark sym-
metry is implemented to local dark symmetry :

L =
1

M2
Pl

�†
X
XO(4)

SM. (4)

After �X develops nonzero VEV, this operator predicts
that the CDM lifetime is long enough to be safe from
cosmological constraints: However there appears a dim-4
operator which is a disaster for the DM longevity:

L = �XH2�†
X
XH†H +H.c. (5)

After the U(1)X and EWSB, this operator induces a
nonzero VEV for X as well as X ! hh so that X can no
longer be a good CDM candidate.

In order to forbid the above dangerous dim-4 operator,
one has to assign di↵erent U(1)X charges to X and �X :
QX(X) = 1, QX(�X) = 2, for example. Then the model
would possess discrete local Z2 symmetry after U(1)X
breaking, and the lightest U(1)X -charged particle would
be absolutely stable due to the local Z2 symmetry.

L = LSM � 1

4
Xµ⌫X

µ⌫ � 1

2
✏Xµ⌫B

µ⌫ +Dµ�
†
X
Dµ�X � �X

4

⇣
�†
X
�X � v2

�

⌘2
+DµX

†DµX �m2
X
X†X

� �X

4

�
X†X

�2 �
�
µX2�† +H.c.

�
� �XH

4
X†XH†H � ��XH

4
�†
X
�XH†H � �XH

4
X†X�†

X
�X (6)

Due to the µ term, the mass degeneracy between XR and
XI is lifted, and also there could be CP violation from
the µ phase. The model is not so simple compared with
the usual Z2 scalar CDM model:

L =
1

2
@µS@

µS � 1

2
m2

S
S2 � �S

4!
S4 � �SH

2
S2H†H.

Dark matter phenomenology in the model (6) is very rich
and beyond the scope of this letter [1]. On the other
hand, Higgs phenomenology is very simple. There will be
two neutral Higgs-like scalar bosons, the signal strengths
of which are less than 1 independent of decay channels.



Fate of CDM with Z2 sym

• Global Z2 cannot save EW scale DM from decay with long 
enough lifetime

Consider Z2 breaking operators such as

1

MPlanck
SOSM

The lifetime of the Z2 symmetric scalar CDM S is roughly given by

�(S) ⇠ mS

M2
Planck

⇠ (
mS

100GeV
)10�37

GeV

The lifetime is too short for ~100 GeV DM

keeping dim-4 SM 
operators only

3 3

(Baek,Ko,Park,arXiv:1303.4280 )

NB: For very light “S”, its lifetime can be  
very long by kinematic reasons



Fate of CDM with Z2 sym
Spontaneously broken local U(1)X can do the job to some 
extent, but there is still a problem

Let us assume a local U(1)X is spontaneously broken by h�Xi 6= 0 with

QX(�X) = QX(X) = 1

Then, there are two types of dangerous operators:

�†
XXH†H, and �†

XXO(dim�4)
SM

Problematic ! Perfectly fine !

Higgs is not good for DM 
stability/longvity



• These arguments will apply to DM models based 
on ad hoc symmetries (Z2,Z3 etc.)


• One way out is to implement Z2 symmetry as local 
U(1) symmetry (arXiv:1407.6588 with Seungwon 
Baek and Wan-Il Park);


• See a paper by Ko and Tang on local Z3 scalar 
DM, and another by Ko, Omura and Yu on inert 
2HDM with local U(1)H


• DM phenomenology richer and DM stability/
longevity on much solider ground
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We construct a scalar dark matter model where local Z2 symmetry guarantees the stability of
scalar dark matter. When we include the local U(1)X symmetry as the origin of the local Z2

symmetry, the dark matter appears from a complex scalar which has two real fields. After the
U(1)X ! Z2 symmetry breaking, the mass degeneracy between ..................

INTRODUCTION

If Z2 symmetry were global symmetry, it would be bro-

ken by quantum gravity e↵ects which can be described

by MPlanck scale suppressed nonrenormalizable operators

such as

1

MPlanck

�
SFµ⌫F

µ⌫ , S(H†H)
2, ..

�
(1)

MODEL

Let us assume the dark sector has a local U(1)X gauge

which is spontaneously broken into local Z2 symmetry.

This can be achieved with two complex scalar fields �X

and X ⌘ XR + iXI in the dark sector with the U(1)X

charges equal to 2 and 1, respectively, in the following

lagrangian:

QX(�) = 2, QX(X) = 1

L = LSM +�1

4
Xµ⌫X

µ⌫ � 1

2
✏Xµ⌫B

µ⌫
+Dµ�

†
X
Dµ�X � �X

4

⇣
�†
X
�X � v2

�

⌘2
+DµX

†DµX �m2
X
X†X

� �X

4

�
X†X

�2 �
�
µX2�†

+H.c.
�
� �XH

4
X†XH†H � ��XH

4
�†
X
�XH†H � �XH

4
X†X�†

X
�X (2)

After the U(1)X symmetry breaking by nonzero h�Xi =
v� 6= 0, the µ�term generates

(X2
+H.c.) = 2(X2

R
�X2

I
)

which lifts the mass degeneracy between XR and XI .

The lagrangian is invariant under X ! �X even after

U(1)X symmetry breaking.

The covariant derivative on X is defined as

DµX = @µX � igXXµX.

In terms of XI and XR, one has

DµX
†DµX = @µXR@

µXR + @µXI@
µXI + 2igXXµ

(XR@µXI �XI@µXR) + g2
X
XµX

µ
(X2

R
+X2

I
) (3)

If the mass di↵erence of XR and XI is of ⇠ O(1) MeV

and the lifetime of the heavier state is ⇠ 10
26�29

sec,

then

XR ! XI�
⇤
h

followed by �⇤
h
! � ! e+e�

could generates the positrons which would be a source of

511 keV � ray lines observed by INTEGRAL.

Note that the local Z2 symmetry guarantees the sta-

bility of the dark matter even if we consider 1/MPlanck-

suppressed nonrenormalizable operators. This is in sharp

contrast with the case of global Z2. However the local

Z2 symmetry requires extra fields compared with a sin-

glet scalar dark matter model with unbroken global Z2

symmetry.

From the model lagrangian Eq. (2), we can work out

the particle spectra at the tree level:

m2
X

= g2
X
v2
�
, (4)
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bility of the dark matter even if we consider 1/MPlanck-

suppressed nonrenormalizable operators. This is in sharp

contrast with the case of global Z2. However the local

Z2 symmetry requires extra fields compared with a sin-
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symmetry.

From the model lagrangian Eq. (2), we can work out

the particle spectra at the tree level:

m2
X

= g2
X
v2
�
, (4)

etc.

Unbroken Local Z2 symmetry

Gauge models for excited DM

The heavier state decays into the lighter state

The local Z2 model is not that simple as 
the usual 


Z2 scalar DM model (also for the 
fermion CDM)

arXiv:1407.6588 w/ WIPark and SBaek
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XENON1T Excess 
(Scalar XDM, Fermion XDM)



XENON1T Excess
• Excess between 1-7 keV


• Expectated : 232  15 , Observed : 285 


• Deviation ~ 3.5 


• Tritium contamination


• Long half lifetime (12.3 years)


• Abundant in atmosphere and cosmogenically produced in 
Xenon


• Solar axion


• Produced in the Sun


• Favored over bkgd @ 3.5 


• Neutrino magnetic dipole moment


• Favored @ 3.2 

±

σ

σ

σ

Electron recoil



DD/CMB Constraints
• To evade stringent bounds from direct detection expt’s : 

sub GeV DM


• CMB bound excludes thermal DM freeze-out determined 
by S-wave annihilation :  DM annihiliation should be 
mainly in P-wave Planck 2018


R.K.Leane 35 al, PRD2018⟨σv⟩ ∼ a + bv2



Exothermic DM 
• Inelastic exothermic scattering of XDM 


•   by dark photon exchange + 
kinetic mixing


• Excess is determined by 


• Most works are based on effective/toy models where  is put in 
by hand, or ignored dark Higgs


• dim-2 op for scalar DM and dim-3 op for fermion DM : soft and 
explicit breaking of local gauge symmetry), and include massive 
dark photon as well  theoretically inconsistent !

XDM + eatomic → DM + efree

ER ∼ δ = mXDM − mDM

δ

→



Usual Approaches

• The model is not mathematically consistent, since there is no 
conserved current a dark photon can couple to in the massless limit


• The second term with  breaks  explicitly, although softly Δ2 U(1)X

For example, Harigaya, Nagai, Suzuki, arXiv:2006.11938 

Similarly for the fermion 
DM case

This term is 
problematic



Relic Density from 

   

(P-wave annihilation)

XX† → Z′￼ * → ff̄
For example, Harigaya, Nagai, Suzuki, arXiv:2006.11938 



Z2 DM models with dark Higgs

• We solve this inconsistency and unitarity issue with 
Krauss-Wilczek mechanism 


• By introducing a dark Higgs, we have many advantages:  


• Dark photon gets massive


• Mass gap  is generated by dark Higgs mechanism


• We can have DM pair annihilation in P-wave involving 
dark Higgs in the final states, unlike in other works

δ



Scalar XDM ( )  XR & XI

role when mDM < mZ0 , as we shall demonstrate in the following. In order to explain the

XENON1T excess in terms of XDM+eatomic ! DM+efree with a kinetic mixing, both dark

photon and (X)DM mass should be sub-GeV, more specifically ⇠ O(100) MeV, in order to

avoid the stringent bounds on the kinetic mixing parameter. For such a light DM, one has

to consider the DM annihilation should be mainly in p-wave, and not in s-wave, in order to

avoid strong constraints from CMB (see [54, 55] and references therein).

For this purpose it is crucial to have dark Higgs (�), since they can play a key roles in

the p-wave annihilations of DM at freeze-out epoch:

XX†
! Z

0⇤
! Z

0
�,

�� ! ��,

where X and � are complex scalar and Dirac fermion DM, respectively. At freeze-out epoch,

the mass gap is too small (�m ⌧ T ) and we can consider DM as complex scalar or Dirac

fermion. In the present Universe, we have T ⌧ �m and so we have to work in the two

component DM picture for XENON1T electron recoil. It can not be emphasized enough

that these channels would not be possible without dark Higgs �, and it would be di�cult to

make the DM pair annihilation be dominated by the p-wave annihilation.

II. MODELS FOR (EXCITED) DM

A. Scalar DM model

The dark sector has a gauged U(1)X symmetry. There are two scalar particles in the dark

sector X and � with U(1)X charges 1 and 2, respectively. They are neutral under the SM

gauge group. After � gets VEV, h�i = v�/
p
2, the gauge symmetry is spontaneously broken

down to discrete Z2. The Z2-odd X becomes the DM candidate. The model Lagrangian is

in the form [51]

L = LSM �
1

4
X̂µ⌫X̂

µ⌫
�

1

2
sin ✏X̂µ⌫B̂

µ⌫ +Dµ�†Dµ�+DµX†DµX �m2
X
X†X +m2

�
�†�

���

�
�†�

�2
� �X

�
X†X

�2
� ��XX

†X�†�� ��H�
†�H†H � �HXX

†XH†H

�µ
�
X2�† +H.c.

�
, (1)

where X̂µ⌫ (Bµ⌫) is the field strength tensors of U(1)X (U(1)Y ) gauge boson in the interaction

basis.

3

Field

U(1) 
charge

2 1 1

ϕ X χ

We decompose the X as

X =
1
p
2
(XR + iXI), (2)

and H and � as

H =

0

@ 0

1p
2
(vH + hH)

1

A , � =
1
p
2
(v� + h�), (3)

in the unitary gauge.

The dark photon mass is given by

m2
Z0 ' (2gXv�)

2, (4)

where we neglected the corrections from the kinetic mixing, which is second order in ✏

parameter. The masses of XR and XI are obtained to be

m2
R
= m2

X
+

1

2
�HXv

2
H
+

1

2
��Xv

2
�
+

µ
p
2
v�,

m2
I
= m2

X
+

1

2
�HXv

2
H
+

1

2
��Xv

2
�
�

µ
p
2
v�, (5)

and the mass di↵erence, � ⌘ mR �mI ' µv�/
p
2mX . Since the original U(1)X symmetry

is restored by taking µ = 0, small µ does not give rise to fine-tuning problem. The mass

spectrum of the scalar Higgs sector can be calculated by diagonalising the mass-squared

matrix
0

@ 2�Hv2H ��HvHv�

��HvHv� 2��v2�

1

A , (6)

which is obtained in the (hH , h�) basis. We denote the mixing angle to be ↵H and the mass

eigenstates to be (H1, H2), where H1 is the SM Higgs-like state and H2(⌘ �) is mostly dark

Higgs boson. Since we work in the small ↵H in this paper, the VEV of � is approximated

to be, v� ' mH2/
p

2��, while ↵H ' ��Hv�/2�HvH .

The mass eigenstates Zµ and Z 0
µ
of the neutral gauge bosons can be obtained using the

procedure shown in Ref. [56]. In the linear order approximation in ✏ we can write the

covariant derivative as

Dµ ' @µ + ieQemAµ + i
⇣
gZ(T

3
�Qems

2
W
) + ✏gXQXsW

⌘
Zµ + i

⇣
gXQX � ✏eQemcW

⌘
Z 0

µ
, (7)

4

the kinetic mixing term given in (1) we get the dark-gauge interactions with the DM and

the electron [56]

L � gXZ
0µ(XR@µXI �XI@µXR)� ✏ ecWZ 0

µ
e�µe, (12)

where cW is the cosine of the Weinberg angle, Z and Z 0 are mass eigenstates, and we

assumed that ✏(⇠ 10�4) is small. The cross section for the inelastic scattering XRe ! XIe

for mX � me and small momentum transfer is given by

�e =
16⇡✏2↵em↵Xc2Wm2

e

m4
Z0

, (13)

where ↵em ' 1/137 is the fine structure constant and ↵X ⌘ g2
X
/4⇡. This can be used to

predict the di↵erential cross section of the dark matter scattering o↵ the xenon atom for the

DM velocity v, which reads

d�v

dER

=
�e

2mev

Z
q+

q�

a20qdqK(ER, q), (14)

where ER is the recoil energy, q is the momentum transfer, K(ER, q) is the atomic excitation

factor. From energy conservation we obtain the relation [9],

ER = � + vq cos ✓ �
q2

2mR

, (15)

where ✓ is the angle between the incoming XR and the momentum transfer q = p0
e
� p

e
.

The integration limits are [9],

q± ' mRv ±
q

m2
R
v2 � 2mR(ER � �), for ER � �,

q± ' ±mRv +
q

m2
R
v2 � 2mR(ER � �), for ER  �. (16)

Then we can obtain the di↵erential event rate for the inelastic scattering of DM with electrons

in the xenon atoms given by

dR

dER

= nTnR

d�v

dER

, (17)

where nT ⇡ 4⇥1027/ton is the number density of xenon atoms and nR ⇡ 0.15GeV/mR/cm3

is the number density of the heavier DM component XR, assuming nR = nI . Integrating

over ER, we get the event rate

R ⇡ 3.69⇥ 109 ✏2 g2
X

✓
1GeV

mR

◆✓
1GeV

mZ0

◆4

/ton/year. (18)

7

Since XR is a dark matter component in our model with the same abundance with XI , its

lifetime should be much longer than the age of the universe. It can decay via XR ! XI���

as shown in [9]. Its decay into three-body final state, XR ! XI⌫⌫, is also possible in our

model. The relevant interactions are

L � ✏gXsWZµ(XR@µXI �XI@µXR)�
gZ
2
Zµ⌫L�

µ⌫L. (19)

The decay width is given by

� '
✏2↵Xs2W
5
p
2⇡2

GF �5

m2
Z

' 1.9⇥ 10�49 GeV
⇣ ✏

10�4

⌘2 ⇣ ↵X

0.078

⌘✓
�

2 keV

◆5

. (20)

Although this channel is much more e↵ective than XR ! XI��� considered in [9], the

lifetime of XR is still much longer than the age of the universe.

In the right panel of Fig. 1 , we show the allowed region in the (mZ0 , ✏) plane where we can

explain the XENON1T excess with correct thermal relic density of DM within the standard

freeze-out scenario. For illustration, we chose the DM mass to be mR = 0.1 GeV, and varied

the dark Higgs mass m� = 20, 40, 60, 80 MeV denoted with di↵erent colors. The sharp drops

on the right allowed region is from the kinematic boundary, mZ0+m� < 2mR. It is nontrivial

that we could explain the XENON1T excess with inelastic DM models with spontaneously

broken U(1)X ! Z2 gauge symmetry. In particular it is important to include light dark

Higgs for this explanation. It would be straightfoward to scan over all the parameters to get

the whole allowed region.

B. Fermion DM model

We start from a dark U(1) model, with a Dirac fermion dark matter (DM) � appointed

with a nonzero dark U(1) charge Q� and dark photon. We also introduce a complex dark

Higgs field �, which takes a nonzero vacuum expectation value, generating nonzero mass for

the dark photon. We shall consider a special case where � breaks the dark U(1) symmetry

into a dark Z2 symmetry with a judicious choice of its dark charge Q�.

Then the gauge invariant and renormalizable Lagrangian for this system is given by

L = �
1

4
X̂µ⌫X̂µ⌫ �

1

2
sin ✏X̂µ⌫B

µ⌫ + �
�
i /D �m�

�
�+Dµ�

†Dµ� (21)

� µ2�†�� ��|�|
4
�

1
p
2

⇣
y�†�C�+ h.c.

⌘
� ��H�

†�H†H

8

U(1) → Z2 by vϕ ≠ 0 : X → − X
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FIG. 1: (left) Feynman diagrams relevant for thermal relic density of DM: XX†
! Z 0� and (right)

the region in the (mZ0 , ✏) plane that is allowed for the XENON1T electron recoil excess and the

correct thermal relic density for scalar DM case for � = 2 keV : (a) mDM = 0.1 GeV. Di↵erent

colors represents m� = 20, 40, 60, 80 MeV. The gray areas are excluded by various experiments,

from BaBar [61], E774 [62], E141 [63], Orasay [64], and E137 [65], assuming Z 0
! XRXI is

kinematically forbidden.

where X̂µ⌫ = @µX̂⌫ � @⌫X̂µ. Dµ = @µ + igXQXX̂µ is the covariant derivative, where gX is

the dark coupling constant, and QX denotes the dark charge of � and �: Q� = 2, Q� =

1, respectively. Then U(1)X dark gauge symmetry is spontaneously broken into its Z2

subgroup, and the Dirac DM � is split into two Majorana DM �R and �I defined as

� =
1
p
2
(�R + i�I), (22)

�c =
1
p
2
(�R � i�I), (23)

�c

R
= �R, �c

I
= �I , (24)

with

mR,I = m� ± yv� = m� ±
1

2
�. (25)

We assume y > 0 so that � ⌘ mR � mI = 2yv� > 0. Then the above Lagrangian is

written as

L =
1

2

X

i=R,I

�i

�
i/@ �mi

�
�i � i

gX
2
(Z 0

µ
+ ✏sWZµ) (�R�

µ�I � �I�
µ�R) (26)

�
1

2
yh� (�R�R � �I�I) , (27)

where h� is neutral CP-even component of � as defined in (3).
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P-wave annihilation x-sections

Scalar DM : XX† → Z′￼* → Z′￼ϕ



Fermion XDM ( )χR & χI
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The decay width is given by

� '
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m2
Z
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⇣ ✏
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⌘2 ⇣ ↵X
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2 keV

◆5
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lifetime of XR is still much longer than the age of the universe.
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�+Dµ�
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� µ2�†�� ��|�|
4
�
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p
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⌘
� ��H�

†�H†H
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FIG. 2: (top) Feyman diagrams for ��̄ ! ��. (bottom) the region in the (mZ0 , ✏) plane that is

allowed for the XENON1T electron recoil excess and the correct thermal relic density for fermion

DM case for � = 2 keV and the fermion DM mass to be mR = 10 MeV. Di↵erent colors represents

m� = 2, 4, 6, 8 MeV. The gray areas are excluded by various experiments, assuming Z 0
! �R�I

is kinematically allowed, and the experimental constraint is weaker in the ✏ we are interested in,

compared with the scalar DM case in Fig. 1 (right). We also show the current experimental bounds

by NA64 [66].

Note that the kinetic mixing ✏ ⇠ 10�7±1, which is much smaller than the scalar DM case.

We have checked if the gauge coupling gX and the quartic coupling of dark Higgs (��)

remain in the perturbative regime. The solid (dashed) lines denote the region where gX

satisfy (violate) perturbativity condition, depending ↵X < 1 or not. Within this allowed

region, �� remain perturbative. Again it is nontrivial that we could explain the XENON1T

excess with inelastic fermion DM models with spontaneously broken U(1)X ! Z2 gauge

symmetry. In particular it is important to include light dark Higgs for this explanation as

in the scalar DM case.
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P-wave annihilation x-sections

Scalar DM : XX† → Z′￼* → Z′￼ϕ

Fermion DM : χχ → ϕϕ

Crucial to include “dark Higgs” to have 
sub-GeV DM pair annihilation in P-wave



Local dark gauge symmetry
• Better to use local gauge symmetry for DM stability in the 

presence of gravity (Baek,Ko,Park,arXiv:1303.4280 )

• Success of the Standard Model 
of Particle Physics lies in “local 
gauge symmetry” without 
imposing any internal global 
symmetries 


• Electron stability : U(1)em gauge 
invariance, electric charge 
conservation, massless photon


• Proton longevity : baryon # is an 
accidental sym of the SM


• No gauge singlets in the SM ; all 
the SM fermions chiral

• Dark sector with (excited) dark 
matter, dark radiation and force 
mediators might have the same 
structure as the SM


• “Chiral dark gauge theories 
without any global sym”


•Origin of DM stability/longevity 
from dark gauge sym, and not 
from dark global symmetries, as 
in the SM


• Just like the SM (conservative)



Comparison with the EFT approach 

• SFDM scenario is ruled out in the EFT 
• We may lose imformation in DM pheno. 

