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After the Higgs boson discovery, 
we are deeply depressed 

• What would be the next ?


• Let me experiment with new ideas (not on SUSY, RS, 
(partially) composite Higgs boson, etc..), while waiting for 
exciting news from various experiments/observations


• Personal favorite : (chiral) gauge principle, (local) scale 
invariance for gravity (Weyl quadratic gravity) in particle 
physics and cosmology


• Note that both gauge principle and general covariance 
extremely well tested in many different circumstances  



Contents
• Ingredients of the extremely successful SM 


• Examples of importance of gauge sym in DM physics


• Motivations for U(1)H extensions of 2HDM


• Type-I 2HDM (including Inert 2HDM), Type-II 2HDM


• New chiral gauge sym requires more Higgs doublets


• Side remark on Classical scale invariance (CSI)


• Conclusion



Ingredients of the 
extremely successful SM 
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The New Minimal Standard Model

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

(Dated: May 11, 2004)

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

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

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

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

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

√
−g):

LMSM = −
1

2g2
s

TrGµνGµν −
1

2g2
TrWµνWµν

−
1

4g′2
BµνBµν + i

θ

16π2
TrGµνG̃µν + M2

PlR

+|DµH |2 + Q̄iiD̸Qi + ŪiiD̸Ui + D̄iiD̸Di

+L̄iiD̸Li + ĒiiD̸Ei −
λ

2

(

H†H −
v2

2

)2

−
(

hij
u QiUjH̃ + hij

d QiDjH + hij
l LiEjH + c.c.

)

.(1)

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

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

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

Based on local gauge principle



• Only Higgs (~SM) and Nothing Else so far 
at the LHC (No SUSY, KK, etc..)


• Our perception for the fine tuning problem 
is to be modified (revised) ???


• Nature is surely described by Local Gauge 
Theories and QFT works


• All the observed particles carry some 
gauge charges (no gauge singlets observed 
so far)


• And no higher dim representations for 
matter fields (gauge fields~adj)



Phenomonological 
Motivations for BSM

• Neutrino masses and mixings


• Baryogenesis


• Inflation (inflaton)


• Nonbaryonic DM


• Origin of EWSB and Cosmological 
Const ?

Leptogenesis & many other ways

Starobinsky & Higgs Inflations

Many candidates for CDM

Can we attack these problems ?

?



Ingredients of the SM
• Success of the Standard Model of 

Particle Physics lies in Poincare 
sym + “local gauge symmetry” 
without imposing any internal 
global symmetries 


• electron stability : U(1)em gauge 
invariance, electric charge 
conservation


• proton longevity : baryon # is an 
accidental sym; proton composite


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


• Only fundamental rep’s



Ingredients of the SM
• Success of the Standard Model of 

Particle Physics lies in Poincare 
sym + “local gauge symmetry” 
without imposing any internal 
global symmetries 


• electron stability : U(1)em gauge 
invariance, electric charge 
conservation


• proton longevity : baryon # is an 
accidental sym; proton composite


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


• Only fundamental rep’s

P, C invariance of low energy QED, QCD :  
accidental sym of  the SM



SM vs. DM models
• 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)

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


• electron stability : U(1)em gauge 
invariance, electric charge 
conservation


• proton longevity : baryon # is an 
accidental sym; proton composite


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


• Only fundamental rep’s



In QFT
• DM could be absolutely stable due to  

unbroken local gauge symmetry (DM 
with local Z2, Z3 etc.) or topology (hidden 
sector monopole + vector DM + dark 
radiation)


• Longevity of DM could be due to some 
accidental symmetries (hidden sector 
pions and baryons)


• In any case, DM models with local dark 
gauge symmetry ~ the success of the 
SM



Examples of importance 
of gauge symmetry in  

DM physics



WIMP with ad hoc Z2 sym

• Global sym. is not enough since

• SM is guided by gauge principle

⇒ WIMP is unlikely to be stable

It looks natural and may need to consider 
a gauge symmetry in dark sector, too.