A. Djouadi, et.al. 2011 

Higgs portal DM models
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1 Introduction

The so-called Higgs portal cold dark matter (CDM) model is an interesting possibility for

the nonbaryonic dark matter of the universe. The dark matter fields are assumed to be the

standard model (SM) gauge singlets, and could be a scalar (S), a singlet fermion ( ) or

a vector boson (V ) depending on their spin. The Lagrangian of these CD-M’s are usually

taken as [1–4]

Lscalar =
1

2
@µS@

µS �
1

2
m2

SS
2
�
�HS

2
H†HS2

�
�S
4
S4 (1.1)

Lfermion =  [i� · @ �m ] �
�H 
⇤

H†H   (1.2)

Lvector = �
1

4
Vµ⌫V

µ⌫ +
1

2
m2

V VµV
µ +

1

4
�V (VµV

µ)2 +
1

2
�HV H

†HVµV
µ. (1.3)

Dark matter fields (S, , V ) are assumed to be odd under new discrete Z2 symmetry:

(S, , V ) ! �(S, , V ) in order to guarantee the stability of CDM. This symmetry removes

the kinetic mixing between the Vµ⌫ and the U(1)Y gauge field Bµ⌫ , making V stable.

The scalar CDM model (1.1) is fineis satisfactory both theoretically and phenomeno-

logically, as long as Z2 symmetry is unbroken. The model is renormalizable and can be

considered to high energy scale as long as the Landau pole is not hit. Large region of

parameter space is still allowed by the relic density and direct detection experiments [3].

On the other hand, the other two cases have problems.

Let us first consider the fermionic CDM model (1.2). This model is nonrenormalizable,

and has to be UV completed. The simplest way to achieve the UV completion of (1.2) is to

– 1 –

All invariant 
under ad hoc 
Z2 symmetry

de Simone et al (2014) arXiv:1112.3299, … 1402.6287, etc.
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1 Introduction

The so-called Higgs portal cold dark matter (CDM) model is an interesting possibility for

the nonbaryonic dark matter of the universe. The dark matter fields are assumed to be the

standard model (SM) gauge singlets, and could be a scalar (S), a singlet fermion ( ) or

a vector boson (V ) depending on their spin. The Lagrangian of these CD-M’s are usually

taken as [1–4]

Lscalar =
1

2
@µS@

µS �
1

2
m2

SS
2
�
�HS

2
H†HS2

�
�S
4
S4 (1.1)

Lfermion =  [i� · @ �m ] �
�H 
⇤

H†H   (1.2)

Lvector = �
1

4
Vµ⌫V

µ⌫ +
1

2
m2

V VµV
µ +

1

4
�V (VµV

µ)2 +
1

2
�HV H

†HVµV
µ. (1.3)

Dark matter fields (S, , V ) are assumed to be odd under new discrete Z2 symmetry:

(S, , V ) ! �(S, , V ) in order to guarantee the stability of CDM. This symmetry removes

the kinetic mixing between the Vµ⌫ and the U(1)Y gauge field Bµ⌫ , making V stable.

The scalar CDM model (1.1) is fineis satisfactory both theoretically and phenomeno-

logically, as long as Z2 symmetry is unbroken. The model is renormalizable and can be

considered to high energy scale as long as the Landau pole is not hit. Large region of

parameter space is still allowed by the relic density and direct detection experiments [3].

On the other hand, the other two cases have problems.

Let us first consider the fermionic CDM model (1.2). This model is nonrenormalizable,

and has to be UV completed. The simplest way to achieve the UV completion of (1.2) is to

– 1 –

All invariant 
under ad hoc 
Z2 symmetry

de Simone et al (2014) arXiv:1112.3299, … 1402.6287, etc.

We need to include dark Higgs or singlet scalar  
to get renormalizable/unitary models  

for Higgs portal singlet fermion or vector DM 
[NB: UV Completions : Not unique]



Models for HP SFDM & VDM

Brief Article

The Author

November 7, 2011

The model Lagrangian has extended structure with the hidden sector and
Higgs portal terms in addition to the SM Lagrangian

L = LSM � µHSSH
†H � �HS

2
S2H†H

+
1

2
(⇤µS⇤

µS �m2
SS

2)� µ3
SS � µ�

S

3
S3 � �S

4
S4

+⇥(i ⇥ ⇤ �m�0)⇥ � �S⇥⇥

where

Lportal = �µHSSH
†H � �HS

2
S2H†H,

Lhidden = LS + L� � �S⇥⇥, (1)

with

LS =
1

2
(⇤µS⇤

µS �m2
SS

2)� µ3
SS � µ�

S

3
S3 � �S

4
S4,

L� = ⇥(i/⇤ �m�0)⇥ (2)

Except the dark sector, this model was quite well studied in detail in [?, ?].
The Higgs potential has three parts: the SM, the hidden sector and the

portal parts

VHiggs = VSM + Vhidden + Vportal, (3)

where Vhidden, Vportal can be read from (1), (2) and

VSM = �µ2
HH

†H + �H(H
†H)2. (4)

In general the Higgs potential develops nontrivial vacuum expectation values
(vev)

⇤H⌅ = 1⇧
2

�
0
vH

⇥
, ⇤S⌅ = vS. (5)

1

amount, unlike the claim made in literatures [1] based on the effective Lagrangian (1.2).

The decoupling of the 2nd scalar boson occurs rather slowly, since the mass mixing between

the SM Higgs boson and the new singlet scalar is due to the dim-2 operator. Also the mixing

between two scalar bosons makes the signal strength of two physical Higgs-like bosons less

than one, and make it difficult to detect both of them at the LHC. Since there is now an

evidence for a new boson at 125 GeV at the LHC [6, 7], the 2nd scalar boson in the singlet

fermion DM model is very difficult to observe at the LHC because its signal strength is

less than 0.3 [3, 8]. Also an extra singlet scalar saves the vacuum instability for mH = 125

GeV [8–10]. The electroweak (EW) vacuum can be still stable upto Planck scale even for

mH = 125 GeV [8]. These phenomena would be very generic in general hidden sector DM

models [11]. In short, it is very important to consider a renormalizable model when one

considers the phenomenology of a singlet fermion CDM.

Now let us turn to the Higgs portal vector dark matter described by (1.3) [1]. This

model is very simple, compact and seemingly renormalizable since it has only dim-2 and

dim-4 operators. However, it is not really renormalizable and violates unitarity, just like the

intermediate vector boson model for massive weak gauge bosons before Higgs mechanism

was developed. The Higgs portal VDM model based on (1.3) is a sort of an effective

lagrangian which has to be UV completed. It lacks including the dark Higgs field, ϕ(x),

that would mix with the SM Higgs field, h(x). Therefore the model (1.3) does not capture

dark matter or Higgs boson phenomenology correctly. It is the purpose of this work to

propose a simple UV completion of the model (1.3), and deduce the correct phenomenology

of vector CDM and two Higgs-like scalar bosons. Qualitative aspects of our model are

similar to those presented in Ref.s [3, 8], although there are some quantitative differences

due to the vector nature of the CDM.

This work is organized as follows. In Sec. 2, we define the model by including the

hidden sector Higgs field that generates the vector dark matter mass by the usual Higgs

mechanism. Then we present dark matter and collider phenomenology in the following

section. The vacuum structure and the vacuum stability issues are discussed in Sec. 4, and

the results are summarized in Sec. 5.

2 Model

Let us consider a vector boson dark matter, Xµ, which is assumed to be a gauge boson

associated with Abelian dark gauge symmetry U(1)X . The simplest model will be without

any matter fields charged under U(1)X except for a complex scalar, Φ, whose VEV will

generate the mass for Xµ:

LV DM = −1

4
XµνX

µν + (DµΦ)
†(DµΦ)− λΦ

4

(
Φ†Φ− v2Φ

2

)2

−λHΦ

(
H†H − v2H

2

)(
Φ†Φ− v2Φ

2

)
, (2.1)

in addition to the SM lagrangian. The covariant derivative is defined as

DµΦ = (∂µ + igXQΦXµ)Φ,

– 2 –

UV Completion of HP Singlet Fermion DM (SFDM)

UV Completion of HP VDM

• The simplest UV completions in terms of # of new d.o.f. 
• At least, 2 more parameters, (  ,  ) for DM physicsmϕ sin α



HP DM @ LHC

10�2  m�/GeV  70

102  m�/GeV  103

[arXiv: 1405.3530, S. Baek, P. Ko & WIPark, PRD]

Dashed curves:EFT,
ATLAS,CMS results

2 more relevant parameters 

5

nal strength ∼ 1, the other ons has the signal strength
! 0.1. Therefore it would require dedicated searches for
this singlet-like scalar boson at the LHC. In fact this sec-
ond scalar boson is almost ubiquitous in hidden sector
DM models, where DM is stabilized or long-lived due
to dark gauge symmetries [17–23]. In case this second
scalar is light, it could solve some puzzles in the CDM
paradigm, such as core cusp problem, missing satellite
problem or too-big-to-fail problem [22, 23]. And it
can help the Higgs inflation work [24] in light of the
recent BICEP2 results with large tensor-to-scalar ratio
r = 0.2+0.07

−0.05. Therefore it would be very important to
search for the singlet-like second scalar boson at the LHC
and elsewhere, in order to test the idea of dark gauge
symmetry stabilizing the DM of the universe. Since the
ILC can probe α down to a few ×10−3 only, there would
be an ample room for the 2nd scalar remaining undis-
covered at colliders unfortunately. It would be a tough
question how to probe the region below α ! 10−3 in the
future terrestrial experiments ( for example, see [25] for
a recent study).
The second point is that there is no unique correlation

between the LHC data on the Higgs invisible branch-
ing ratio and the spin-independent cross section of Higgs
portal DM on nucleon. One can not say that the former
gives stronger bound for low DM mass region compared
with the latter, which is very clear from the plots we have
shown. Therefore it is important for the direct detection
experiments to improve the upper bound on σSI for low
mDM, regardless of collider bounds. Collider bounds can
never replace the DM direct search bounds in a model
independent way, unlike many such claims.

CONCLUSION

In this letter, we have demonstrated that the effec-
tive theory approach in dark matter physics could lead
to erroneous or misleading results. For the Higgs portal
SFDM and VDM, there are at least two more impor-
tant parameters, the mass m2 of the 2nd scalar which is
mostly a SM singlet, and the mixing angle α between the
SM Higgs boson and the 2nd scalar boson:

σSI
p = (σSI

p )EFT c4αm
4
hF(mDM, {mi}, v) (27)

≃ (σSI
p )EFT c4α

(

1−
m2

h

m2
2

)2

(28)

where the function F is defined in Eq. (13) and m1 =
mh = 125 GeV. The second equation is obtained when
the momentum of DM is negligible relative to both
masses of Higgses. The usual EFT approach applies only
for the case m2 = mhcα/

√

1 + c2α or m2 → ∞ with
α → 0. For the finite m2, there is a generic cancel-
lation between H1 and H2 contribution due to the or-
thogonal nature of the rotation matrix from interaction

to mass eigenstates of two scalar bosons. The resulting
bound on σSI becomes even stronger if m2 > m1 = 125
GeV. On the other hand, for a light 2nd Higgs (m2 <
mhcα/

√

1 + c2α), the LHC bound derived from the invis-
ible Higgs decay width is weaker than the claims made
in both ATLAS and CMS collaborations. Especially, for
m2 ! mhcα/

√

12.3 + c2α, it can not compete with the
DM direct search bounds from XENON100, CDMS and
LUX, which is the main conclusion of this paper. Both
LHC search for the singlet-like 2nd scalar boson and the
DM direct search experiments are important to be con-
tinued, and will be complementary with each other.
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1 Introduction

The so-called Higgs portal cold dark matter (CDM) model is an interesting possibility for

the nonbaryonic dark matter of the universe. The dark matter fields are assumed to be the

standard model (SM) gauge singlets, and could be a scalar (S), a singlet fermion ( ) or

a vector boson (V ) depending on their spin. The Lagrangian of these CD-M’s are usually

taken as [1–4]

Lscalar =
1

2
@µS@

µS �
1

2
m2

SS
2
�
�HS

2
H†HS2

�
�S
4
S4 (1.1)

Lfermion =  [i� · @ �m ] �
�H 
⇤

H†H   (1.2)

Lvector = �
1

4
Vµ⌫V

µ⌫ +
1

2
m2

V VµV
µ +

1

4
�V (VµV

µ)2 +
1

2
�HV H

†HVµV
µ. (1.3)

Dark matter fields (S, , V ) are assumed to be odd under new discrete Z2 symmetry:

(S, , V ) ! �(S, , V ) in order to guarantee the stability of CDM. This symmetry removes

the kinetic mixing between the Vµ⌫ and the U(1)Y gauge field Bµ⌫ , making V stable.

The scalar CDM model (1.1) is fineis satisfactory both theoretically and phenomeno-

logically, as long as Z2 symmetry is unbroken. The model is renormalizable and can be

considered to high energy scale as long as the Landau pole is not hit. Large region of

parameter space is still allowed by the relic density and direct detection experiments [3].

On the other hand, the other two cases have problems.

Let us first consider the fermionic CDM model (1.2). This model is nonrenormalizable,

and has to be UV completed. The simplest way to achieve the UV completion of (1.2) is to
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Invisible H decay into 
a pair of  VDM 

4

LVDM = −
1

4
VµνV

µν +DµΦ
†DµΦ− λΦ

(

Φ†Φ−
v2Φ
2

)2

− λΦH

(

Φ†Φ−
v2Φ
2

)(

H†H −
v2H
2

)

(21)

where Φ is the dark Higgs field which generates nonzero
mass for the VDM through spontaneous U(1)X breaking,
and

DµΦ ≡ (∂µ + igXQΦVµ)Φ

After U(1)X breaking, we shift the field ΦX as follows:

Φ →
1√
2
(vΦ + φ(x))

where the field φ(x) is a SM singlet scalar similarly to
the singlet scalar in the SFDM case. Again there are two
scalar bosons which are mixtures of h and φ.
The invisible and non-SM branching fractions of the

Higgs decay are of the same forms as Eqs. (5) and (6),
but with

Γinv
i =

g2X
32π

m3
i

m2
V

(

1−
4m2

V

m2
i

+ 12
m4

V

m4
i

)(

1−
4m2

V

m2
i

)1/2

(22)
where mV is the mass of VDM, and Γjj

i with µ′
P = 0.

The spin-indenpendent cross section of VDM to proton is
also same as the one of Eq. (7) with λψ and mψ replaced
to gX and mV , respectively.
Again, let us compare these results with those in the

EFT:
(

Binv
h

)

EFT
is of the same form as Eq. (15) with

(Γinv
h )EFT =

λ2V H

128π

v2Hm3
h

m4
V

×

(

1−
4m2

V

m2
h

+ 12
m4

V

m4
h

)(

1−
4m2

V

m2
h

)1/2

(23)

and the VDM-nucleon scattering cross section is

(σSI
p )EFT =

m2
r

π

[

λV H mp

2mV m2
h

]2

f2
p (24)

In the renormalizable model of Eq. (21), the LHC bound
on Binv

h can be translated directly to a constraint on σSI
p

by the relation,

σSI
p = c4αm

4
hF(mV , {mi}, v)

×
Binv

h ΓSM
h

(

1−Binv
h

)

32m2
rm

2
V (mp/vH)2 f2

p

m7
hβV

(

1− 4m2

V

m2

h

+ 12
m4

V

m4

h

) (25)

where βV =
√

1− 4m2
V /m

2
h. On the other hand, in the

EFT of Eq. (3) one finds

(

σSI
p

)

EFT
=

Binv
h ΓSM

h

1−Binv
h

32m2
rm

2
V (mp/vH)2 f2

p

m7
hβV

(

1− 4m2

V

m2

h

+ 12
m4

V

m4

h

) (26)
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FIG. 2: σSI
p as a function of the mass of dark matter for SVDM

for a mixing angle α = 0.2. Same color and line scheme as
Fig. 1.

used in the analysis’s of ATLAS [1] and CMS [2]. Note
again that σSI

p of Eq. (25) has additional factors involving

(α, m2), compared to
(

σSI
p

)

EFT
of Eq. (26). Therefore,

similarly to the case of SFDM, one cannot make model-
independent connections between Binv

h and σSI
p in the

Higgs portal VDM model. Fig. 2, where σSI
p of Eq. (25)

and (σSI
p )EFT of Eq. (26) in VDM scenario are depicted

for comparison, shows clearly this discrepancy caused by
the different dependence on α and m2.

IMPLICATIONS FOR DM SEARCH AND

COLLIDER EXPERIMENTS

From our arguments based on the renormalizable and
unitary model Lagrangians, it is clear that one has to
seek for the singlet-like second scalar boson H2. It could
be either lighter or heavier than the observed Higgs bo-
son. Since the observed 125 GeV Higgs boson has a sig-
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Invisible H decay width : finite for  
in unitary/renormalizable model

NB: it is infinite in the effective VDM model

mV → 0

[arXiv: 1405.3530, S. Baek, P. Ko & WIPark, PRD]
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sin2 ↵

I. INVISIBLE DECAY WIDTH OF THE HIGGS BOSON

A. Renormalizable and gauge invariant theory

�
inv
i

=
g2
X

32⇡

m3
i

m2
V

✓
1� 4m2

V

m2
i

+ 12
m4

V

m4
i

◆✓
1� 4m2

V

m2
i

◆1/2

(1)

Here mV / gxQ�v� [defined in the covariant derivative of � below Eq. (21).] Now we are

interested in the limit mV ! 0, but mV 6= 0. This limit can be achieved by taking gX ! 0

with a fixed v�. Then the prefactor in Eq. (2),

g2
X

m2
V

=
g2
X

g2
X
Q2

�v
2
�

! 1

v2�
= finite

Therefore �
inv
i

becomes finite when mV ! 0.

B. EFT prediction

(�
inv
h
)EFT =

�2
V H

128⇡

v2
H
m3

h

m4
V

⇥
✓
1� 4m2

V

m2
h

+ 12
m4

V

m4
h

◆✓
1� 4m2

V

m2
h

◆1/2

(2)

In this case there is no definite correlation between mV and �V H so that the invisible decay

width grows indefinitely when mV ! 0, unlike the case of Eq. (1). This is the well known

disaster in the Higgs portal VDM in the EFT approach.
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Two Limits for mV → 0

•   in the UV completion with dark Higgs boson 


• Case I :  with finite  


      


• Case II :  with finite 

mV = gXQΦvΦ

gX → 0 vΦ ≠ 0

In the limit mV ! 0+, the main contribution to (8) comes from the longitudinally

polarized V ’s, where the polarization vector is in the form, ✏µ(k) ⇡ kµ/mV . This also

explains the enhancement factor m
2
h
/m

2
V

in Eq. (8). The invisible Higgs decay width is

constrained by signal strengths of Higgs boson in various production and decay channels,

and the upper limits on the Higgs invisible branching ratio as well as on the nonstandard

Higgs decay width (see, for example, [17, 18]).

The critical di↵erence of Eq. (8) compared with the EFT result in Eq. (2) is that m2
V
=

g
2
X
Q

2
�v

2
� in the UV completed model. Note that the massless VDM limit, mV ! 0+, can be

achieved by taking either gXQ� ! 0+ or v� ! 0+ in Eq. (8). We find that in both cases

the Higgs invisible decay widths are finite, and physically sensible results are obtained as

described below.

A. gXQ� ! 0+ with v� 6= 0 fixed

For a finite fixed v�, we notice that the mixing angle ↵ is fixed and finite, since the 2⇥ 2

scalar mass matrix in Eq. (5) is independent of gX . And the prefactor in Eq. (8) becomes

g
2
X
Q

2
�

m
2
V

=
g
2
X
Q

2
�

g
2
X
Q

2
�v

2
�

=
1

v
2
�

= finite.

Then one obtains
�
�inv
h

�
UV

=
1

32⇡

m
3
h

v
2
�

sin2
↵, (9)

which is finite irrespective of the VDM mass and physically sensible. Note that, mh � mV

in this limit and the VDMs produced in the decay of the SM Higgs are highly boosted.

Hence, the decay rate in Eq. (9) is actually mostly from the longitudinal mode of the VDM.

Then, it is clear that from Goldstone boson equivalence theorem one should have the same

rate as the one in Eq. (9) for the decay of the SM Higgs to its associated Goldstone bosons

when gXQ� = 0.

Indeed, for gXQ� ⌘ 0 and v� 6= 0, there is no interaction between Vµ and the dark Higgs

�. Specifically the Higgs-V-V interaction vanishes identically:

�g
2
X
Q

2
�v� sin↵VµV

µ
h ⌘ 0,

and consequently the partial width �(h ! V V ) vanishes. Since V is massless for gX ! 0,

the Goldstone boson a� from � is not absorbed into the longitudinal component of V but

5

In the limit mV ! 0+, the main contribution to (8) comes from the longitudinally

polarized V ’s, where the polarization vector is in the form, ✏µ(k) ⇡ kµ/mV . This also

explains the enhancement factor m
2
h
/m

2
V

in Eq. (8). The invisible Higgs decay width is

constrained by signal strengths of Higgs boson in various production and decay channels,

and the upper limits on the Higgs invisible branching ratio as well as on the nonstandard

Higgs decay width (see, for example, [17, 18]).

The critical di↵erence of Eq. (8) compared with the EFT result in Eq. (2) is that m2
V
=

g
2
X
Q

2
�v

2
� in the UV completed model. Note that the massless VDM limit, mV ! 0+, can be

achieved by taking either gXQ� ! 0+ or v� ! 0+ in Eq. (8). We find that in both cases

the Higgs invisible decay widths are finite, and physically sensible results are obtained as

described below.

A. gXQ� ! 0+ with v� 6= 0 fixed

For a finite fixed v�, we notice that the mixing angle ↵ is fixed and finite, since the 2⇥ 2

scalar mass matrix in Eq. (5) is independent of gX . And the prefactor in Eq. (8) becomes

g
2
X
Q

2
�

m
2
V

=
g
2
X
Q

2
�

g
2
X
Q

2
�v

2
�

=
1

v
2
�

= finite.

Then one obtains
�
�inv
h

�
UV

=
1

32⇡

m
3
h

v
2
�

sin2
↵, (9)

which is finite irrespective of the VDM mass and physically sensible. Note that, mh � mV

in this limit and the VDMs produced in the decay of the SM Higgs are highly boosted.

Hence, the decay rate in Eq. (9) is actually mostly from the longitudinal mode of the VDM.

Then, it is clear that from Goldstone boson equivalence theorem one should have the same

rate as the one in Eq. (9) for the decay of the SM Higgs to its associated Goldstone bosons

when gXQ� = 0.

Indeed, for gXQ� ⌘ 0 and v� 6= 0, there is no interaction between Vµ and the dark Higgs

�. Specifically the Higgs-V-V interaction vanishes identically:

�g
2
X
Q

2
�v� sin↵VµV

µ
h ⌘ 0,

and consequently the partial width �(h ! V V ) vanishes. Since V is massless for gX ! 0,

the Goldstone boson a� from � is not absorbed into the longitudinal component of V but

5

vΦ → 0 gX ≠ 0

Also see the addendum:  
by S Baek, P Ko, WI Park 

=  Γ(h → aΦaΦ)

with  being the NG boson for spontaneously broken global aΦ U(1)X

becomes a physical degree of freedom. That is, the dark U(1) symmetry acts as a global

symmetry. In this case the Higgs boson h can decay into a pair of the Goldstone bosons

through the mixing with the dark Higgs boson, and the partial decay width is found to

be [19],

�(h ! a�a�) =
sin2

↵m
3
h

32⇡v2�
, (10)

which is exactly what we obtain from Eq. (8) with gXQ� ! 0 as shown in Eq. (9).

B. v� ! 0+ with gXQ� fixed

Another possibility for a massless VDM would be taking v� ! 0 with a finite value of

gX . In this limit, the mixing angle ↵ defined in Eq. (7) is approximated as

↵
v�!0+����! 2�H�v�

�HvH
. (11)

Then the prefactor (including the mixing factor) in (�inv
h
)UV [Eq. (8)] becomes

g
2
X
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2
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sin2
↵

v�!0+����! 4�2
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H

=
2�2

H�

�Hm
2
h

= finite, (12)

where in the second equality we have used m
2
h
! �Hv

2
H
/2 as v� ! 0+. Then the invisible

Higgs decay rate in Eq. (8) can be approximated as

�
�inv
h

�
UV

v�!0+����! 1

16⇡

�
2
H�mh

�H

, (13)

which is finite again. Note that Eq. (13) is exactly what one finds for the decay of the SM-

like Higgs to Goldstone bosons in the linear representation of � in the broken phase. Hence,

we find that in the broken phase (i.e., v� 6= 0) whichever limit we take to get a massless

VDM limit, namely either gXQ� ! 0+ or v� ! 0+ to realize mV ! 0+, the invisible decay

rate of the SM Higgs in the UV complete model is finite and physically consistent with the

expectationthe result expected from the Goldstone boson equivalence theorem, as opposed

to the case of the EFT approach discussed in Sec. II.

C. Unbroken U(1) case with gXQ� 6= 0 and mV = 0

For completeness, we briefly discuss the unbroken U(1) case with gXQ� 6= 0, for which the

dark U(1)X gauge boson remains massless, mV ⌘ 0. In this case, we have �(h ! V V ) ⌘ 0.
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we find that in the broken phase (i.e., v� 6= 0) whichever limit we take to get a massless

VDM limit, namely either gXQ� ! 0+ or v� ! 0+ to realize mV ! 0+, the invisible decay

rate of the SM Higgs in the UV complete model is finite and physically consistent with the

expectationthe result expected from the Goldstone boson equivalence theorem, as opposed

to the case of the EFT approach discussed in Sec. II.

C. Unbroken U(1) case with gXQ� 6= 0 and mV = 0

For completeness, we briefly discuss the unbroken U(1) case with gXQ� 6= 0, for which the

dark U(1)X gauge boson remains massless, mV ⌘ 0. In this case, we have �(h ! V V ) ⌘ 0.

6

Therefore  is finite when  in the UV completionsΓ(h → VV ) mV → 0



What if  ?mV → 0
• In this limit,  blows up, unless it couples to 

a conserved current. This is the origin of the problem of Higgs 
Portal VDM without dark Higgs boson :  


• Unitarity is violated when (i)  for a fixed  , or 
equivalently (ii)  for a fixed  


• There is a lower cutoff on  , below which unitarity is violated 
(work in progress)


• No such problem if we include dark Higgs boson for 

ϵμ
L ∼ (

p
mV

,0,0,
E

mV
)

VμVμH†H

E → ∞ mV
mV → 0 E

mV

mV



Fermi-LAT GC 𝜸-ray 

GC : b ⇠ l . 0.1�

[1402.6703, T. Daylan et.al.]

GeV scale excess!﹀
extended

see arXiv:1612.05687 for a recent overview by 
C.Karwin, S. Murgia, T. Tait, T.A.Porter,P. Tanedo



• A DM interpretation
DM+DM ! bb̄ with �v = 1.7⇥ 10�26cm3/s

mDM = 35.25 GeV

* See “1402.6703, T. Daylan et.al.” for other possible channels

• Millisecond Pulars (astrophysical alternative)
It may or may not be the main source, depending on 
- luminosity func.
- bulge population
- distribution of bulge population
* See “1404.2318, Q. Yuan & B. Zhang” and “1407.5625, I. Cholis, D. Hooper & T. Linden”



GC gamma ray in HP VDM
V µ

V ν

b̄/τ̄

b/τ

H1,2

Figure 2. Dominant s channel b+ b̄ (and τ + τ̄ ) production

V µ

V ν

H1

H1

V µ

V ν

H1

H1

H1,2

V µ H1

V ν H1

V µ H1

V ν H1

Figure 3. Dominant s/t-channel production of H1s that decay dominantly to b+ b̄

3.4 Dark matter relic density

The observed GeV scale γ-ray spectrum may be explained if DM annihilates mainly into bb
with a velocity-averaged annihilation cross section close to the canonical value of thermal relic
dark matter. This implies that 30GeV ! mV ! 40GeV in case of the s-channel annihilation
(Fig. 2) scenario. It is also possible to produce bb̄ with the nearly same energy from the decay
of highly non-relativistic φ which is produced from the annihilation of DM having mass of
60GeV ! mV ! 80GeV (Fig. 3). In both cases, it is expected to have τ τ̄ and cc̄ productions
too in the final states, because H1 will decay into them with branching ratios about 7% and
3%.

In the process of Fig. 2, the thermally-averaged annihilation cross section of VDM is
given by

⟨σvrel⟩ff̄ =
∑

f

(gXsαcα)
2

3π
m2

X

∣

∣

∣

∣

∣

∑

i

1

s−m2
i + imiΓi

∣

∣

∣

∣

∣

2
(

mf

vH

)2
(

1−
4m2

f

s

)3/2

, (3.11)

where mf is the mass of a SM fermion f . Note that Eq. (3.11) is suppressed by a factor s2αm
2
f .

Hence a large enough annihilation cross section for the right amount of relic density can be
achieved only around the resonance region. However in the resonance region the annihilation
cross section varies a lot, as the Mandalstam s-variable varies from the value at freeze-out to
the value in a dark matter halo at present. Therefore, this process can not be used for the
GeV scale γ-ray spectrum from the galactic center.

On the other hand, in the process of Fig. 3 for mφ < mV ! 80GeV, the thermally-
averaged annihilation cross section of VDM is given by

⟨σvrel⟩tot = ⟨σvrel⟩ff̄ + ⟨σvrel⟩φφ (3.12)
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P. Ko, WI Park, Y. Tang. arXiv:1404.5257,  JCAP 

H2 : 125 GeV Higgs
H1 : absent in EFT   



Importance of HP VDM 
with Dark Higgs Boson

 0.1

 1
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 0.1  1  10  100

E2 dN
γ/d

E 
(G
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)

Ek(GeV)

γ spectrum

 mV=40 GeV, mφ=59 GeV, VV→f f *2
mV=80 GeV, mφ=75 GeV, VV→φ φ
mV=80 GeV, mφ=50 GeV, VV→φ φ

Figure 5. Illustration of γ spectra from different channels. The first two cases give almost the same
spectra while in the third case γ is boosted so the spectrum is shifted to higher energy.

on the invisible decay of SM Higgs is irrelevant, but the mixing angle is still constrained by
the signal strength of SM channels such that α ! 0.4 [34].

A remark is in order for the present annihilation cross section to obtain observed GeV
scale γ-ray. Compared to the case of 30GeV ! mV ! 40GeV, the present number den-
sity of dark matter for 60GeV ! mV ! 80GeV is smaller by a factor of about a half, but
each annihilation produces two pairs of bb̄. Hence, the expected flux which is proportional
to the square of DM number density is smaller by about a half. However, there are various
astrophysical uncertainties in the estimation of required annihilation cross section. In par-
ticular, a small change of the inner slope of DM density profile is enough to compensate the
difference of about factor two. In addition, as discussed in Refs. [10], the GeV scale γ-ray
data fits well to cross sections proportional to the square of the mass of the final state SM
particles. This kind of flavor-dependence is an intrinsic nature of our SVDM scenario, thanks
to the Higgs portal interaction. Therefore, with these points in mind, SVDM with mass of
60GeV ! mV ! 80GeV can be a natural source of the GeV scale γ-ray excess from the
direction of the galactic center.

3.5 Comparison with other Higgs portal DM models

In regard of the GeV scale γ-ray excess from the galactic center, SSDM can work equally well
as our SVDM scenario. One difference from SVDM is the additional Higgs portal interaction
of SSDM with SM Higgs, which can improve the vacuum instability problem of SM Higgs
potential better than SVDM scenario.

Contrary to SSDM or SVDM, SFDM with a real scalar mediator results in p-wave s-
channel annihilation. In addition, the t-channel annihilation cross section is approximately

– 8 –

where

⟨σvrel⟩φφ ≃
1

16πs
|M|2

(

1−
4m2

φ

s

)1/2

(3.13)

with

|M|2 ≈
2

9

[

1 + 4

(

s

4m2
V

)2(

1−
2m2

V

s

)2
]

[(

2c2αg
2
X +M0

s

)

− 8c2αg
2
X

]2
(3.14)

M0
s = 2c4αm

2
V

(

6λΦ

s−m2
φ

−
tαλΦHvH/vΦ

s−m2
h

)

≃ 4c4αλΦ

⎡

⎣1−
s2αm

2
V

(

m2
h −m2

φ

)

m2
φ

(

s−m2
h

)

⎤

⎦

∼ 2c4αg
2
X

[

1−
s2α
(

m2
h −m2

V

)

(

4m2
V −m2

h

)

]

(3.15)

Note that, if we consider the off-resonance region with 2mV ! mh, the contribution of the
s-channel H2 mediation can be ignored and ⟨σvrel⟩φφ does not depend neither sα nor mf .
Hence a right size of annihilation cross section can be obtained by adjusting mostly gX and
(mV −mφ) /mV , with the negligible mixing angle dependence. Fig. 4 shows the relic density

20 40 60 80 10010!4

0.001

0.01

0.1

1

10

mV!GeV"

"
h2

Figure 4. Relic density of dark matter as function of mψ for mh = 125, mφ = 75GeV, gX = 0.2,
and α = 0.1.

at present 5 as a function of mV for mφ = 75 GeV and gX = 0.2 and the mixing angle α = 0.1.
From Fig. 4, we note that the mass of our VDM is constrained to be mh/2 < mV , since SM-
Higgs resonance should be also avoided. And the velocity-averaged annihilation cross section
at present epoch can be close to that of freeze-out only for mφ ! mV . Note also that, as
shown in Fig. 5, in order to match to the observed γ-ray spectrum, we need mφ ∼ mV to
avoid boosted φ.

In the region of 60GeV ! mφ ∼ mV ! 80GeV, the SM Higgs boson decay into VDM
is suppressed by the phase space factor or kinematically forbidden. Hence the collider bound

5We adapted the micrOMEGAs package [37, 38] (ΩVDMh
2) to our model for numerical calculation.

– 7 –

This mass range of VDM would have been 

impossible in the VDM model (EFT)

And No 2nd neutral scalar (Dark Higgs) in EFT
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where the t-dependent function G(t) is given by the following:

ScalarDM : G(t) ⇠ 1
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If we ignored the 2nd scalar propagator and identified m1 = mH (the discovered Higgs

boson), the we would have

SFDM : G(t) ⇠ 1
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H
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t� 4m2
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! constant (as t ! 1) (5.15)

These results violate unitarity at high t or high s region, and the results become unreliable.

Note that ignoring the propagator of the 2nd Higgs, which would be justified if m2 �
p
s.

Therefore if we factor out the phase space factors from d�/dt and correct for detector

e�ciencies, etc., one would be able to determine the shape of the function G(t), since F (s)

will be the overall normalization. Having enough number of bins and data, we can test by

�
2minimization to determine whether the observed 6ET distribution follows that of scalar,

fermion or vector DM with Higgs portal. Note that this procedure is possible at ILC, and

not at LHC, since at ILC the CM energy
p
s is fixed so that one can factor out the phase

space factor. On the other hand, at hadron colliders, the parton-level CM energy
p
ŝ is

not fixed so that we cannot factor out the phase space factor in an unambiguous manner.

Note that for the scalar DM, G(t) is completely fixed by the SM Higgs propagator,

and there is no free parameter at all. Therefore it would be straightforward to check if the

observed 6ET distribution can be fit by the SM Higgs propagator or not.

For the SFDM or the VDM, the fitting would be more complicated, since in this case,

there are 5 parameters: namely,

sin↵, m2, �1, �2, mDM

Note that we have to regard �2 and sin↵ independently, since H2 ! H1H1 can be newly

open, which calls for a new parameter that could be traded with �2. With these 5 param-

eters, we can fit the 6ET spectrum and determine whether DM is SFDM or VDM.
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Asymptotic behavior in the full theory ( )t ≡ m2
χχ

Asymptotic behavior w/o the 2nd Higgs (EFT)

Unitarity is
violated in EFT!



3

The 1/s suppressions from the s-channel resonance prop-
agators make the amplitude unitary, in compliance with
renormalizable and unitary QFT.
Finally let us discuss the indirect detection signatures

or thermal relic density from the full theory. In this case

we can assume the same amplitude (7), with approxima-
tion s ≈ (2mχ)2, and we can identify the scale for the
effective operator (1) as

| 1

Λ3
ann

| ≃ 1

Λ3
dd

∣∣∣∣
m2

H1

4m2
χ −m2

H1
+ imH1ΓH1

−
m2

H1

4m2
χ −m2

H2
+ imH2ΓH2

∣∣∣∣ (9)

→ 1

Λ3
dd

∣∣∣∣
m2

H1

4m2
χ −m2

H1
+ imH1ΓH1

∣∣∣∣ ̸=
1

Λ3
dd

(10)

The last equation is obtained in the limit mH2 → ∞.
Again, due to its dependence on the DM mass mχ, the
scale Λann has nothing to do with the scale in the effective
operator for the direct detection, Λdd, Eq. (6).

COLLIDER STUDIES

To study the effect of nontrivial propagator of media-
tors, we consider following four cases between a standard
model sector and dark matter.

• EFT : Effective operator Lint =
mq

Λ3
dd
q̄qχ̄χ

• S.M.: Simple scalar mediator S of

Lint =
(

mq

vH
sinα

)
Sq̄q − λs cosαSχ̄χ

• H.M.: A case where a Higgs is a mediator

Lint = −
(

mq

vH
cosα

)
Hq̄q − λs sinαHχ̄χ

• H.P.: Higgs portal model as in eq. (2).

In S.M. and H.M. cases, we can regard α as a suppression
factor in interactions while H.P. case, it is a mixing angle
between H and a singlet scalar S. The kinematics of a
signature, i.e., a hardness of ISR jets, /ET , depend on the
scale of a hard interaction, which is proportional to the

invariant mass of a dark matter pair mχ̄χ. Thus there are
relations among EFT, S.M. H.M. and H.P as following,

H.P. −→
m2→∞

H.M. (11)

S.M. −→
m2→∞

EFF. (12)

Thus, an effective operator approach can not capture the
feature of an actual dark matter model, here a higgs
portal. To illustrate this point with Monte Carlo sim-
ulations, we follow ATLAS mono-jet and CMS tt̄ + /ET

searches [2, 3] in followings.
Monojet + E̸T signatures

In this section, we discuss the monojet +
E̸T signatures within the DM EFT and within the
full renormalizable theory. The scale in the full the-
ory for direct detection Λdd and Λ̄dd in the limit of
mH2 ≫ mH1 are defined as

Λ3
dd ≡

2vHm2
H1

m2
H2

λ sin 2α(m2
H2

−m2
H1

)
(13)

Λ̄3
dd ≡

2vHm2
H1

λ sin 2α
(14)

The applied cuts are as follows:

pjetT > 100GeV, |ηjet| < 2.4.

tt̄ + E̸T signatures

In this section, we discuss the tt̄ + E̸T signatures
within the DM EFT and within the full renormaliz-

able theory. Again one has to include the form factor,

5

TeV, and between S.M. with mS = 1 TeV and H.P. with
mH2 = 1 TeV, respectively.

Final search results will also depend on the production
cross section which depends on propagators of media-
tors. In Fig. 2, we illustrate the cross sections rescaled
by the dimensionless factor (2/�S sin 2↵)2 and the e�-
ciency ✏SR7 in the signal region SR7 (/ET > 500 GeV) at
ATLAS [11]. The rescaled cross sections are apparently
independent of the mixing angle ↵. The figure clearly
shows that the Higgs portal model cannot be described
by either the EFT or the S.M at all. Also in the limit
that mH2(mS) is much larger than the typical scale in
the process, the S.M approaches the EFT, whereas the
H.P. does the H.M., respectively.
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FIG. 2: Rescaled cross sections for the monojet+/ET in the
signal region SR7 (/ET > 500GeV) at ATLAS [11]. Each line
corresponds to the EFT approach (magenta), S.M. (blue),
H.M. (black), and H.P. (red), respectively. The solid and
dashed lines correspond to m� = 50 GeV and 400 GeV in
each model, respectively.

3.2 tt̄ + 6ET signatures: A (e↵ective) scalar operator
in Eq. (1) from the Higgs portal case is proportional to
the mass of quarks. Thus dark matter creations with top
quark pair will have better sensitivities compared to the
usual monojet search [18, 19]. Following the analysis of
CMS tt̄ + /ET search [12], we find similar features in the
monojet search in the previous section. The detail of this
analysis will be presented in the future publication [20],
but we will show the resulting bound on M⇤ in Fig. 3
(the lower pannel) in the following subsection.

3.3 Relation between a mediator and an e↵ective oper-
ator approach: By direct comparison between scattering
matrix elements from an e↵ective operator and from a
simple scalar mediator, we can have a similar relation to
Eq. (9)

M
3

⇤ =

✓
2vH

� sin 2↵

◆
m

2

S
. (16)

With this relation, the ATLAS collaboration showed that
the validity of the e↵ective operator when mS > 5 TeV
[11]. However as shown in Eq. (12), this validity holds

only for the S.M which does not respect the full SM gauge
symmetry, while the H.P. with the full SM gauge sym-
metry does not approach the EFT result.
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FIG. 3: The experimental bounds on M⇤ at 90% C.L. as a
function of mH2 (mS in S.M. case) in the monojet+/ET search
(upper) and tt̄ + /ET search (lower). Each line corresponds
to the EFT approach (magenta), S.M. (blue), H.M. (black),
and H.P. (red), respectively. The bound of S.M., H.M., and
H.P., are expressed in terms of the e↵ective mass M⇤ through
the Eq.(16)-(20). The solid and dashed lines correspond to
m� = 50 GeV and 400 GeV in each model, respectively.