Observation requires [M. Ackermann et al. (LAT Collaboration), PRD 86, 022002 (2012)]

⌧DM & 1026�30sec )

⇢
m� . O(10)keV
m . O(1)GeV

�Lint =

(
�

�
MP

Fµ⌫Fµ⌫ for boson
�

1
MP

 ̄�
µ
Dµ`LiH

† for fermion

 13



Why Dark Symmetry ?
• Is DM absolutely stable or very long lived ?


• If DM is absolutely stable, one can assume 
it carries a new conserved dark charge, 
associated with unbroken dark gauge sym


• DM can be long lived (lower bound on DM 
lifetime is much weaker than that on 
proton lifetime) if dark sym is 
spontaneously broken

Higgs is harmful to weak scale DM stability



• Very popular alternative to SUSY LSP


• Simplest in terms of the # of new dof’s


• But, where does this Z2 symmetry come 
from ?


• Is it Global or Local ?

Z2 sym Scalar DM

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

33



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 !



• 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



Scalar dark matter stabilized by local Z2 symmetry
and the INTEGRAL 511 keV � ray

P. Ko
⇤

and Wan-Il Park
†

School of Physics, KIAS, Seoul 130-722, Korea
(Dated: February 13, 2013)

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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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)

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)
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2, ..

�
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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
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X
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�
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Model Lagrangian

• X : scalar DM (XI and XR, excited DM)


• phi : Dark Higgs


• X_mu : Dark photon 


• 3 more fields than Z2 scalar DM model


• Z2 Fermion DM can be worked out too

Global vs. Local Z2 Symmetries for Real Scalar Dark Matter

Seungwon Baek,⇤ P. Ko,† and Wan-Il Park‡

School of Physics, KIAS, Seoul 130-722, Korea

(Dated: July 25, 2014)

We present a scalar dark matter (DM) model where DM (XI) is stabilized by local Z2 symmetry
originating from a spontaneously broken local dark U(1)X . Compared with the usual scalar DM

with global Z2 symmetry, the local Z2 model possesses three new extra fields, dark photon Z
0
,

dark Higgs � and the excited partner of scalar DM (XR), with kinetic and Higgs portal interactions
dictated by local dark gauge invariance. The resulting model can accommodate thermal relic density
of scalar DM without conflict with the invisible Higgs branching ratio and the bounds from DM
direct detections due to the newly opened channels, XIXI ! Z

0
Z

0
,��. In particular, due to the

new particles, the GeV scale �-ray excess from the Galactic Center (GC) can be originated from the
decay of non-SM Higgs which is produced in DM annihilations. Also the muon (g� 2) anomaly can
be explained if the mass of dark photon is around ⇠ 20 MeV with the kinetic mixing of O(10�3).

INTRODUCTION

One of the great mysteries of particle physics and cos-
mology is the so called nonbaryonic dark matter (DM)
which occupies about 27 % of the energy density of the
present universe [1, 2]. DM particle should be very long-
lived or absolutely stable, and interact with photon or
gluon very weakly (no renormalizable interaction), but
otherwise its properties are largely unknown.

The simplest DM model is the real scalar DM model
described by the Lagrangian [3–6]:

LDM =
1

2
@µS@

µS �
m2

S

2
S2

�
�HS

2
S2H†H �

�S

4!
S4, (1)

with Z2 symmetry (S ! �S). This model has been
studied extensively in literature, and could be considered
as a canonical model for non-supersymmetric DM.

However Z2 symmetry in Eq. (1) is not usually spec-
ified whether it is global or local. If it were global, it
may be broken by gravity e↵ects, described by higher
dimensional nonrenormalizable operators such as

LZ2breaking =
c5

MPlanck
SO(4)

SM

where O(4)
SM is any dim-4 operator in the SM such as

Gµ⌫Gµ⌫ or Yukawa interactions, etc.. Such a dim-5 op-
erator makes the scalar DM S decay immediately unless
its mass is vey light . O(1) keV if c5 ⇠ O(1) [7]. There-
fore global Z2 would not be enough to stabilize or make
long-lived the weak scale DM S, and it would be better
to use local Z2 symmetry to stabilize weak scale DM [7].