In Fig. 3, we show that the experimental 90%
C.L. limits on the suppression scale M⇤ as a function of
a mediator mass mH2 (mS in the S.M. case) at the LHC
by using the results in the monojet+/ET search (upper)
at ATLAS [11] and in the tt̄+ /ET search (lower) at CMS
[12]. For the translation from the limit on the mass of
a mediator in a specific model to a limit on the M⇤ in
the e↵ective operator, we use a direct comparison be-
tween parameters in a model and an suppression scale
M⇤ in the limit where a collision energy becomes negli-
gible compared to the mediator’s mass. For S.M. case we
use the following relation

mq

M3
⇤

=
mq� sin ↵ cos ↵

vH

1

m
2

S

(17)

so that a limit on M⇤ can be obtained through a trans-
lation

"✓
1

M3
⇤

◆2 ✓
� sin 2↵

2vHm
2

S

◆�2

�(S.M.)

#
⇥✏(S.M.) =

Nobs

L . (18)

3

1

⇤3

dd

! 1

⇤̄3

dd


m

2

H1

ŝ � m
2

H1
+ imH1�H1

�
m

2

H1

ŝ � m
2

H2
+ imH2�H2

�
⌘ 1

⇤3

col
(ŝ)

, (10)

where ŝ ⌘ M
2

��
is the square of the invariant mass of the

DM pair. Note that ŝ � 4m
2

�
in the physical region for

DM pair creation, and that there is no single constant
scale ⇤col for an e↵ective operator that characterizes the
qq̄ ! ��̄, since ŝ varies in the range of 4m

2

�
 ŝ  s

with
p

s being the center-of-mass (CM) energy of the
collider. Also note that we have to include two scalar
propagators with opposite sign in order to respect the
full SM gauge symmetry and renormalizability. This is
in sharp contrast with other previous studies where only
a single propagator is introduced to replace 1/⇤2. The
two propagators interfere destructively for very high ŝ

or small t (direct detection), but for m
2

H1
< ŝ < m

2

H2
,

they interfere constructively. The 1/s suppressions from
the s-channel resonance propagators make the amplitude
unitary, in compliance with renormalizable and unitary
QFT.

If one can fix ŝ and m
2

H2
� ŝ, we can ignore the 2nd

propagator. But at hadron colliders, ŝ is not fixed, except
for the kinematic condition 4m

2

�
 ŝ  s (with s =

14TeV for example at the LHC@14TeV). Therefore we
cannot say clearly when we can ignore ŝ compared with
m

2

H2
at hadron colliders, unless m

2

H2
> s (not ŝ).

3. Collider Studies: There are two important factors
in the search for new physics at colliders: a total cross
section and the shape of di↵erential cross sections with
respect to various analysis “cut” variables. A mixing an-
gle ↵ between two scalars is related only to a total cross
section, not to the shape of di↵erential cross section. The
shape of di↵erential cross sections and e�ciencies from
various analysis cuts are related to the nontrivial propa-
gators coming from two mediators (H1, H2). Thus we can
single out the e↵ect of a mixing angle from collider anal-
yses when we try to understand whether we can recast
results of various analyses based on the e↵ective opera-
tor and a simplified model to our model here, the Higgs
portal case through the following set up:

• EFT : E↵ective operator Lint = mq

M3
⇤
q̄q�̄� defined

in Eq. (1)

• S.M.: Simplified model with a scalar mediator S

[3],

Lint =
⇣

mq

vH

sin ↵

⌘
sq̄q � �s�̄� cos ↵

• H.M.: A Higgs boson as a mediator,

Lint = �
⇣

mq

vH

cos ↵

⌘
hq̄q � �h�̄� sin ↵

• H.P.: Higgs portal model defined in Eq. (4) or (5).

In the S.M. and H.M. cases, we can regard ↵ as a sup-
pression factor in interactions while in the H.P. case, it
is a mixing angle between h and s. Note that the SM
gauge symmetry is not fully respected within EFT, S.M.
and H.M. cases.

The kinematics of a signature, i.e., PT of an initial
state radiation (ISR) jet and the size of /ET , depend on
the scale of a hard interaction, which is proportional to
the invariant mass of a dark matter pair, M��. With
following LHC studies, we show that there are relations
among EFT, S.M., H.M., and H.P:

H.P. �!
m

2
H2

�ŝ

H.M., (11)

S.M. �!
m

2
S

�ŝ

EFT, (12)

H.M. 6= EFT . (13)

In H.P., the limit m
2

H2
� ŝ can be achieved, for exam-

ple, by taking vS (the VEV of S in Eq. (4)) large while
keeping dimensionless couplings perturbative. The mix-
ing angle in this case is approximated to [6]

tan 2↵ ' 2vH (µHS
+ �HSvS)

2�Sv
2

S

. (14)

The perturbativity of e↵ective couplings obtained after
integrating out the heavy scalar particle (H2) requires
µHS + �HSvS . mH2 , constraining the mixing angle to
be upper-bounded as

↵ . 2

r
⇡

3

vH

mH2

. (15)

Hence, as H2 becomes heavier, impacts of H.P. at col-
lider experiments becomes more elusive. In any case, for
m

2

H2
� ŝ, the e↵ect of the heavy scalar propagator can be

ignored in relevant diagrams for collider searches. Then,
it is clear that H.P. reduces to H.M. with the angle ↵

given by Eq. (14), and this is what Eq. (11) means. On
the other hand, it should be clear that, S.M. is reduced
to EFT for m

2

S
� ŝ, as stated in Eq. (12), since there

is only one scalar mediator which can be very heavy in
S.M. [26]. Also, it should be clear that, since the mass of
SM-like Higgs is fixed, H.M. cannot be reduced to EFT
for m

2

h
. ŝ, as stated in Eq.(13).

Thus, an e↵ective operator approach cannot capture
the feature of an actual dark matter model, as shown
here in the context of the Higgs portal singlet fermion
DM as an example. We illustrate our point with the AT-
LAS monojet and the CMS tt̄ + /ET searches [11, 12].
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out the real scalar s. However there is always a mix-
ing between the SM Higgs h and the real singlet scalar
s, which results in two physical neutral scalars H1 and
H2 with the mixing angle ↵. Therefore one should take
into account the exchange of both H1 and H2 for DM di-
rect detection scattering [5]. Note that there is a generic
cancellation between two contributions from two neutral
scalars, which cannot be seen within EFT approach [5, 9].

2. Renormalizable Model with the full SM gauge sym-
metry:

The s-channel UV completion of the singlet fermion
DM with Higgs portal has been constructed in Ref. [5]:

L = �(i/@ � m� � �S)� +
1

2
@µS@

µ
S � 1

2
m

2

0
S

2 (4)

� �HSH
†
HS

2 � µHSSH
†
H � µ

3

0
S � µS

3!
S

3 � �S

4!
S

4
.

We note that the model defined by Eq. (4) is one possible
UV completion of the singlet fermion DM with e↵ective
interaction Eq. (1) [25].

Expanding both fields around their VEVs (hH0i =
vH , hSi = vs), we can derive the Lagrangian in terms
of h and s. After diagonalization of the mass matrix,
DM � couples with both H1 and H2.

The interaction Lagrangian of H1 and H2 with the SM
fields and DM � is given by

Lint = �(H1 cos ↵ + H2 sin ↵)

2

4
X

f

mf

vH

f̄f � 2m
2

W

vH

W
+

µ
W

�µ � m
2

Z

vH

ZµZ
µ

3

5 + �(H1 sin ↵ � H2 cos ↵)�̄� , (5)

following the convention of Ref. [5]. We identify the ob-
served 125 GeV scalar boson as H1. The mixing between
h and s leads to the universal suppression of the Higgs
signal strengths at the LHC, independent of production

and decay channels [5].
Let us start with the DM-nucleon scattering amplitude

at parton level, �(p) + q(k) ! �(p0) + q(k0), the parton
level amplitude of which is given by

M = �u(p0)u(p)u(k0)u(k)
mq

vH

� sin ↵ cos ↵


1

t � m
2

H1
+ imH1�H1

� 1

t � m
2

H2
+ imH2�H2

�
(6)

! u(p0)u(p)u(k0)u(k)
mq

2vH
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� 1

m
2

H2

�
⌘ mq

⇤3

dd

u(p0)u(p)u(k0)u(k), (7)

where t ⌘ (p0 � p)2 is the square of the 4-momentum
transfer to the nucleon, and we took the limit t ! 0 in
the second line, which is a good approximation to the
DM-nucleon scattering. The scale of the dim-7 e↵ective
operator, mq q̄q ��, describing the direct detection cross
section for the DM-nucleon scattering is defined in terms
of ⇤dd:

⇤3

dd
⌘

2m
2

H1
vH

� sin 2↵

✓
1 �

m
2

H1

m
2

H2

◆�1

, (8)

⇤̄3

dd
⌘

2m
2

H1
vH

� sin 2↵
, (9)

where ⇤̄dd is derived from ⇤dd in the limit mH2 � mH1 .
It is important to notice that the amplitude (6) was de-
rived from renormalizable and unitary Lagrangian with
the full SM gauge symmetry, and thus can be a good
starting point for addressing the issue of validity of com-
plementarity.

The amplitude for the monojet with missing transverse
energy(/ET ) signature at hadron colliders is connected to
the amplitude (6) by crossing symmetry s $ t. Com-
paring with the corresponding amplitude from the EFT
approach, we have to include the following form factor:



Summary
• Phenomenology of HP VDM and Singlet FDM presented within EFT 

vs. UV completed models


• EFT approach has a number of drawbacks : non-renormalizable, 
unitarity violation at high energy colliders, and it applies only if 

 [But we don’t know mass scales of dark particles !]


• In particular, one has  , as  , 
whereas it is finite in UV completed models [Importance of gauge 
invariance, unitarity and renormalizability]


• The dark Higgs  can play crucial roles in interpreting the DM 
signatures at colliders, explaining the GC -ray excess ( ), 
improving vacuum stability up to Planck scale, modifying the Higgs 
inflation [  should be actively searched for !]

mDM, mSM ≪ mϕ

ΓEFT(H125 → VV ) → ∞ mV → 0

ϕ
γ VV → ϕϕ

ϕ



EWSB and CDM from Strongly 
Interacting Hidden Sector

Hur, Jung, Ko, Lee : 0709.1218, PLB (2011)
Hur, Ko : arXiv:1103.2517,PRL (2011) 

Proceedings for workshops/conferences
during 2007-2011 (DSU,ICFP,ICHEP etc.)

All the masses (including CDM mass) 
from hidden sector strong dynamics,

and CDM long lived by accidental sym

Talks by Felix Karlhoefer, Suchita Kulkarni 



Nicety of QCD

• Renormalizable

• Asymptotic freedom : no Landau pole

• QM dim transmutation :

• Light hadron masses from QM dynamics

• Flavor & Baryon # conservations : 
accidental symmetries of QCD (pion is 
stable if we switch off EW interaction; 
proton is stable or very long lived)



h-pion & h-baryon DMs

• In most WIMP DM models, DM is stable 
due to some ad hoc Z2 symmetry

• If the hidden sector gauge symmetry is 
confining like ordinary QCD, the lightest 
mesons and the baryons could be stable or 
long-lived >> Good CDM candidates

• If chiral sym breaking in the hidden sector, 
light h-pions can be described by chiral 
Lagrangian in the low energy limit
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(arXiv:0709.1218 with T.Hur, D.W.Jung and J.Y.Lee) 
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Key Observation
• If we switch off gauge interactions of the 

SM, then we find 

• Higgs sector ~ Gell-Mann-Levy’s linear 
sigma model which is the EFT for QCD 
describing dynamics of pion, sigma and 
nucleons

• One Higgs doublet in 2HDM could be 
replaced by the GML linear sigma model 
for  hidden sector QCD



Model-I

Potential for H1 and H2

V (H1, H2) = −µ2
1(H

†
1H1) +

λ1

2
(H†

1H1)
2 − µ2

2(H
†
2H2)

+
λ2

2
(H†

2H2)
2 + λ3(H

†
1H1)(H

†
2H2) +

av3
2

2
σh

Stability : λ1,2 > 0 and λ1 + λ2 + 2λ3 > 0

Consider the following phase:

H1 =

(

0
v1+hSM√

2

)

, H2 =

(

π+
h

v2+σh+iπ0
h√

2

)

Correct EWSB : λ1(λ2 + a/2) ≡ λ1λ′
2 > λ2

3

– p.34/50

Not present in the two-
Higgs Doublet model
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Relic DensityModel-I : Relic density of πh
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Model-I : Direct detection rate
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Model I (Scalar Messenger)

• SM - Messenger - Hidden Sector QCD

• Assume classically scale invariant lagrangian --> No 
mass scale in the beginning

• Chiral Symmetry Breaking in the hQCD generates a 
mass scale, which is injected to the SM by “S”

SM Hidden 
QCD

Singlet 
Scalar S

������������

Hur, Ko, PRL (2011)



Model-II

Introduce a real singlet scalar S

Modified SM with classical scale symmetry

LSM = Lkin −
λH

4
(H†H)2 −

λSH

2
S2 H†H −

λS

4
S4

+
(

Q
i
HY D

ij Dj + Q
i
H̃Y U

ij U j + L
i
HY E

ij Ej

+ L
i
H̃Y N

ij N j + SN iT CY M
ij N j + h.c.

)

Hidden sector lagrangian with new strong interaction

Lhidden = −
1

4
GµνG

µν +
NHF
∑

k=1

Qk(iD · γ − λkS)Qk

– p.42/50
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Scale invariant extension of the SM
with strongly interacting hidden sector



Model-II

Effective lagrangian far below Λh,χ ≈ 4πΛh

Lfull = Leff
hidden + LSM + Lmixing

Leff
hidden =

v2
h

4
Tr[∂µΣh∂µΣ†

h] +
v2
h

2
Tr[λSµh(Σh + Σ†

h)]

LSM = −
λ1

2
(H†

1H1)
2 −

λ1S

2
H†

1H1S
2 −

λS

8
S4

Lmixing = −v2
hΛ2

h

[

κH
H†

1H1

Λ2
h

+ κS
S2

Λ2
h

+ κ′
S

S

Λh

+ O(
SH†

1H1

Λ3
h

,
S3

Λ3
h

)

]

≈ −v2
h

[

κHH†
1H1 + κSS2 + Λhκ′

SS
]

– p.43/50
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3 neutral scalars : h,  S and hidden sigma meson
Assume h-sigma is heavy enough for simplicity



Relic densityModel-II: Relic densities of Ωπh
h2

Ωπhh
2 in the (mh1

,mπh) plane for
(a) vh = 500 GeV and tan β = 1,

(b) vh = 1 TeV and tan β = 2.

– p.46/50
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Direct Detection RateModel-II: Direct detection rates
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Low energy pheno.
• Universal suppression of collider SM signals

• If “mh > 2 m𝜙”, non-SM Higgs decay!

• Tree-level shift of 𝝺H,SM (& loop correction)

If “m𝜙> mh”, vacuum instability can be cured.

↵

SM

�H =

"
1 +

 
m2

�

m2
h

� 1

!
sin2 ↵

#
�SM
H��H )

[S. Baek, P. Ko, WIP & E. Senaha, JHEP(2012)][G. Degrassi et al., 1205.6497]

[See 1112.1847, Seungwon Baek, P. Ko & WIP]



Comparison w/ other model

• Dark gauge symmetry is unbroken (DM is long-lived  
because of accidental flavor symmetry), but confining 
like QCD (No long range dark force and no Dark 
Radiation)

• DM : composite hidden hadrons (mesons and baryons)

• All masses including CDM masses from dynamical sym 
breaking in the hidden sector

• Singlet scalar is necessary to connect the hidden 
sector and the visible sector

• Higgs Signal strengths : universally reduced from one



• Similar to the massless QCD with the 
physical proton mass without fine tuning 
problem

• Similar to the BCS mechanism for SC, or 
Technicolor idea

• “S” helps the Higgs inflation [Higgs-portal assisted 
Higgs inflation, Kim,Ko,Park,  arXiv:1405.1635 ]

• Eventually we would wish to understand the 
origin of DM and RH neutrino masses, and 
this model is one possible example 



More issues to study
• DM : strongly interacting composite 

hadrons in the hidden sector >> self-
interacting DM >> can solve the small scale 
problem of DM halo

• TeV scale seesaw : TeV scale leptogenesis, 
or baryogenesis from neutrino oscillations

• Wess-Zumino term: 3 > 2 possible (e.g. 
Hochberg, Kuflik,Murayam, Volansky, Wacker for Sp(N) case)

• Another approach for hQCD ? (For example, 
Kubo, Lindner et al use NJL approach; and AdS/QCD approach with 
H.Hatanaka, D.W.Jung@KIAS)



SIMP Scenario in 
Dark QCD



SIMP paradigm

The SIMP Miracle
====================================================================25% of the authors prefer the title: ‘SIMP Dark Matter’. They are uncomfortable with the term ‘miracle’ in this scenario. Damn democracy!==================================================================.

Yonit Hochberg1,2,⇤ Eric Kuflik3,† Tomer Volansky3,‡ and Jay G. Wacker4§
1
Ernest Orlando Lawrence Berkeley National Laboratory,

University of California, Berkeley, CA 94720, USA
2
Department of Physics, University of California, Berkeley, CA 94720, USA

3
Department of Physics, Tel Aviv University, Tel Aviv, Israel and

4
SLAC National Accelerator Laboratory, Stanford University, Menlo Park, CA 94025 USA

We present a new paradigm for achieving thermal relic dark matter. The mechanism arises when
a nearly secluded dark sector is thermalized with the Standard Model after reheating. The freezeout
process is a number-changing 3 ! 2 annihilation of strongly-interacting-massive-particles (SIMPs)
in the dark sector, and points to sub-GeV dark matter. The couplings to the visible sector, necessary
for maintaining thermal equilibrium with the Standard Model, imply measurable signals that will
allow coverage of a significant part of the parameter space with future indirect- and direct-detection
experiments and via direct production of dark matter at colliders. Moreover, 3 ! 2 annihilations
typically predict sizable 2 ! 2 self-interactions which naturally address the ‘core vs. cusp’ and
‘too-big-to-fail’ small structure problems.

INTRODUCTION

Dark matter (DM) makes up the majority of the mass
in the Universe, however, its identity is unknown. The
few properties known about DM are that it is cold and
massive, it is not electrically charged, it is not colored and
it is not very strongly self-interacting. One possibility for
the identity of DM is that it is a thermal relic from the
early Universe. Cold thermal relics are predicted to have
a mass

mDM ⇠ ↵ann (TeqMPl)
1/2

⇠ TeV , (1)

where ↵ann is the e↵ective coupling constant of the 2 ! 2
DM annihilation cross section, taken to be of order weak
processes ↵ann ' 1/30 above, Teq is the matter-radiation
equality temperature and MPl is the reduced Planck
mass. The emergence of the weak scale from a geomet-
ric mean of two unrelated scales, frequently called the
WIMP miracle, provides an alternate motivation beyond
the hierarchy problem for TeV-scale new physics.

In this work we show that there is another mechanism
that can produce thermal relic DM even if ↵ann ' 0. In
this limit, while thermal DM cannot freeze out through
the standard 2 ! 2 annihilation, it may do so via a 3 ! 2
process, where three DM particles collide and produce
two DM particles. The mass scale that is indicated by
this mechanism is given by a generalized geometric mean,

mDM ⇠ ↵e↵

�
T

2
eqMPl

�1/3
⇠ 100 MeV , (2)

where ↵e↵ is the e↵ective strength of the self-interaction
of the DM which we take as ↵e↵ ' 1 in the above. As
we will see, the 3 ! 2 mechanism points to strongly self-
interacting DM at or below the GeV scale. In similar
fashion, a 4 ! 2 annihilation mechanism, relevant if DM
is charged under a Z2 symmetry, leads to DM in the keV

↵e↵ ' 1 ↵e↵ ' 1

SMDM
3→2 2→2 

✏ � 1

Kin. Eq.

FIG. 1: A schematic description of the SIMP paradigm. The
dark sector consists of DM which annihilates via a 3 ! 2 pro-
cess. Small couplings to the visible sector allow for thermal-
ization of the two sectors, thereby allowing heat to flow from
the dark sector to the visible one. DM self interactions are
naturally predicted to explain small scale structure anomalies
while the couplings to the visible sector predict measurable
consequences.

to MeV mass range. In this case, however, a more com-
plicated production mechanism, such as freeze-out and
decay, is typically needed to evade cosmological bounds.

If the dark sector does not have su�cient couplings
to the visible sector for it to remain in thermal equilib-
rium, the 3 ! 2 annihilations heat up the DM, signif-
icantly altering structure formation [1, 2]. In contrast,
a crucial aspect of the mechanism described here is that
the dark sector is in thermal equilibrium with the Stan-
dard Model (SM), i.e. the DM has a phase-space dis-
tribution given by the temperature of the photon bath.
Thus, the scattering with the SM bath enables the DM to
cool o↵ as heat is being pumped in from the 3 ! 2 pro-
cess. Consequently, the 3 ! 2 thermal freeze-out mech-
anism generically requires measurable couplings between
the DM and visible sectors. A schematic description of
the SIMP paradigm is presented in Fig. 1.

The phenomenological consequences of this paradigm
are two-fold. First, the significant DM self-interactions
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SIMP Conditions
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FIG. 3: The bounds on ✏ vs. mDM. Left, coupling to electrons: The grey regions (outlined by thick dashed lines) represents
the range of parameters in which kinetic equilibrium with the SM is not maintained (lower gray region), and where the standard
2 ! 2 annihilation to the SM is not subdominant to the 3 ! 2 process (upper gray region). Also shown are the exclusion limits
from: direct-detection in Xenon10 [43] (purple region), along with the expected future bound from a germanium-based electron
recoil experiment [44] (dashed-purple); CMB and low red shift data constraints for electrons [45] (blue region); modification
of Ne↵ [46] (red region); indirect detection of �-rays [47] (green region); direct production at LEP for a variety of mediator
mass, M , and width, � (solid-gray) [18]. Right, coupling to photons: The grey regions (outlined by thick dashed lines)
represents the range of parameters in which kinetic equilibrium with the SM is not maintained (lower gray region), and where
the standard 2 ! 2 annihilation with the SM is not subdominant to the 3 ! 2 process (upper gray region). Also shown are the
exclusion limits from: indirect detection of �-rays [47] (green region); conservative CMB and low red shift data constraints [45]
(blue region); modification of Ne↵ [46] (red region).

There are two distinct reasons for this. First, much as
in the standard thermal WIMP scenario, the DM must
be in thermal equilibrium with the visible sector. Conse-
quently, it must have non-negligible couplings to SM par-
ticles, which in turn predict observable signals. Second,
the non-vanishing 5-point interaction required for the
3 ! 2 annihilations also implies sizeable self-couplings
which alter the predictions for structure formation. Be-
low, we briefly summarize these two aspects, postponing
many of the details to future work [6].

We begin with structure formation. The persistent fail-
ure of N-body simulation to reproduce the small-scale
structure of observed galactic halos has led to the ‘core
versus cusp’ and ‘too big to fail’ problems. This moti-
vates self-interacting DM with a strength [20–23]

✓
�scatter

mDM

◆

obs

= (0.1 � 10) cm2
/g . (25)

On the other hand, bullet-cluster constraints [24–26] as
well as recent simulations which reanalyze the constraints
from halo shapes [21, 23], suggest the limits on the DM
self-interacting cross section (at velocities & 300 km/sec)
are

�scatter

mDM
. 1 cm2

/g . (26)

The above constraint leaves a viable region for the pre-
ferred strength of DM self-interactions.

The SIMP scenario naturally predicts a sizable con-
tribution to the above 2 ! 2 scatterings. One may

parametrize it by defining a ⌘ ↵2!2/↵e↵ , such that

�scatter

mDM
=

a
2
↵

2
e↵

m
3
DM

, (27)

and one expects a to be of order unity. This can be
readily checked for the toy model discussed above, where
a = O(1) is found for a wide range of values of the cou-
plings of Eq. (22). For the 3 ! 2 SIMP scenario, the
constraint, Eq. (26), points to the strongly interacting
regime with DM masses at or below the GeV scale. In-
terestingly, this region in parameter space automatically
solves the small-structure anomalies discussed above. In-
deed, one may use Eqs. (25) and (26) together with the
relation Eq. (9) to derive a preferred range of ↵e↵ . Tak-
ing into account the numerical corrections as found using
the Boltzmann equation, we arrive at

0.3
⇣

a

0.2

⌘2
. ↵e↵ . 8

⇣
a

0.2

⌘2
, (28)

where the lower bound above arises from the upper bound
of Eq. (26). The corresponding DM mass is in the range

of 8
�

a
0.2

�2
MeV . mDM . 200

�
a

0.2

�2
MeV. In Fig. 2

we show the full region preferred by the small-scale struc-
ture anomalies, and the region excluded by bullet-cluster
and halo-shape constraints. The colored regions show the
preferred region for a = 1, 0.05, 10�3. The region above
the corresponding gray-dashed lines is excluded by the
bullet-cluster and halo shape constraints, for each value

2->2 Self scattering : 

with a~O(1)

5

No kinetic equilibriumNo kinetic equilibrium

2 Æ 2
annihi

lations

2 Æ 2
annihi

lationsXENON10XENON10

g-ray
s

g-ray
s

WM
AP

WM
AP

Pro
ject
ed G

e

Pro
ject
ed G

e

Pl
an
ck
N e
ff

Pl
an
ck
N e
ff

M=10
GeV, G

=1 GeV

M=10
GeV, G

=1 GeV

contact
op

contact
op

M=200
GeV

M=200
GeV

M=100
GeV, G

=Gmin

M=100
GeV, G

=Gmin

10-3 10-2 0.1 110-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

mDM @GeVD

e

Coupling to Electrons

No kinetic equilibriumNo kinetic equilibrium

2 Æ 2 annihilations2 Æ 2 annihilations

g-ra
ys

g-ra
ys

WM
AP

WM
AP

Pl
an
ck
N e
ff

Pl
an
ck
N e
ff

10-3 10-2 0.1 110-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

mDM @GeVD

e

Coupling to Photons

FIG. 3: The bounds on ✏ vs. mDM. Left, coupling to electrons: The grey regions (outlined by thick dashed lines) represents
the range of parameters in which kinetic equilibrium with the SM is not maintained (lower gray region), and where the standard
2 ! 2 annihilation to the SM is not subdominant to the 3 ! 2 process (upper gray region). Also shown are the exclusion limits
from: direct-detection in Xenon10 [43] (purple region), along with the expected future bound from a germanium-based electron
recoil experiment [44] (dashed-purple); CMB and low red shift data constraints for electrons [45] (blue region); modification
of Ne↵ [46] (red region); indirect detection of �-rays [47] (green region); direct production at LEP for a variety of mediator
mass, M , and width, � (solid-gray) [18]. Right, coupling to photons: The grey regions (outlined by thick dashed lines)
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There are two distinct reasons for this. First, much as
in the standard thermal WIMP scenario, the DM must
be in thermal equilibrium with the visible sector. Conse-
quently, it must have non-negligible couplings to SM par-
ticles, which in turn predict observable signals. Second,
the non-vanishing 5-point interaction required for the
3 ! 2 annihilations also implies sizeable self-couplings
which alter the predictions for structure formation. Be-
low, we briefly summarize these two aspects, postponing
many of the details to future work [6].

We begin with structure formation. The persistent fail-
ure of N-body simulation to reproduce the small-scale
structure of observed galactic halos has led to the ‘core
versus cusp’ and ‘too big to fail’ problems. This moti-
vates self-interacting DM with a strength [20–23]
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On the other hand, bullet-cluster constraints [24–26] as
well as recent simulations which reanalyze the constraints
from halo shapes [21, 23], suggest the limits on the DM
self-interacting cross section (at velocities & 300 km/sec)
are

�scatter

mDM
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/g . (26)

The above constraint leaves a viable region for the pre-
ferred strength of DM self-interactions.

The SIMP scenario naturally predicts a sizable con-
tribution to the above 2 ! 2 scatterings. One may

parametrize it by defining a ⌘ ↵2!2/↵e↵ , such that
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, (27)

and one expects a to be of order unity. This can be
readily checked for the toy model discussed above, where
a = O(1) is found for a wide range of values of the cou-
plings of Eq. (22). For the 3 ! 2 SIMP scenario, the
constraint, Eq. (26), points to the strongly interacting
regime with DM masses at or below the GeV scale. In-
terestingly, this region in parameter space automatically
solves the small-structure anomalies discussed above. In-
deed, one may use Eqs. (25) and (26) together with the
relation Eq. (9) to derive a preferred range of ↵e↵ . Tak-
ing into account the numerical corrections as found using
the Boltzmann equation, we arrive at
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where the lower bound above arises from the upper bound
of Eq. (26). The corresponding DM mass is in the range
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we show the full region preferred by the small-scale struc-
ture anomalies, and the region excluded by bullet-cluster
and halo-shape constraints. The colored regions show the
preferred region for a = 1, 0.05, 10�3. The region above
the corresponding gray-dashed lines is excluded by the
bullet-cluster and halo shape constraints, for each value



Dark QCD + WZW
• Dark flavor symmetry G=SU(Nf)L x SU(Nf)R is SSB into 

diagonal H=SU(Nf)V by dark QCD condensation


• Effective Lagrangian for NG bosons (dark pions) contain 5-

point self interaction : WZW term for ㅠ5 (G/H) = Z (Nf > 2)

�WZW = Eqs.(11) and (13) in my thesis (38)

L1 = TR
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3
L↵̂R � ↵̂

3
R↵̂L

⇤
� (⇠L = ⇠R = 1, V = 0, l, r) (39)

L2 = TR [↵̂L↵̂R↵̂L↵̂R]� (⇠L = ⇠R = 1, V = 0, l, r) (40)

L3 = iTr [FV (↵̂L↵̂R � ↵̂R↵̂L]� (⇠L = ⇠R = 1, V = 0, l, r) (41)

L4 = iTr

h
F̂L↵̂L↵̂R � F̂R↵̂R↵̂L

i
� (⇠L = ⇠R = 1, V = 0, l, r) (42)

In the real hadronic world with photon included, one has

�
anom

= �WZ � 15C (L3 + L4 + c1L1 + c2L2)c1�c2=�1 (43)

with

C = �i
Nc

240⇡2

Let us ignore the external gauge fields by setting lµ = rµ = 0 and keep only the pions

and vector mesons Vµ, and discuss pion dynamics including the vector mesons. If we

assume lµ = rµ = 0, then
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x Tr(↵

5
) with ↵ = dUU

†
. (44)

Also for lµ = rµ = 0, ↵̂L and ↵̂R are simplified as

↵̂L = D⇠L · ⇠†
L
= ↵L � igV (45)

↵̂R = D⇠R · ⇠†
R
= ↵L � igV (46)

1.3 Scalar resonances

It is convenient to define two vector fields from ⇠(x) ⌘ ⇠
†
L
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(x) = U(x)⇠(x)R
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Note that (Vµ�Vµ) transforms homogeneously as U(x)(Vµ�Vµ)U
†
(x), which is a convenient

property for constructing chiral invariant Lagrangians.

4

�WZW = Eqs.(11) and (13) in my thesis (38)

L1 = TR
⇥
↵̂
3
L↵̂R � ↵̂

3
R↵̂L

⇤
� (⇠L = ⇠R = 1, V = 0, l, r) (39)

L2 = TR [↵̂L↵̂R↵̂L↵̂R]� (⇠L = ⇠R = 1, V = 0, l, r) (40)

L3 = iTr [FV (↵̂L↵̂R � ↵̂R↵̂L]� (⇠L = ⇠R = 1, V = 0, l, r) (41)

L4 = iTr

h
F̂L↵̂L↵̂R � F̂R↵̂R↵̂L

i
� (⇠L = ⇠R = 1, V = 0, l, r) (42)

In the real hadronic world with photon included, one has

�
anom

= �WZ � 15C (L3 + L4 + c1L1 + c2L2)c1�c2=�1 (43)

with

C = �i
Nc

240⇡2

Let us ignore the external gauge fields by setting lµ = rµ = 0 and keep only the pions

and vector mesons Vµ, and discuss pion dynamics including the vector mesons. If we

assume lµ = rµ = 0, then

�WZ = C

Z

M5
d
5
x Tr(↵

5
) with ↵ = dUU

†
. (44)

Also for lµ = rµ = 0, ↵̂L and ↵̂R are simplified as

↵̂L = D⇠L · ⇠†
L
= ↵L � igV (45)

↵̂R = D⇠R · ⇠†
R
= ↵L � igV (46)

1.3 Scalar resonances

It is convenient to define two vector fields from ⇠(x) ⌘ ⇠
†
L
= ⇠R:

⇠(x) ! L⇠(x)U
†
(x) = U(x)⇠(x)R

†
(47)

Aµ(x) ⌘ i

2

h
⇠
†
@µ⇠ � ⇠@µ⇠

†
i

(48)

! U(x)Aµ(x)U
†
(x) (49)

Vµ(x) ⌘ i

2

h
⇠
†
@µ⇠ + ⇠@µ⇠

†
i

(50)

! U(x)Vµ(x)U
†
(x) + U(x)@U

†
(x) (51)

Vµ(x) ! U(x)Vµ(x)U
†
(x) + U(x)@µU

†
(x) (52)

Note that (Vµ�Vµ) transforms homogeneously as U(x)(Vµ�Vµ)U
†
(x), which is a convenient

property for constructing chiral invariant Lagrangians.

4

Dark mesons & WZW term
• Dark flavor symmetry G=SU(Nf)x SU(Nf) is SSB into 

diagonal H=SU(Nf) by SU(Nc) QCD-like condensation. 

• Effective action for Goldstone bosons contains a 
5-point self-interaction from Wess-Zumino-
Witten term for π5(G/H)=Z (i.e. Nf ≥3).   

LWZW =
2Nc

15⇡2
✏µ⌫⇢�Tr[⇡@µ⇡@⌫⇡@⇢⇡@�⇡]

Flavor symmetry ensures stability of dark 
mesons,  natural candidates for SIMP.

NC  : topological invariant 
of 5-sphere (Q+Q’) in SU(3)

U = e2i⇡/F , ⇡ ⌘ ⇡aT a

⇡Nf = 3 :

[Wess, Zumino,
1971;Witten, 1983]
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in the absence of external gauge fields



SIMP Dark Mesons

• Large color group leads to strong 5-point interactions 
while satifying bounds on self-interactions [Hochberg, 
2014]

SIMP dark mesons
• Large color group leads to strong 5-point interactions 

while satisfying bounds on self-interactions (e.g. Bullet 
cluster, halo shape.)

,

K̃+

K̃�

⇡̃�

⇡̃+

⇡̃0

⇡̃0

⇡̃0

⇡̃0

⇡̃0

[Hochberg et al, 2014]
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[Hochberg, Kuflik, Murayama, Volansky, Wacker, 1411.3727, PRL (2015)]



SIMP Parameter Space

• DM self scattering :                             


• Validity of ChPT : 
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FIG. 2: Solid curves: the solution to the Boltzmann equation of the 3 ! 2 system, yielding the measured dark matter relic
abundance for the pions, m⇡/f⇡ as a function of the pion mass (left axis). Dashed curves: the self-scattering cross section
along the solution to the Boltzmann equation, �scatter/m⇡ as a function of pion mass (right axis). All curves are for selected
values of Nc and Nf , for an SU(Nc) (top panel) or an O(Nc) (bottom panel) gauge group with a conserved (left panel)
or broken (right panel) SU(Nf ) or SO(Nf ) flavor symmetry, respectively. The solid horizontal line depicts the perturbative
limit of m⇡/f⇡ ⇠< 2⇡, providing a rough upper limit on the pion mass; the dashed horizontal line depicts the bullet-cluster and
halo shape constraints on the self-scattering cross section, Eq. (16), placing a lower limit on the pion mass. Each shaded region
depicts the resulting approximate range for m⇡ for the corresponding symmetry structure.

below those depicted exhibit a tension between the per-
turbativity regime m⇡/f⇡ ⇠

< 2⇡ and the self-interaction
constraint of Eq. (16).
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Perturbativity m⇡/f⇡ < 2⇡

Self-scatt.

Perturbativity

Bullet cluster

SIMP relic

Nc>3 is required due to bounds on self-scattering.

Similar results for SU(Nf)/SO(Nf) or SU(2Nf)/Sp(2Nf).
Thursday, June 11, 15

Large Nc > 3

More serious in NNLO ChPT 
Sannino et al, 1507.01590



Issues in the SIMP w/ hQCD
• Dark flavor sym is not good enough to stabilize dark pion 

(We have to assume dim-5 operator is highly suppressed)


• Dark baryons can make additional contribution to DM of 
the universe (It could produce additional diagrams for 
SIMP)


• Validity region of ChPT : need to include resonances (dark 
rho meson, dark sigma meson, etc.)


• How to achieve Kinetic equilibrium with the SM ? (Dark 
sigma meson or adding singlet scalar S may help. Or 
lifting the mass degeneracy of dark pions can help.)
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FIG. 1: Feynman diagrams contributing to 3 ! 2 processes for the dark pions with the vector meson interactions.

FIG. 2: Contours of relic density (⌦h2 ⇡ 0.119) for m⇡ and m⇡/f⇡ and self-scattering cross section per DM mass in cm2/g as

a function of m⇡. The case without and with vector mesons are shown in black lines and colored lines respectively. We have

imposed the relic density condition for obtaining the contours of self-scattering cross section. Vector meson masses are taken

near the resonances with mV = 2(3)m⇡
p
1 + ✏V on left(right) plots. In both plots, c1 � c2 = �1 and ✏V = 0.1 are taken.

our interest, so we didn’t include it in our analysis.

While the !8 primarily decays to three pions because

m! < 2mK in the usual SM QCD, this is not necessar-

ily true in the case of dark QCD since we can vary the

pion/kaon mass. Since we are assuming all the eight pi-

ons/kaons are degenerate in mass, two-body decays such

as !8 ! KK could be allowed as well as usual three-body

decays such as !8 ! 3⇡. Then we find that the widths

of vector mesons with degenerate masses are identical as

follows,

�V =
a2g2mV

256⇡

✓
1� 4

m2
⇡

m2
V

◆3/2

. (25)

If we chose a QCD-like set of parameters (a ⇡ 2, c1�c2 =

�1 and c3 = 1), the widths of vector mesons would be

sizable for values of m⇡/f⇡ that yield the correct relic

density. However, if a ⌧ 1, then the mass relation, m2
V =

ag2f2
⇡ ⇡ 9m2

⇡ or 4m2
⇡, is maintained with �V /mV ⌧ 1.

For 3 ! 2 processes, we take the vector meson masses

near the resonances and make the thermal average under

the narrow width approximation with �V /mV ⌧ 1 in

Eq. (23). Then, the thermal averaged 3 ! 2 annihilation

cross section becomes [33]

h�v2iR ⇡

(
81⇡
128 ✏4V x

3e�
3
2 ✏V x, mV ⇡ 3m⇡,

8
3

p
⇡ ✏3/2V x1/2 e�✏V x, mV ⇡ 2m⇡,

(26)

where the e↵ective 3 ! 2 cross section before ther-

mal average is taken to be (�v2) = bV �V

(✏V �u2)2+�2
V
, with

 being the velocity-independent coe�cient, (✏V , �V ) =

(m
2
V �4m2

⇡
4m2

⇡
, mV �V

4m2
⇡

) and u2 = 1
2 (v

2
1 + v22) �

1
4v

2
3 for two-

pion resonances or (✏V , �V ) = (m
2
V �9m2

⇡
9m2

⇡
, mV �V

9m2
⇡

) and

With Soo Min Choi, Hyun Min Lee, Alexander Natale, 
arXiv:1801.07726, PRD (2018)

Including light DVM improves unitarity !



SIMP + DVM

3

vector meson masses are given by LB :

LB = m
2
V
TrVµV

µ
� 2igV ⇡⇡Tr (Vµ[@

µ
⇡,⇡]) (21)

m
2
V
= ag

2
f
2
⇡

(22)

gV ⇡⇡ =
1

2
ag (23)

In ordinary hadron system a ' 2, but this can be con-

sidered a free parameter in general. Before we show the

anomalous WZW Lagrangian, it is convenient to define

the following objects:

↵̂L = D⇠L · ⇠
†
L
= ↵L � igV + il̂ (24)

↵̂R = D⇠R · ⇠
†
R
= ↵R � igV + ir̂ (25)

↵L = d⇠L · ⇠
†
L
, (26)

↵R = d⇠R · ⇠
†
R

(27)

FV = dV � igV
2 (28)

The anomalous WZW in the presence of light vector

mesons are given by

�anom = �WZW +
4X

i=1

ciLi (29)

L1 = Tr
⇥
↵̂
3
L
↵̂R � ↵̂

3
R
↵̂L

⇤
(30)

L2 = Tr [↵̂L↵̂R↵̂L↵̂R] (31)

L3 = iTr [FV (↵̂L↵̂R � ↵̂R↵̂L)] (32)

L4 = iTr
h
F̂L↵̂L↵̂R � F̂R↵̂R↵̂L

i
. (33)

Let us ignore the external gauge fields by setting lµ =

rµ = 0 and keep only the pions and vector mesons Vµ,

thus L3,4 are zero. Under these assumptions then

�anom = LWZW � 15C (c1L1 + c2L2)c1�c2=�1 (34)

with

C = �i
Nc

240⇡2
, (35)

and LWZW is the familiar Wess-Zumino-Witten term for

pions [10–12]:

LWZW =
2Nc

15⇡2f5
⇡

✏
µ⌫⇢�

Tr[⇡@µ⇡@⌫⇡@⇢⇡@�⇡] (36)

Expanding ↵L,R in terms of ⇡ up to O(g/f3
⇡
) results in

L1 = �
4c1gC

f3
⇡

✏
µ⌫⇢�

Tr[@µ⇡@⌫⇡@⇢⇡V�] (37)

and

L2 =
4c2gC

f3
⇡

✏
µ⌫⇢�

Tr[Vµ@⌫⇡@⇢⇡@�⇡@⇢⇡] (38)

where C is defined in Eq. 35. These new vector meson

terms generate additional 3-to-2 interactions between the

pions, as illustrated in Fig. 1.

An important constraint on the model is the 2-to-

2 scattering cross section. The bullet cluster con-

straints place an upper limit of around 1 cm
2
/g on

�scatter/mDM [6]. In our model this 2-to-2 cross section

can be calculated by the ChPT Lagrangian:

�scatter =
m

2
⇡

192⇡f4
⇡
m

4
V

⇥

(81a4g4f4
⇡
+ 216a2f2

⇡
g
2
m

2
V
+ 154m4

V
)

(39)

where the degenerate pion (vector meson masses) are

given by m⇡ (mV ). In the limit where the vector mesons

decouple, �scatter reduces to the value found in Ref. [8].

The upper bounds on �scatter/m⇡ places a lower bound

on m⇡; in the minimal QCD-like model without vec-

tor mesons, this produces a tension between the require-

ments that m⇡/f⇡ < 2⇡ and the lower bound of m⇡ [8].

Relic Density.—In the SIMP model, where the 3 ! 2

number-changing processes are dominant, the resulting

Boltzmann equation for one species of DM is given by

dnDM

dt
+ 3HnDM = �h�v

2
i3!2(n

3
DM

� n
2
DM

n
eq

DM
).

In the presence of an exact flavor symmetry there are

N⇡ = 8 mass degenerate pions, and suppose n1 = n2 =

. . . = n8 = n, we can define nDM =
P8

i=1 ni. Thus the

resulting Boltzmann equation for the total DM density

is

Y
0
DM

= �
⇢⌃h�v2i

N3
⇡
x5

(Y 3
DM

� Y
2
DM

Y
eq

DM
). (40)

where ⌃h�v2i is the sum of the relevant sub-processes af-

ter thermal averaging, with Y = nDM/s, ⇢ = s
2(m⇡)
H(m⇡)

, and

x = m⇡/T . The SIMP paradigm requires that the dark

sector remains in kinetic equilibrium with the SM [7],

this is accomplished via a dark Higgs [13] or additional

dark gauge bosons such as the Z
0 [14, 15], which are not

discussed further in this work.

In the case of a resonance (mV ⇡ 3m⇡) the thermal av-

erage takes a Breit-Wigner form as discussed in Ref. [16]:

h�ijk!mnv
2
iR =

3

4
⇡x

3
1X

l=0

bl

l!
Gl(zR;x), (41)

with zR = ✏ + i�, � = mV �
9m2

⇡
, and ✏ = m

2
V �9m2

⇡
9m2

⇡
. In

the case of SIMP mesons with a significant vector meson

We choose a small epsilon [say, 0.1 (near resonance) ] 
and a small gamma (NWA)

New diagrams involving dark vector mesons

⇡+⇡�⇡0 ! ! ! K+K�(K0K0)

(for 3 pi resonance case)



Results

•The allowed parameter space is in a better 
shape now, especially for 2 pi resonance 
case
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FIG. 1: Feynman diagrams contributing to 3 ! 2 processes for the dark pions with the vector meson interactions.
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FIG. 2: Contours of relic density (⌦h2 ⇡ 0.119) for m⇡ and m⇡/f⇡ and self-scattering cross section per DM mass in cm2/g as

a function of m⇡. The case without and with vector mesons are shown in black lines and colored lines respectively. We have

imposed the relic density condition for obtaining the contours of self-scattering cross section. Vector meson masses are taken

near the resonances with mV = 2(3)m⇡
p
1 + ✏V on left(right) plots. In both plots, c1 � c2 = �1 and ✏V = 0.1 are taken.

our interest, so we didn’t include it in our analysis.

While the !8 primarily decays to three pions because

m! < 2mK in the usual SM QCD, this is not necessar-

ily true in the case of dark QCD since we can vary the

pion/kaon mass. Since we are assuming all the eight pi-

ons/kaons are degenerate in mass, two-body decays such

as !8 ! KK could be allowed as well as usual three-body

decays such as !8 ! 3⇡. Then we find that the widths

of vector mesons with degenerate masses are identical as

follows,

�V =
a2g2mV

256⇡

✓
1� 4

m2
⇡

m2
V

◆3/2

. (25)

If we chose a QCD-like set of parameters (a ⇡ 2, c1�c2 =

�1 and c3 = 1), the widths of vector mesons would be

sizable for values of m⇡/f⇡ that yield the correct relic

density. However, if a ⌧ 1, then the mass relation, m2
V =

ag2f2
⇡ ⇡ 9m2

⇡ or 4m2
⇡, is maintained with �V /mV ⌧ 1.

For 3 ! 2 processes, we take the vector meson masses

near the resonances and make the thermal average under

the narrow width approximation with �V /mV ⌧ 1 in

Eq. (23). Then, the thermal averaged 3 ! 2 annihilation

cross section becomes [33]

h�v2iR ⇡

(
81⇡
128 ✏4V x

3e�
3
2 ✏V x, mV ⇡ 3m⇡,

8
3

p
⇡ ✏3/2V x1/2 e�✏V x, mV ⇡ 2m⇡,

(26)

where the e↵ective 3 ! 2 cross section before ther-

mal average is taken to be (�v2) = bV �V

(✏V �u2)2+�2
V
, with

 being the velocity-independent coe�cient, (✏V , �V ) =

(m
2
V �4m2

⇡
4m2

⇡
, mV �V

4m2
⇡

) and u2 = 1
2 (v

2
1 + v22) �

1
4v

2
3 for two-

pion resonances or (✏V , �V ) = (m
2
V �9m2

⇡
9m2

⇡
, mV �V

9m2
⇡

) and



Conclusion
• Hidden (dark) QCD models make an interesting possibility 

to study the origin of EWSB, (C)DM


• WIMP scenario is still viable, and will be tested to some 
extent by precise measurements of the Higgs signal 
strength and by discovery of the singlet scalar, which is 
however a formidable task unless we are very lucky


• SIMP scenario using 3->2 scattering via WZW term is 
interesting, but there are a few issues which ask for 
further study (dark resonance could play an important role 
for thermal relic and kinetic contact with the SM sector)
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:  only vs. 

U(1)Lμ−Lτ

Z′￼ Z′￼ + ϕ
arXiv:2204.04889 [hep-ph] 
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SM+  gauge symU(1)Lμ−Lτ

• He, Josh, Lew, Volkas, PRD 43, 22; PRD 44, 2118 (1991) 


• One of the anomaly free gauge groups without extension 
of fermion contents


• The simplest anomaly free U(1) extensions that couple to 
the SM fermions directly


• Can affect the muon g-2, PAMELA  excess, (and B 
anomalies with extra fermions : Not covered in this talk) 

e+



Muon g-2

2

Models of Muon Anomalies

R(K(*)), b → sμμ
+(g − 2)μ

• Focus: 

The Muon g-2 Collaboration, 2104.03281

Excellent example for graduate students  
• Relativistic E&M (spinning particle in EM fields) 
• Special relativity (time dilation) 
• (V-A) structure of charged weak interaction



Muon (g-2)

The model lagrangian is given by 1

LModel = LSM + LNew (2.2)

LNew = −
1

4
Z

′

µνZ
′µν + ψDiD · γψD − MψD

ψDψD + Dµφ∗Dµφ (2.3)

−λφ(φ∗φ)2 − µ2
φφ∗φ − λHφφ∗φH†H.

In general, we have to include renormalizable kinetic mixing term for U(1)Y and U(1)Lµ−Lτ

gauge fields, which will lead to the mixing between Z and Z
′

. Then the dark matter pair

can annihilate into quarks through Z − Z
′

mixing in our case, and the p̄ flux will be

somewhat enhanced, depending on the size the Z − Z
′

mixing. However, electroweak

precision data and collider experiments give a strong constraint on the possible mixing

parameter, since the mixing induces the Z
′

coupling to the quark sector. Furthermore, if

one assumes that the new U(1)Lµ−Lτ is embedded into a nonabelian gauge group such as

SU(2)H or SU(3)H , then the kinetic mixing term is forbidden by this nonabelian gauge

symmetry [41]. In this paper, we will assume that the kinetic mixing is zero to simplify the

discussion and to maximize the contrast between the positron and the antiproton fluxes

from the dark matter annihilations.

In this model, there are two phases for the extra U(1)Lµ−Lτ gauge symmetry depending

on the sign of µ2
φ :

• Unbroken phase: exact with ⟨φ⟩ = 0, µ2
φ > 0 and MZ

′ = 0,

• Spontaneously broken phase: by µ2
φ < 0, nonzero ⟨φ⟩ ≡ vφ ̸= 0, and MZ

′ ̸= 0

In the unbroken phase, the massless Z
′

contribute to the muon (g − 2)µ as in QED up to

the overall coupling:

∆aµ =
α

′

2π
. (2.4)

Currently there is about 3.4σ difference between the BNL data [47] and the SM predic-

tions [48] in (g − 2)µ:

∆aµ = aexp
µ − aSM

µ = (302 ± 88) × 10−11. (2.5)

The ∆aµ in (2.4) can explain this discrepancy, if α
′

∼ 2 × 10−8. However, this coupling

is too small for the thermal relic density to satisfy the WMAP data. The resulting relic

density is too high by a several orders of magnitude. Also the collider signatures will be

highly suppressed. Therefore we do not consider this possibility any more, and consider

the massive Z
′

case (broken phase) in the following.

In the broken phase, it is straightforward to calculate the Z
′

contribution to ∆aµ. We

use the result obtained in Ref. [43]:

∆aµ =
α

′

2π

∫ 1

0
dx

2m2
µx2(1 − x)

x2m2
µ + (1 − x)M2

Z
′

≈
α

′

2π

2m2
µ

3M2
Z

′

(2.6)

1Similar idea for the DM was considered in [45, 46] in the context of Stueckelberg U(1)X extension of

the SM model.
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FIGURES

FIG. 1. Feynman diagram which generates a non-zero ∆aµ
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FIG. 2. ∆aµ on the a vs. mZ′ plane in case b). The lines from left to right are for ∆aµ away

from its central value at +2σ,+1σ, 0,−1σ and −2σ, respectively.
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There are already many papers available studying the implications of the PAMELA data

in different models and/or context [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23,

24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39].

The simplest model for the leptophilic (or hadrophobic) gauge interaction is to gauge

the global U(1)Lµ−Lτ symmetry of the standard model (SM), which is anomaly free [40,

41, 42, 43]. Within the SM, there are four global U(1) symmetries which are anomaly free:

Le − Lµ, Lµ − Lτ , Lτ − Le, B − L

One of these can be implemented to a local symmetry without anomaly. The most popu-

lar is the U(1)B−L, which can be easily implemented to grand unified theory. Two other

symmetry involving Le are tightly constrained by low energy and collider data. On the

other hand, the Lµ −Lτ symmetry is not so tightly constrained, and detailed phenomeno-

logical study is not available yet. Only the muon (g−2)µ and the phenomenology at muon

colliders have been discussed [43, 44]. This model can be extended by introducing three

right-handed neutrinos and generate the neutrino masses and mixings via seesaw mecha-

nism [41]. Also U(1)Lµ−Lτ can be embedded into a horizontal SU(2)H [41] acting on three

lepton generations. This may be related with some grand unification.

In this paper, we extend the existing U(1)Lµ−Lτ model by including a complex scalar

φ and a spin-1/2 Dirac fermion ψD, with U(1)Lµ−Lτ charge 1. There is no anomaly

regenerated in this case, since we introduced a vectorlike fermion. The complex scalar φ

gives a mass to the extra Z
′

by ordinary Higgs mechanism. And the Dirac fermion ψD

plays a role of the dark matter, whose pair annihilation into µ or τ explains the excess of

e+ and no p̄ excess as reported by PAMELA [2, 3]. Then we study the phenomenology of

the U(1)Lµ−Lτ model with Dirac fermion dark matter in detail.

In Sec. 2, we define the model and discuss the muon (g − 2)µ in our model. In Sec. 3,

we calculate the thermal relic density of the CDM ψD, and identify the parameter region

that is consistent with the data from cosmological observations. In Sec. 4, we study the

collider signatures of the model at various colliders (Tevatron, B factories, LEP(2), the Z0

pole and LHC), including production and decay of Z
′

and Higgs phenomenology. Then our

results are summarized in Sec. 5. We note that this model was discussed briefly in Ref. [4]

in the context of the muon (g − 2)µ and the relic density. In this paper, we present the

quantitative analysis on these subjects in detail, as well as study the collider signatures at

colliders.

2. Model and the muon (g − 2)µ

The new gauge symmetry U(1)Lµ−Lτ affects only the 2nd and the 3rd generations of leptons.

We assume li=2(3)
L , li=2(3)

R (i: the generation index) carry Y
′

= 1(−1). We further introduce

a complex scalar φ with (1, 1, 0)(1) and a Dirac fermion ψD with (1, 1, 0)(1), where the first

and the second parentheses show the SM and the U(1)Lµ−Lτ quantum numbers of φ and

ψD, respectively. The covariant derivative is defined as

Dµ = ∂µ + ieQAµ + i
e

sW cS
(I3 − s2

W Q)Zµ + ig
′

Y
′

Z
′

µ (2.1)

– 2 –

The model lagrangian is given by 1

LModel = LSM + LNew (2.2)

LNew = −
1

4
Z

′

µνZ
′µν + ψDiD · γψD − MψD

ψDψD + Dµφ∗Dµφ (2.3)

−λφ(φ∗φ)2 − µ2
φφ∗φ − λHφφ∗φH†H.

In general, we have to include renormalizable kinetic mixing term for U(1)Y and U(1)Lµ−Lτ

gauge fields, which will lead to the mixing between Z and Z
′

. Then the dark matter pair

can annihilate into quarks through Z − Z
′

mixing in our case, and the p̄ flux will be

somewhat enhanced, depending on the size the Z − Z
′

mixing. However, electroweak

precision data and collider experiments give a strong constraint on the possible mixing

parameter, since the mixing induces the Z
′

coupling to the quark sector. Furthermore, if

one assumes that the new U(1)Lµ−Lτ is embedded into a nonabelian gauge group such as

SU(2)H or SU(3)H , then the kinetic mixing term is forbidden by this nonabelian gauge

symmetry [41]. In this paper, we will assume that the kinetic mixing is zero to simplify the

discussion and to maximize the contrast between the positron and the antiproton fluxes

from the dark matter annihilations.

In this model, there are two phases for the extra U(1)Lµ−Lτ gauge symmetry depending

on the sign of µ2
φ :

• Unbroken phase: exact with ⟨φ⟩ = 0, µ2
φ > 0 and MZ

′ = 0,

• Spontaneously broken phase: by µ2
φ < 0, nonzero ⟨φ⟩ ≡ vφ ̸= 0, and MZ

′ ̸= 0

In the unbroken phase, the massless Z
′

contribute to the muon (g − 2)µ as in QED up to

the overall coupling:

∆aµ =
α

′

2π
. (2.4)

Currently there is about 3.4σ difference between the BNL data [47] and the SM predic-

tions [48] in (g − 2)µ:

∆aµ = aexp
µ − aSM

µ = (302 ± 88) × 10−11. (2.5)

The ∆aµ in (2.4) can explain this discrepancy, if α
′

∼ 2 × 10−8. However, this coupling

is too small for the thermal relic density to satisfy the WMAP data. The resulting relic

density is too high by a several orders of magnitude. Also the collider signatures will be

highly suppressed. Therefore we do not consider this possibility any more, and consider

the massive Z
′

case (broken phase) in the following.

In the broken phase, it is straightforward to calculate the Z
′

contribution to ∆aµ. We

use the result obtained in Ref. [43]:

∆aµ =
α

′

2π

∫ 1

0
dx

2m2
µx2(1 − x)

x2m2
µ + (1 − x)M2

Z
′

≈
α

′

2π

2m2
µ

3M2
Z

′

(2.6)

1Similar idea for the DM was considered in [45, 46] in the context of Stueckelberg U(1)X extension of

the SM model.

– 3 –

Here we ignored kinetic mixing for simplicity
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colliders. It is mainly because the production cross section at the Tevatron is suppressed

since Z ′ should be produced from the couplings to the 2nd and 3rd family leptons.

In the range 100 GeV ! MψD
! 10 TeV, α " 10−3 and 100 GeV ! MZ′ ! 1 TeV, the

relic density and ∆aµ constraints can be easily satisfied simultaneously while escaping the

current collider searches. We note that if the (g−2)µ constraint is not considered seriously

or if we assume there are other sector which saturate the (g − 2)µ upper bound, then all

the region in the right-hand side of the blue band is also allowed.

MΨD"10GeV

MΨD"100GeV

MΨD"1000GeV

1fb

10fb

100fb

1fb

10fb

0 1 2 3 4
#6

#5

#4

#3

#2

#1

log10!MZ’ "GeV#

log
10
!Α
’ #

Figure 1: The relic density of CDM (black), the muon (g − 2)µ (blue band), the production cross
section at B factories (1 fb, red dotted), Tevatron (10 fb, green dotdashed), LEP (10 fb, pink
dotted), LEP2 (10 fb, orange dotted), LHC (1 fb, 10 fb, 100 fb, blue dashed) and the Z0 decay
width (2.5 ×10−6 GeV, brown dotted) in the (log10 α

′

, log10 MZ
′ ) plane. For the relic density, we

show three contours with Ωh2 = 0.106 for MψD
= 10 GeV, 100 GeV and 1000 GeV. The blue band

is allowed by ∆aµ = (302± 88)× 10−11 within 3 σ.

3.2 Direct detection rates

Since we ignored the kinetic mixing between the new U(1) gauge boson and the SM U(1)Y
gauge boson Bµ, there would be no signal in direct DM detection experiments in this

model. The messenger Z
′

does not interact with electron, quarks or gluons inside nucleus.

Also there would be no excess in the antiproton flux in cosmic rays in this case, while one

could have an excess in the positron signal in a manner consistent with the PAMELA/Fermi

data. However there would be a small kinetic mixing between two U(1) gauge field strength

tensor. If we assume a small kinetic mixing θ(∼ 10−3 = 10−2) between the Z
′

µ and photon,

– 5 –

Neutrino trident puts strong  
constraints on this model

2

N N

µ+

µ�

�
�

k1
k2

p+

p�

q

k Z �

�

FIG. 1. The leading order contribution of the Z0 to neutrino
trident production (another diagram with µ+ and µ� reversed
is not shown). Other contributions at the same order in g0

are further suppressed by the Fermi scale.

is not directly relevant for our work, and thus we suppress
any additional pieces in (1) related to the corresponding
Higgs sector.

This model contributes to the neutrino trident pro-
duction at lowest order through the diagram shown in
Fig. 1. This contribution interferes with the SM contri-
bution coming from W±/Z exchange. In order to gain
insight into the di↵erent contributions, in what follows
we provide analytical results using the equivalent pho-
ton approximation (EPA) [14, 15]. Under the EPA, the
full cross-section of a muon-neutrino scattering with a
nucleus N is related to the cross-section of the neutrino
scattering with a real photon through,

�(⌫µN ! ⌫µNµ+µ�) =

Z
�(⌫µ� ! ⌫µµ

+µ�) P (s, q2) .(2)

Here, P (q2, s) is the probability of creating a virtual pho-
ton in the field of the nucleus N with virtuality q2 which
results in the energy being

p
s in the center-of-mass frame

of the incoming neutrino and a real photon. This proba-
bility is given by [16]

P (q2, s) =
Z2e2

4⇡2

ds

s

dq2

q2
F 2(q2) , (3)

where Ze and F (q2) are the charge and the electromag-
netic form-factor of the nucleus, respectively. The in-
tegral over s is done from 4m2 to 2E⌫q, with the muon
mass m and the neutrino energy E⌫ . The q integral has a
lower limit of 4m2/(2E⌫) and the upper limit is regulated
by the exponential form-factor. We thus concentrate on
the computation of the cross-section �(⌫µ� ! ⌫µµ+µ�).
Computations of the full ⌫µN ! ⌫µNµ+µ� process have
been performed in [17–22] in the context of the V-A the-
ory and of the SM.

We begin with the di↵erential cross-section for the
⌫� ! ⌫µ+µ� sub-process associated with a pure V-A
charged interaction between neutrinos and muons. It is
given symbolically by

d� =
1

2s
dPS3

0

@1

2

X

pol

|M1M2|
2

1

A G2

F
e2

2
, (4)

where GF =
p

2g2/(8M2

W
) is the Fermi constant. The

3-body phase-space (with correction of a typo in the cor-
responding expression of ref. [23]) is given by

dPS3 =
1

2

1

(4⇡)2
dt

2s

d`

2⇡
v
d⌦0

4⇡
, (5)

where ` = (p+ + p�)2 is the square of the invariant
mass of the µ+µ� pair, ⌦0 is the solid angle with re-
spect to the photon four-vector in the µ+µ� rest-frame,
v =

p
1 � 4m2/` is the velocity of each muon in that

frame, and t ⌘ 2k · q. M1 and M2 in (4) are the neutrino
and the muon-pair blocks in the amplitude, that form
the total amplitude according to M = GFep

2
M1M2. The

factor of 1/2 in (4) originates from the average over the
incoming photon polarizations.

Using M1,2 explicitly, and summing over spins and po-
larizations, we get (in agreement with result of ref. [16])

1

2

X

pol

|M1M2|
2

⌘ 512 |MV�A|
2

' 512 ⇥

 
(6)

(k1 · p+)(q · k2)(q · p�)

A2
+

(k2 · p�)(q · k1)(q · p+)

B2

+
2(k1 · p+)(k2 · p�)(p+ · p�)

AB
�

(k2 · p�)(p+ · p�)(q · k1)

AB

�
(k1 · p+)(p+ · p�)(q · k2)

AB
�

(k1 · p+)(k2 · p�)(q · p�)

AB

+
(k1 · p+)(k2 · p+)(q · p�)

AB
+

(k1 · p�)(k2 · p�)(q · p+)

AB

�
(k1 · p+)(k2 · p�)(q · p+)

AB

!
,

where A = (p� � q)2 � m2 and B = (q � p+)2 � m2.
The result for the full SM contribution together with the
Z0 vector-boson exchange can be obtained from the V-A
matrix-element contribution, if we neglect terms propor-
tional to the muon mass. The full square of the matrix-
element is defined as in Eq. (6) but with,

1

2

X

pol

|M1M2|
2 = 512 |MV�A|

2
⇥

1

2

 
C2

V
+ C2

A
(7)

�2CVC
(Z

0
)

V

m2

Z0

k2 � m2

Z0
+

✓
C(Z

0
)

V

m2

Z0

k2 � m2

Z0

◆2
!

.

Here, k is the momentum of the exchanged Z0 and the SM
coe�cients of the vector and axial-vector currents in the
interaction of muon-neutrinos with muons are CV = 1

2
+

2 sin2 ✓W , CA = 1

2
, with ✓W being the weak mixing angle.

The second line in Eq. (7) features the Z0 contribution
with the vector-current coe�cient defined as,

C(Z
0
)

V
= 4

M2

W

m2

Z0

g02

g2
=

v2
SM

v2
Z0

, (8)

where vSM = 246 GeV is the SM Higgs vacuum expecta-
tion value and v

Z0 = mZ0/g0.

3

Next we consider the phase-space integration. The to-
tal cross-section is obtained by integrating over the entire
solid angle ⌦0, ` < t < s, and 4m2 < ` < s. The inte-
gration over phase-space is best done first over the solid
angle, then over t and ` (see also ref. [23]). Keeping only
leading log terms in the muon mass we find the following
expression for the inclusive SM cross-section,

�(SM)
'

1

2

�
C2

V
+ C2

A

� 2G2

F
↵ s

9⇡2

✓
log

⇣ s

m2

⌘
�

19

6

◆
. (9)

The destructive interference between the charged and
neutral vector-boson contributions leads to a reduction
of about 40% of the SM cross-section compared to the
pure V-A theory. Our results corrects a missing factor of
2 in the corresponding expression in ref. [16].

In general we can write

�(SM+Z
0
) = �(SM) + �(inter) + �(Z

0
) , (10)

where the second term is the interference between the
SM and the Z0 contributions. In the heavy mass limit,
mZ0 �

p
s this can be expressed concisely as [13]

�(SM+Z
0
)

�(SM)
'

1 +
⇣
1 + 4 sin2 ✓W + 2v2

SM
/v2

Z0

⌘2

1 +
�
1 + 4 sin2 ✓W

�2 . (11)

This expression also holds for the di↵erential cross-
section in this limit, up to muon mass corrections.

In the limit of light Z0, mZ0 ⌧
p
s the expression is

more complex. In the leading log approximation, the
interference term is given by

�(inter)
'

GF
p

2

g02CV↵

3⇡2
log2

⇣ s

m2

⌘
. (12)

The Z0 contribution alone, for m ⌧ mZ0 ⌧
p
s, is

�(Z
0
)
'

1

m2

Z0

g04↵

6⇡2
log

✓
m2

Z0

m2

◆
, (13)

while for mZ0 ⌧ m ⌧
p
s it is

�(Z
0
)
'

1

m2

7g04↵

72⇡2
log

✓
m2

m2

Z0

◆
. (14)

As can be expected, at high mZ0 the Z0 contribution is ad-
ditive with respect to the SM one (as shown in Eq. (11))
and decouples as m�2

Z0 . For light Z0, on the other hand,
the cross-section is only log sensitive to mZ0 and the cen-
ter of mass energy of the event.

To get the total ⌫µN ! ⌫µNµ+µ� cross-section, the
real-photon contribution can be easily integrated against
the Weizsäcker-Williams probability distribution func-
tion, Eq. (2), in 4m2 < s < 2E⌫q and 4m2/(2E⌫) <
q < 1, with the q integral regulated by the form fac-
tor . Using a simple exponential form factor, we find
good agreement between our results from the EPA and
a direct numerical calculation of the full process follow-
ing [19]. As a cross check we also reproduced the trident

0.01 0.1 1 10 102 103

10-3

0.01

0.1

1

m Z ' HGeVL

g '

CCFR

Hg-2Lm ±2s

ZÆ4mûLHC

FIG. 2. Parameter space for the Z0 gauge boson. The light-
grey area is excluded at 95% C.L. by the CCFR measurement
of the neutrino trident cross-section. The grey region with
the dotted contour is excluded by measurements of the SM
Z boson decay to four leptons at the LHC [24, 25]. The
purple (dark-grey) region is favored by the discrepancy in the
muon g-2 and corresponds to an additional contribution of
�aµ = (2.9± 1.8)⇥ 10�9 to the theoretical value [26].

cross sections reported in [19, 22], for V-A theory and
for the SM, for various neutrino energies, using both the
EPA and the numerical calculation. For large mZ0 the
relative size of the Z0 contribution is independent of the
neutrino energy. For low mZ0 on the other hand, lower
neutrino energies lead to an enhanced sensitivity to the
Z0. Since the experimental searches employed a variety
of kinematical cuts, in determining the sensitivity to the
{g0,mZ0} parameter space we use full numerical results
for the phase-space integration rather than analytic ap-
proximations and keep the full dependence on the muon
mass.

Neutrino trident production has been searched for in
several neutrino beam experiments. Both the CHARM-
II collaboration [27] (using a neutrino beam with mean
energy of E⌫ ⇠ 20 GeV and a glass target) and the CCFR
collaboration [28] (using a neutrino beam with mean en-
ergy of E⌫ ⇠ 160 GeV and an iron target) reported detec-
tion of trident events and quoted cross-sections in good
agreement with the SM predictions,

�CHARM�II/�SM = 1.58 ± 0.57 , (15)

�CCFR/�SM = 0.82 ± 0.28 . (16)

(Corresponding results from NuTeV can also be used al-
beit with some caution due to a rather large di↵erence
in the background treatment between the initial report
[29] and the publication [30].) These results strongly
constrain the gauged Lµ � L⌧ model, and more gen-
erally any new force that couples to both muons and

Altmannshofer et al. 
arXiv:1406.2332 [hep-ph]

Seungwon Baek, Pyungwon Ko, 
arXiv:0811.1646, JCAP(2009) 

about PAMELA  excesse+

One can evade the neutrino trident constraint, if one introduces  
New fermions and generate muon g-2 at loop level w/ new fermions ! 



Z’ Only
• Consider light Z’ and  for the muon g-2. Then


•  : dominant annihilation channel


•  is too small for  to be effective for 


•  with the s-channel  resonance for the correct relic 
density


• Many recent studies on this case:

gX ∼ (a few) × 10−4

χχ̄ → Z′￼* → fSM f̄SM

gX ∼ 10−4 χχ̄ → Z′￼Z′￼ Ωχh2

mZ′￼ ∼ 2mDM Z′￼

- Asai, Okawa, Tsumura, 2011.03165

- Holst, Hooper, Krnjaic, 2107.09067

- Drees and Zhao, arXiv:2107.14528

- And some earlier papers



CAU seminar

Leptophilic  model + DM𝑍′￼

•  : dominant annihilation channels 
•  with the s-channel  resonance only gives the correct relic density

• Large DM charges

𝜒𝜒̄(𝑋𝑋̄) → 𝑍′￼
∗ → 𝜈𝜈̄

𝑀𝑍′￼~2𝑀𝜒 𝒁′￼

135

I. Holst. D. Hooper, G. Krnjaic, PRL 2022 M. Drees,  W. Zhao, PLB 2022

Asai, Okawa, Tsumura,  JHEP 2021

P. Foldenauer, PRD 2019
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FIG. 1. Regions inside the yellow and Green shaded areas
by the �aµ are allowed at 1� and 2� C.L.. Cyan, black, and
orange regions are excluded by other experimental bounds.
Above green solid line is ruled out by the Borexino experi-
ment. Region inside the orange area can resolve the Hubble
tension. We take two Benchmark Points (BP) (MZ0 , gX) as
BPI =(11.5MeV, 4⇥10�4) and BPII = (100MeV, 8⇥10�4).

following U(1)
X

charge assignments:

QX(µ, ⌫µ, ⌧, ⌫⌧ , X,�,�) = (1, 1,�1,�1, QX , Q�, Q�),
(2)

where X and � are complex scalar and Dirac fermion
DM [81], and � is dark Higgs that breaks U(1)X sponta-
neously with its nonzero VEV: �(x) = 1p

2
(v� + �(x)).

The model Lagrangian and various formulae in the inter-
action and mass bases are given in Appendix A.

In this model, the Z 0 contribution to �aµ at one-loop
is given by [29–31, 41]

�aµ =
↵X

2⇡

Z
1

0

dx
2M2

µ
x2(1� x)

x2M2
µ
+ (1� x)M2

Z0
, (3)

where ↵X = g2
X
/4⇡ with the gX being the U(1)X gauge

coupling constant. Taking gX ⇠ (4� 8)⇥ 10�4, Eq. (3)
can resolve the discrepancy in Eq. (1) in the MZ0 < Mµ

limit. The region for heavier MZ0 is excluded by the neu-
trino trident events in the muon-neutrino scattering with
a nucleus N , ⌫µN ! ⌫µNµ+µ� [45]. Data measured by
CHARM-II [82] and CCFR [83] Collaborations provide a
stringent constraint, which basically excludes the param-
eter region with MZ0 > O(1) GeV [31] [84]. In our study,
we take 2� exclusion limit from the CCFR data. There
are also constraints on (MZ0 , gX) plane from BaBar and
LHC searches for the 4µ channel, Borexino neutrino os-
cillation data, and �Ne↵ , which are summarized in the
Appendix B.

Considering all of the experimental bounds, the re-
maining parameter space for the �aµ in case of light
Z 0 is depicted in Fig. 1. In the following, we shall take
two benchmark points (11.5MeV, 4 ⇥ 10�4) [BPI] and
(MZ0 , gX) = (100MeV, 8⇥ 10�4) [BPII]. Note that the
Hubble tension can be relaxed in case of [BPI] with the
help of light Z 0 contributing to some amount of dark ra-
diation [85, 86]. In the main text, we show the results for
[BPI] only, relegating those for [BPII] in Appendix C.

SCALAR DM (X)

Generic Case: QX/Q� 6= ±1,±1/2,±1/3, etc.

Let us first consider complex scalar DM with a generic
QX/Q�. Then the gauge invariant and renormalizable
scalar DM Lagrangian is given by

LDM = |DµX|
2
�m2

X
|X|

2
� �HX |X|

2

✓
|H|

2
�

v2
H

2

◆
� ��X |X|

2

✓
|�|2 �

v2
�

2

◆
(4)

where DµX = (@µ + igXQXZ 0
µ
)X. Here we assume that

QX = 1, and Q� is chosen in such a way that there
are no gauge invariant operators up to dim-5 that would
make the DM X decay into the SM particles, so that
DM particle would be stable or long-lived enough [87,
88]. This case we call “generic” [89]. The ��H allows
the CP -even neutral components of � and H, � and
h respectively, to mix. The dark(SM)-Higgs-like mass
eigenstate is denoted as H1(2). Using the mixing angle
↵ 2 [�⇡/4,⇡/4], they are written as H1 = � cos↵ �

h sin↵, H2 = � sin↵ + h cos↵. In this work we assume
MH1 < MH2(= 125GeV). See Appendix A for more
details.

In Fig. 2, we depict the Feynman diagrams relevant

to the thermal relic density of complex scalar DM X. In
this case, the important channels for the correct DM relic
abundance turn out to be XX†

! H1H1, Z 0Z 0. Note
that the channels with H1 in the final states [Fig. 2, (Bot-
tom)] or in the s-channel propagator [Fig. 2, (Top) (b)]
would be possible only if the dark Higgs is included. Since
the U(1)X gauge coupling gX is small, the XX†

! Z 0Z 0

with t, u-channel [Fig. 2 (c),(d) or the contact interaction
(a)] would not be e�cient enough to dilute away DM par-
ticles, as noticed in previous works. The large enhance-
ment of the annihilation cross sections is possible either
by producing longitudinally polarized Z 0 [Fig. 2 (Top)
(b)] involving the s-channel dark Higgs boson propaga-
tor [90], or by taking large value of ��X [Fig. 2 (Bot-



Models with Φ

• Physics depends on  ,  and 


•  need special cares, since there are extra 
gauge invariant op’s that break  after  is 
spontaneously broken by nonzero VEV of  

QΦ QX Qχ

QΦ = 2QX(χ) and 3QX
U(1) → Z2 , Z3 U(1)

Φ

TABLE I: U(1) charge assignments of newly introduced particles and SM particles. The other SM

particles are singlet.

Field Z
0
µ X(�) � Lµ = (⌫Lµ, µL), µR L⌧ = (⌫L⌧ , ⌧L), ⌧R

spin 1 0 (1/2) 0 1/2 1/2

U(1) charge 0 QX(Q�) Q� +1 -1

II. U(1)Lµ�L⌧ MODEL WITH DARK HIGGS

The minimal model set-up is based on an SU(3)
c
⇥ SU(2)

L
⇥ U(1)

Y
⇥ U(1)

Lµ�L⌧
gauge

theory. This U(1)
Lµ�L⌧

gauge theory is anomaly-free without introducing additional chiral

fermions [15, 16]. The model lagrangian is written by

L = LSM �
1

4
Z 0µ⌫Z 0

µ⌫
� gX

�
¯̀
µ�

µ`µ � ¯̀
⌧�

µ`⌧ + µ̄R�
µµR � ⌧̄R�

µ⌧R
�
Z 0

µ

+ Dµ�
†Dµ�� ��

✓
�†��

v2
�

2

◆2

� ��H

✓
�†��

v2
�

2

◆✓
H†H �

v2

2

◆
+ LDM, (1)

where gX is the U(1)
Lµ�L⌧

gauge coupling, Dµ = @µ + igXQ�Z 0
µ
, � is new scalar.

The phase where U(1) symmetry is spontaneously broken is described by

�(x) =
1
p
2
(v� + �(x)) ,

where v� is vev of dark Higgs (see Table I). The Z 0 boson mass is given by

MZ0 = gX |Q�|v�. (2)

In the neutral two scalar bosons, we can define the mixing matrix O which is defined by
0

@ �

h

1

A = O

0

@ H1

H2

1

A ⌘

0

@ c↵ s↵

�s↵ c↵

1

A

0

@ H1

H2

1

A , (3)

where s↵(c↵) ⌘ sin↵(cos↵), �, h are the interaction eigenstates and Hi (i = 1, 2) are the

mass eigenstates with masses Mi, respectively. The mixing angle ↵ is defined by

tan 2↵ =
2��Hv�vH

2�Hv2H � 2��v2�
, (4)

where vH = 246 GeV is the vev of the SM Higgs.
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FIG. 2. (Top) Feynman diagrams for Complex scalar DM
annihilating to a pair of Z0 bosons. (Bottom) Feynman di-
agrams for Complex scalar DM annihilating to a pair of H1

bosons.

FIG. 3. Top: relic abundance of complex scalar DM as func-
tions of ��X for [BPI] for MX = 1, 10, 100, 1000GeV,
respectively. We assumed Q� = 1.1, MH1 = 1GeV, and
sin↵ = 10�4. Solid (Dashed) lines represent the region where
bounds on DM direct detection are satisfied (ruled out). Bot-
tom: the preferred parameter space in the (MH1 ,��X) plane
for �HX = 0.

tom)]. Light dark Higgs boson H1 also contributes to
DM scattering on nucleons, and the stringent bounds
from various direct detection experiments should be im-
posed. Explicit expressions and detailed discussions on
h�viZ0Z0,H1H1 and �SI are given in AppendixC1.

In the Top of Fig. 3, we show the DM relic abundance
⌦DMh2 as functions of ��X in case of [BPI], for MX = 1

(Red), 10 (Blue),100 (Purple), 1000 (Brown) GeV. The
gray horizontal line corresponds to ⌦DMh2 = 0.12. The
solid (dashed) region is allowed (excluded) by DM direct
detection experiments. In the Bottom of Fig. 3, we show
the contours for ⌦DMh2 = 0.12 in the (MH1 ,��X) plane
for the same choices of MX . Note that there is ample pa-
rameter space for DM mass beyondMZ0 ⇠ 2MX that can
reproduce the correct thermal relic density, which is one
of the main findings of this work. Notice that (Top)(b) of
Fig. 2 contributes dominantly to the total cross section of
XX†

! Z 0Z 0. For BPI, the relic density is determined
mainly by XX†

! H1H1, Z 0Z 0 below MH1 ⇠ 2MX . And
above theH1 resonance ,MH1 > 2MX , the relic density is
mostly determined by XX†

! Z 0Z 0 since XX†
! H1H1

channel is kinematically forbidden. As we can see from
Eqs. (33) and (34), the dominant terms of the annihila-
tion cross sections are not very sensitive to the change
of MH1 for MH1 < 2MX , while h�vreliZ0Z0 / �2

�X
/M4

H1

for MH1 > 2MX . These facts account for the behav-
ioral change in the plot below and above the resonance.
Similar plots for the [BPII] are shown in AppendixC1,
Fig. 7.

Local Z2 scalar DM: (QX , Q�) = (1, 2)

Now let us consider a special case Q� = 2 and QX = 1.
In this case, DM Lagrangian would have one more gauge
invariant operator at renormalizable level:

�LDM = �µ(X2�† +H.c.) (5)

to the generic case, Eq. (4). Then U(1)X will be broken
into its subgroup Z2 (X ! �X) after � gets nonzero
VEV, á la Krauss-Wilczek mechanism [91]. Such local
Z2 scalar DM model with dark photon has been studied
in the context of GC �-ray excess [66, 92] and XENON1T
excess [75], respectively. After the U(1) symmetry is bro-
ken by v� 6= 0, the µ�term is written as

µ
�
X2�† +H.c.

�
=

1
p
2
µv�(X

2

R
�X2

I
)

✓
1 +

�

v�

◆
, (6)

where X = (XR + iXI) /
p
2. This term gives rise to the

mass splitting between XR and XI :

M2

R
= M2

X
+
p
2µv�, M2

I
= M2

X
�
p
2µv�. (7)

Assuming µ > 0, we will take the lighter state XI as
DM. The mass splitting is represented by dimensionless
quantity, � ⌘ (MR �MI)/MI . Notice that dark photon
interaction with DM is o↵-diagonal(or inelastic):

L � gXZ 0µ (XR@µXI �XI@µXR) . (8)

For the benchmark point [BPI], there are two dom-
inant DM annihilation channels: XIXI ! Z 0Z 0, H1H1,
similarly to the generic case discussed in the previous

  and  (dark Higgs)H2 ≃ H125 H1 ≃ ϕ
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tions of ��X for [BPI] for MX = 1, 10, 100, 1000GeV,
respectively. We assumed Q� = 1.1, MH1 = 1GeV, and
sin↵ = 10�4. Solid (Dashed) lines represent the region where
bounds on DM direct detection are satisfied (ruled out). Bot-
tom: the preferred parameter space in the (MH1 ,��X) plane
for �HX = 0.

tom)]. Light dark Higgs boson H1 also contributes to
DM scattering on nucleons, and the stringent bounds
from various direct detection experiments should be im-
posed. Explicit expressions and detailed discussions on
h�viZ0Z0,H1H1 and �SI are given in AppendixC1.

In the Top of Fig. 3, we show the DM relic abundance
⌦DMh2 as functions of ��X in case of [BPI], for MX = 1

(Red), 10 (Blue),100 (Purple), 1000 (Brown) GeV. The
gray horizontal line corresponds to ⌦DMh2 = 0.12. The
solid (dashed) region is allowed (excluded) by DM direct
detection experiments. In the Bottom of Fig. 3, we show
the contours for ⌦DMh2 = 0.12 in the (MH1 ,��X) plane
for the same choices of MX . Note that there is ample pa-
rameter space for DM mass beyondMZ0 ⇠ 2MX that can
reproduce the correct thermal relic density, which is one
of the main findings of this work. Notice that (Top)(b) of
Fig. 2 contributes dominantly to the total cross section of
XX†

! Z 0Z 0. For BPI, the relic density is determined
mainly by XX†

! H1H1, Z 0Z 0 below MH1 ⇠ 2MX . And
above theH1 resonance ,MH1 > 2MX , the relic density is
mostly determined by XX†

! Z 0Z 0 since XX†
! H1H1

channel is kinematically forbidden. As we can see from
Eqs. (33) and (34), the dominant terms of the annihila-
tion cross sections are not very sensitive to the change
of MH1 for MH1 < 2MX , while h�vreliZ0Z0 / �2

�X
/M4

H1

for MH1 > 2MX . These facts account for the behav-
ioral change in the plot below and above the resonance.
Similar plots for the [BPII] are shown in AppendixC1,
Fig. 7.

Local Z2 scalar DM: (QX , Q�) = (1, 2)

Now let us consider a special case Q� = 2 and QX = 1.
In this case, DM Lagrangian would have one more gauge
invariant operator at renormalizable level:

�LDM = �µ(X2�† +H.c.) (5)

to the generic case, Eq. (4). Then U(1)X will be broken
into its subgroup Z2 (X ! �X) after � gets nonzero
VEV, á la Krauss-Wilczek mechanism [91]. Such local
Z2 scalar DM model with dark photon has been studied
in the context of GC �-ray excess [66, 92] and XENON1T
excess [75], respectively. After the U(1) symmetry is bro-
ken by v� 6= 0, the µ�term is written as

µ
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X2�† +H.c.
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=
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µv�(X
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where X = (XR + iXI) /
p
2. This term gives rise to the

mass splitting between XR and XI :

M2

R
= M2

X
+
p
2µv�, M2

I
= M2

X
�
p
2µv�. (7)

Assuming µ > 0, we will take the lighter state XI as
DM. The mass splitting is represented by dimensionless
quantity, � ⌘ (MR �MI)/MI . Notice that dark photon
interaction with DM is o↵-diagonal(or inelastic):

L � gXZ 0µ (XR@µXI �XI@µXR) . (8)

For the benchmark point [BPI], there are two dom-
inant DM annihilation channels: XIXI ! Z 0Z 0, H1H1,
similarly to the generic case discussed in the previous
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FIG. 7. The (Top) plots show the relic abundance of complex scalar DM for Q� = 1.1 as functions of dark Higgs mass
MH1 for [BPI] (Left) and [BPII] (Right). The (Bottom) plots show the relic density as functions of ��X (Left) and the
preferred parameter space in the (MH1 ,��X) plane for �HX = 0 (Right) for [BPII] . We take four di↵erent DM masses,
MX = 1, 10, 100, 1000GeV, respectively. Solid (Dashed) lines represent the region where bounds on DM direct detection are
satisfied (ruled out).

where S is symmetric factor. The thermal averaged cross section of XX†
! Z 0Z 0 is

h�vrel(XX†
! Z 0Z 0)i =

1

32⇡s
|M|2

✓
1�

4M2

Z0

s

◆1/2

. (34)

The Z 0
L
Z 0
L
final state gives the dominant contribution:

|M|2 '
s2

4M4

Z0
(��Xv�)

2

����

✓
c↵1

s�M2

H1
+ i�H1MH1

+
s↵2

s�M2

H2
+ i�H2MH2

◆����
2

, (35)

where

1 = 6�HvHs3
↵
� 6��v�c

3

↵
+ 3��HvHs↵c

2

↵
� 3��Hv�c↵s

2

↵
, (36)

2 = �6��v�c
2

↵
s↵ � 6�HvHs2

↵
c↵ + ��H

�
2c2

↵
s↵ � s3

↵

�
� ��HvH

�
c3
↵
� 2c↵s

2

↵

�
. (37)

The thermal DM can be detected by DM direct detection searches. Spin-independent DM-nucleon scattering cross
section is given by

�SI =
µ2

N

4⇡

✓
MN

MX

◆2 c4
↵

M4

H1

f2

N
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��X

v�
vH

t↵

✓
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H1

M2

H2

◆
� �HX

✓
t2
↵
+

M2

H1

M2

H2

◆�2
, (38)

where fN = 0.327 [104, 105], MN is the nucleon mass, and µN = MXMN/(MX +MN ). For MDM � 1GeV, The most
stringent bound comes from CRESST [106], DarkSide-50 [107] and XENON1T [108, 109], which can be evaded by
choosing small enough sin↵ and �HX ⇡ 0.

In the top panel of Fig. 7, we show the ⌦h2 as functions of MH1 for two [BP]’s. The bottom panel is for the
[BPII]: (Left) ⌦h2 as a function of ��X , and (Right) the allowed parameter space in the (MH1 ,��X). Solid (Dashed)

DM mass : much wider range than  
due to dark Higgs boson contributions

mZ′￼ ∼ 2mDM
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FIG. 8. (Top) Feynman diagrams for local Z2 scalar DM annihilatiing to a pair of Z0 bosons. (Bottom) Feynman diagrams
for local Z2 scalar DM annihilatiing to a pair of H1 bosons, which is mostly dark Higgs-like.

lines represent the region where bounds on DM direct detection are satisfied (ruled out). It is found that the scalar
DM can be thermal WIMP in wide mass ranges, outside MZ0 ⇠ (2 � 3)MX due to the contributions from the dark
Higgs � ' H1 that opens new contribution to Z 0Z 0 and new annihilation channel into H1H1.

C2. Local Z2 Scalar DM

Feynman diagrams for local Z2 scalar DM model are depicted in Fig. 8:
The thermal averaged cross section annihilating to a pair of Z 0 is

h�vrel(XIXI ! Z 0Z 0)i ⇡
1

32⇡s
|M|2

✓
1�

4M2

Z0

s

◆1/2

(39)

with

|M|2 '
s2

v2
�

����
�1c↵

s�M2

H1
+ i�H1MH1

+
�2s↵

s�M2

H2
+ i�H2MH2

����
2

, (40)

where �1 =
�
��Xv� �

p
2µ

�
c↵��HXvHs↵ and �2 =

�
��Xv� �

p
2µ

�
s↵+�HXvHc↵. Again the longitudinal Z 0

L
pair

will give the dominant contributions here. Neglecting Z 0 mass in the final states, the thermally averaged annihilation
cross sectionaround freeze-out temperature is

h�vrel(XIXI ! Z 0Z 0)i ⇡
1

8⇡

M2

I

v2
�

����
�1c↵

s�M2

H1
+ i�H1MH1

+
�2s↵

s�M2

H2
+ i�H2MH2

����
2

. (41)

Note that one can see the longitudinal enhancement e↵ect.
If kinematically allowed, the DM annihilation cross section into the dark Higgs boson is also possible:

h�vrel(XIXI ! H1H1)i ⇡
1

32⇡s

�
��Xc2

↵
+ �HXs2

↵

�2
s

1�
4M2

H1

s
(42)

In the local Z2 scalar DM case, there are two processes in DM direct detection. One is elastic scattering and the
other is inelastic scattering process. In our interesting parameter space where � � O(100)keV, inelastic scattering
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FIG. 9. (Left) Relic abundance of local Z2 scalar DM in case of [BPII]. We take �HX = 0, MH1 = 10GeV, and s↵ = 10�4.
All the lines satisfy the DM direct detection bound. (Right) Relic abundance of local Z2 scalar DM in the (MH1 ,��X) plane.

process does not happen. Thus, we will concentrate on elastic scattering process mediated by both the dark and the
SM Higgs bosons. In this case, the spin-independent elastic DM-nucleon scattering is given by

�SI =
µ2
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We choose small enough sin↵(' tan↵) and �HX in order to avoid the strong constraints from direct detections.

C3. Local Z3 scalar DM : (QX , Q�) = (1, 3)

There is another special case for the complex scalar DM: Q� = 3 and QX = 1, for which U(1)
X

! Z3 [65, 110] by
Krauss-Wilczek mechanism. The relevant Lagrangian is given by

LDM = DµX†DµX �m2

X
X†X � �HXX†X

✓
H†H �

v2
H

2

◆
� ��XX†X

✓
�†��

v2
�

2

◆
+ �3

�
X3�† +H.c.

�
.

In this case there appears a new mechanism, semi-annihilations XX ! X†H1, X†Z 0 in addition to the usual anni-
hilation channels XX†

! Z 0(�, h) ! (SM particles) [110]. Thus the mass scale of the complex scalar DM X can
be in a wide range, evading the mass relation, MZ0 ⇠ (2 � 3)MX , that was derived in the case with Z 0 only and
without H1. In Fig. 10, we show for di↵erent choices of ��X ⌦h2 as functions of �3 which controls the strength
of semi-annihilation. Since gX ⇠ O(10�4) is very small, the channel XX ! X†Z 0 is not important compared to
XX ! X†H1. Therefore the parameter �3 controlling the channel XX ! X†H1 becomes most important. This is
why two plots in the left and the right are almost identical for our choice of parameters. Once again, we observe that
the dark Higgs can modify DM phenomenology significantly and the allowed mass range for the complex scalar DM
X can be very far from MZ0 ⇠ 2MX for a special choice of dark charges, QX = 1 = Q�/3.

C4. Fermion DM: Generic Case

Generic Case: Q� 6= 2Q� = 2

For the generic case of Dirac fermion DM, the DM Lagrangian is given by

LDM = �(i /D �m�)�. (44)

In this case there is no direct renormalizable interactions between � and � for generic Q� (except for Q� = 2), which
is in sharp contrast to the scalar DM cases we discussed earlier. If we assume gX ⇠ O(10�4) for the muon (g � 2),
DM pair annihilation cross sections for ��̄ ! Z 0Z 0, Z 0H1 are ⇠ O(g4

X
). Therefore they are too small for the correct
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FIG. 4. Top: Relic abundance of local Z2 scalar DM as func-
tions of ��X for [BPI] and di↵erent values of mass splittings
(�). We take �HX = 0, MH1 = 10GeV, and s↵ = 10�4.
All the curves satisfy the DM direct detection bound. Bot-

tom: The preferred parameter space in the (MH1 ,��X) plane
for di↵erent values of �. The gray area is excluded by the
perturbative condition.

subsection. The corresponding Feynman diagrams are
similar to those in Fig. 2 with appropriate change of
X fields. The corresponding Feynman diagrams are de-
picted in Fig. 8 of Appendix C2, along with the relevant
expressions for h�vi.

In Fig. 4, we show the DM relic density as func-
tions of ��X for the [BPI] for MI = 1, 10, 102, 103GeV
and � = 1, 0.1, 0.01 with fixed MH1 = 10GeV and
sin↵ = 10�4. The new parameter µ makes the pre-
diction for the relic density significantly di↵erent from
the generic case we considered in the previous section.
For the light DM we can obtain the correct relic density
via XIXI ! Z 0Z 0 while for the heavy DM the chan-
nel XIXI ! H1H1 becomes relevant as well. In Top of
Fig. 4, as � increases the DM coupling with H1 becomes
stronger, reducing the relic abundance. Note also that we
can see bump-like shape. This happens due to the can-
cellation between ��Xv� and µ. In Bottom of Fig. 4, we
again see that the XIXI ! H1H1, Z 0Z 0 dominates below

the resonance region MH1 ⇠ 2MX while XIXI ! Z 0Z 0

takes over above the resonance. Near the resonance re-
gion co-annihilation XIXR ! Z 0H1 contributes to the
relic density. However, this e↵ect is sub-dominant. If we
took even smaller � such as � < 10�3, we could get the
correct relic density for the heavier DM upto a few TeV
through XIXI(XRXR) ! H1H1, Z 0Z 0 channels.

For the DM direct detection, there are two processes in
this case: one is elastic scattering and the other is inelas-
tic scattering process. In the parameter space yielding
the correct DM relic density, one has � � O(100)keV, so
that inelastic scattering process does not happen. Thus,
we consider only the Higgs-mediated elastic scattering
process, the cross section of which is given in Appendix
C2. It turns out that the parameters chosen in Fig. 4
satisfy the bounds on the DM direct detections.

Another special case for the scalar DM case is for Q� =
3QX = 3, for which U(1)X ! Z3. In this case too, one
can accommodate both �aµ and thermal WIMP DM for
MZ0 ⇠ (10 � 100) MeV, gX ⇠ 10�4 with a much wider
range of DM mass due to the semi-annihilation channels,
XX ! X†H1, as well as XX†

! H1H1. More detailed
discussion on this case can be found in Appendix C3.

LOCAL Z2 FERMION DM: Q� = 2Q� = 2

For Dirac fermion DMmodel [93], let us consider a spe-
cial case Q� = 2Q� = 2, for which the DM Lagrangian
at renormalizable level is modified as

LDM = �(i /D �m�)��

⇣
y��C��† +H.c.

⌘
. (9)

Again the symmetry breaking pattern is U(1)X ! Z2 (lo-
cal Z2 fermion DM) due to the nonzero v�. This model
is a dark gauge model for inelastic fermion DM, and has
been studied in the context of DM bound state forma-
tion in Ref. [68] and the XENON1T excess in Ref. [75],
respectively. In this model the light dark Higgs contribu-
tion to the DM self-interaction and the relic density has
been considered in [94].

After U(1)X symmetry breaking with nonzero y�, the
original Dirac fermion � is decomposed into two Majo-
rana fermions (�R and �I) with mass splitting / v�:

� ⌘ MR �MI = 2y�v�. (10)

Assuming y� > 0, we have � > 0, and the lighter state
�I becomes Majorana fermion DM, with �R being its
excited state. Then the Lagrangian of DM is written as

LDM =
1

2

X

i=R,I

�̄i (i@µ�
µ
�Mi)�i � i

gX
2
Z 0
µ
(�̄R�

µ�I � �̄I�
µ�R)�

1

2
y� (c↵H1 + s↵H2) (�̄R�R � �̄I�I) . (11)

DM mass : much wider range than  
due to dark Higgs boson contributions

mZ′￼ ∼ 2mDM
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FIG. 5. Feynman diagrams of local Z2 fermion DM (co-
)annihilating into a pair of Z0 bosons and H1 bosons (Top),
and Z0 +H1 (Bottom).

First let us consider thermal relic density within the
standard freeze-out mechanism. Note that the new sin-
glet scalar � plays a crucial role for the fermionic DM in
this model to be thermal WIMP. And DM mass can be
very heavy up to ⇠ O(a few) TeV. This result is in sharp
contrast with the results obtained in the literature where
the Z 0 mass is assumed to be generated by Stückelberg
mechanism, ignoring the dark Higgs boson. In particular
the (co-)annihilation channel involving H1 plays a dom-
inant role in determining the relic density. Note that
these annihilation channels are completely missing in the
usual approach. The corresponding Feynman diagrams
are described in Fig. 5.

DM direct detection in local Z2 fermion DM case sim-
ilar to the local Z2 scalar DM case (see Appendix C5 for
the detail). Imposing this constraint, we get the plots in
the bottom of Fig. 6, where the dashed lines are excluded
by DM direct detection experiments. Still there is am-
ple parameter space for heavy DM mass MI , far beyond
MI ⇠ MZ0/2 ⇠ O(10� 100)MeV.

In the Top of Fig. 6, we plot ⌦DMh2 as functions of
� in case of the [BPI], for MH1 = 5GeV and di↵erent
DM masses MI = 1, 10, 102, 103GeV. The most domi-
nant contribution comes from �I�I ! Z 0Z 0, H1H1 and
�I�R ! H1Z 0. Solid lines denote the region which sat-
isfy the DM direct detection bounds. Note that the
smaller splitting � is required for heavy fermion DM
to satisfy the relic abundance. In case of [BPI], co-
annihilation is important when DM is heavy and the mass
splitting is small, since the t-channel diagram of the co-
annihilation also has y� coupling. In case of [BPII],
co-annihiation is not that important for the correct ⌦h2,
since v� is large. In the (Bottom) of Fig. 6, we show
the contours of ⌦h2 = 0.12 in the (MH1 ,�) plane for
the same choices of MI . Similar plots for the [BPII] are
shown in AppendixC5, Fig. 11.

FIG. 6. Top: Dark matter relic density as functions of mass
splitting � for [BPI] and for di↵erent values of DM mass,
MI = 1, 10, 100, 1000GeV. Solid (Dashed) lines denote the re-
gion where bounds on DM direct detection are satisfied (ruled
out). Bottom: Preferred parameter space in the (MH1 ,�)
plane for di↵erent DM masses. The gray region is ruled out
by the perturbativity condition on ��.

CONCLUSIONS

In this work, we considered the �aµ and thermal
dark matter, both scalar and Dirac fermion DM, in the
U(1)Lµ�L⌧ extensions of the SM. �aµ can be accom-
modated for MZ0 ' O(10)MeV and gX ' 10�4, for
which thermal DM could be achieved near the Z 0 res-
onance region only with MZ0 ⇠ 2MDM, if we do not
include the dark Higgs boson. A noble feature of this
work is that we have included the contributions of the
dark Higgs boson which were ignored in the earlier lit-
erature. Details of the DM phenomenology depend on
the U(1) charge assignments to the DM and the dark
Higgs (�) fields. U(1)Lµ�L⌧ symmetry can be broken
generically or in a special way into Z2 (inelastic scalar
or fermion DM models) or Z3 scalar DM model. New
DM (co-)annihilation channels involving the dark Higgs
boson can open DM + DM ! H1H1, H1Z 0 as well as
DM + DM ! H1 ! Z 0Z 0. In the latter process, there
is an enhancement in the longitudinal Z 0 pair produc-
tion. Thanks to these newly open channels, the DM
mass range becomes much wider from GeV to O(a few)
TeV, dissecting the tight correlation between MZ0 and
MDM: MZ0 ⇠ 2MDM. Our analysis clearly shows that
DM phenomenology with a massive dark photon can not
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FIG. 11. (Top) Dark matter relic density as functions of dark Higgs mass MH1 for [BPI] (Left) and [BPII] (Right) (Bottom-

Left) Dark matter relic density as functions of � for [BPII], and (Bottom-right) Preferred parameter region in the (�,MH1)
plane. Solid (Dashed) lines denote the region where bounds on DM direct detection are satisfied (ruled out).
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FIG. 5. Feynman diagrams of local Z2 fermion DM (co-
)annihilating into a pair of Z0 bosons and H1 bosons (Top),
and Z0 +H1 (Bottom).

First let us consider thermal relic density within the
standard freeze-out mechanism. Note that the new sin-
glet scalar � plays a crucial role for the fermionic DM in
this model to be thermal WIMP. And DM mass can be
very heavy up to ⇠ O(a few) TeV. This result is in sharp
contrast with the results obtained in the literature where
the Z 0 mass is assumed to be generated by Stückelberg
mechanism, ignoring the dark Higgs boson. In particular
the (co-)annihilation channel involving H1 plays a dom-
inant role in determining the relic density. Note that
these annihilation channels are completely missing in the
usual approach. The corresponding Feynman diagrams
are described in Fig. 5.

DM direct detection in local Z2 fermion DM case sim-
ilar to the local Z2 scalar DM case (see Appendix C5 for
the detail). Imposing this constraint, we get the plots in
the bottom of Fig. 6, where the dashed lines are excluded
by DM direct detection experiments. Still there is am-
ple parameter space for heavy DM mass MI , far beyond
MI ⇠ MZ0/2 ⇠ O(10� 100)MeV.

In the Top of Fig. 6, we plot ⌦DMh2 as functions of
� in case of the [BPI], for MH1 = 5GeV and di↵erent
DM masses MI = 1, 10, 102, 103GeV. The most domi-
nant contribution comes from �I�I ! Z 0Z 0, H1H1 and
�I�R ! H1Z 0. Solid lines denote the region which sat-
isfy the DM direct detection bounds. Note that the
smaller splitting � is required for heavy fermion DM
to satisfy the relic abundance. In case of [BPI], co-
annihilation is important when DM is heavy and the mass
splitting is small, since the t-channel diagram of the co-
annihilation also has y� coupling. In case of [BPII],
co-annihiation is not that important for the correct ⌦h2,
since v� is large. In the (Bottom) of Fig. 6, we show
the contours of ⌦h2 = 0.12 in the (MH1 ,�) plane for
the same choices of MI . Similar plots for the [BPII] are
shown in AppendixC5, Fig. 11.
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FIG. 6. Top: Dark matter relic density as functions of mass
splitting � for [BPI] and for di↵erent values of DM mass,
MI = 1, 10, 100, 1000GeV. Solid (Dashed) lines denote the re-
gion where bounds on DM direct detection are satisfied (ruled
out). Bottom: Preferred parameter space in the (MH1 ,�)
plane for di↵erent DM masses. The gray region is ruled out
by the perturbativity condition on ��.

CONCLUSIONS

In this work, we considered the �aµ and thermal
dark matter, both scalar and Dirac fermion DM, in the
U(1)Lµ�L⌧ extensions of the SM. �aµ can be accom-
modated for MZ0 ' O(10)MeV and gX ' 10�4, for
which thermal DM could be achieved near the Z 0 res-
onance region only with MZ0 ⇠ 2MDM, if we do not
include the dark Higgs boson. A noble feature of this
work is that we have included the contributions of the
dark Higgs boson which were ignored in the earlier lit-
erature. Details of the DM phenomenology depend on
the U(1) charge assignments to the DM and the dark
Higgs (�) fields. U(1)Lµ�L⌧ symmetry can be broken
generically or in a special way into Z2 (inelastic scalar
or fermion DM models) or Z3 scalar DM model. New
DM (co-)annihilation channels involving the dark Higgs
boson can open DM + DM ! H1H1, H1Z 0 as well as
DM + DM ! H1 ! Z 0Z 0. In the latter process, there
is an enhancement in the longitudinal Z 0 pair produc-
tion. Thanks to these newly open channels, the DM
mass range becomes much wider from GeV to O(a few)
TeV, dissecting the tight correlation between MZ0 and
MDM: MZ0 ⇠ 2MDM. Our analysis clearly shows that
DM phenomenology with a massive dark photon can not

DM mass : much wider range than  
due to dark Higgs boson contributions

mZ′￼ ∼ 2mDM



Conclusion
• DM physics with massive dark photon can not be complete without 

including dark gauge symmetry breaking mechanism, e.g. dark 
Higgs field , which have been largely ignored by DM community 
(or some ways other than dark Higgs to provide dark photon mass) 


• Many examples show the importance of  in DM phenomenology,  
astroparticle physics and cosmology


• Once  is included, can accommodate the muon g-2 and thermal 
DM without the s-channel resonance condition  


•  : essentially free, whereas  MeV and 
 can explain the muon (g-2)

ϕ

ϕ

ϕ
mZ′￼ ∼ 2mDM

mDM mZ′￼ ∼ O(10 − 100)
gX ∼ O(10−4)



Conclusion
• If there is massive vector boson, one has to specify 

(i) the origin of its mass, (ii) anomaly cancellation, 
and (iii) check if one can write down Yukawa 
interactions for the SM fermions, before delving 
into phenomenology. 


• Otherwise results can be misleading/wrong.


• If you consider MVB in Proca or Stueckelberg, 
there could be a lower bound on  , unless it 
couples to a conserved current  

mV