This new local gauge symmetry has another nice fea-
ture that DM also has its own gauge interaction just as
all the SM particles do feel some gauge interaction, with
a possibility of strong self interaction for light dark gauge
bosons and/or dark Higgs [8]. Dark gauge symmetry can
be realized naturally in superstring theory, for example,
where the original gauge group with a huge rank is bro-
ken into GSM ⇥GDark.
In this letter, we propose a simple scalar dark matter

model based on a local Z2 discrete symmetry originated
from a spontaneously broken local U(1)X , and investi-
gate its phenomenology including relic density, possibil-
ities of direct/indirect detections and addressing GeV
scale �-ray excess in Fermi-LAT �-ray data in the di-
rection of the Galactic Center (GC). In local Z2 model,
there are 3 new extra fields (dark Higgs, dark photon, an
unstable excited dark scalar XR) dictated by local dark
gauge symmetry. Due to the additional fields and pre-
sumed local dark gauge symmetry, the phenomenology
of dark matter is expected to be distinctly di↵erent from
the usual Z2 scalar DM model described by Eq (1).

MODEL

Let us assume the dark sector has local U(1)X gauge
symmetry with scalar dark matter X and dark Higgs
� with U(1)X charges equal to qX(X,�) = (1, 2) [9].
The local U(1)X is spontaneously broken into local Z2

subgroup by nonzero VEV of �, v�. Then the model
Lagrangian invariant under local dark gauge symmetry
is given by

L = LSM �
1

4
X̂µ⌫X̂

µ⌫
�

1

2
sin ✏X̂µ⌫B̂

µ⌫ +Dµ�D
µ�+DµX

†DµX �m2
X
X†X +m2

�
�†�

���

�
�†�

�2
� �X

�
X†X

�2
� ��XX†X�†�� ��H�†�H†H � �HXX†XH†H � µ

�
X2�† +H.c.

�
. (2)
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decay of non-SM Higgs which is produced in DM annihilations. Also the muon (g� 2) anomaly can
be explained if the mass of dark photon is around ⇠ 20 MeV with the kinetic mixing of O(10�3).

INTRODUCTION

One of the great mysteries of particle physics and cos-
mology is the so called nonbaryonic dark matter (DM)
which occupies about 27 % of the energy density of the
present universe [1, 2]. DM particle should be very long-
lived or absolutely stable, and interact with photon or
gluon very weakly (no renormalizable interaction), but
otherwise its properties are largely unknown.

The simplest DM model is the real scalar DM model
described by the Lagrangian [3–6]:

LDM =
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S
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�HS
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S2H†H �
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4!
S4, (1)

with Z2 symmetry (S ! �S). This model has been
studied extensively in literature, and could be considered
as a canonical model for non-supersymmetric DM.

However Z2 symmetry in Eq. (1) is not usually spec-
ified whether it is global or local. If it were global, it
may be broken by gravity e↵ects, described by higher
dimensional nonrenormalizable operators such as

LZ2breaking =
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SO(4)

SM

where O(4)
SM is any dim-4 operator in the SM such as

Gµ⌫Gµ⌫ or Yukawa interactions, etc.. Such a dim-5 op-
erator makes the scalar DM S decay immediately unless
its mass is vey light . O(1) keV if c5 ⇠ O(1) [7]. There-
fore global Z2 would not be enough to stabilize or make
long-lived the weak scale DM S, and it would be better
to use local Z2 symmetry to stabilize weak scale DM [7].

This new local gauge symmetry has another nice fea-
ture that DM also has its own gauge interaction just as
all the SM particles do feel some gauge interaction, with
a possibility of strong self interaction for light dark gauge
bosons and/or dark Higgs [8]. Dark gauge symmetry can
be realized naturally in superstring theory, for example,
where the original gauge group with a huge rank is bro-
ken into GSM ⇥GDark.
In this letter, we propose a simple scalar dark matter

model based on a local Z2 discrete symmetry originated
from a spontaneously broken local U(1)X , and investi-
gate its phenomenology including relic density, possibil-
ities of direct/indirect detections and addressing GeV
scale �-ray excess in Fermi-LAT �-ray data in the di-
rection of the Galactic Center (GC). In local Z2 model,
there are 3 new extra fields (dark Higgs, dark photon, an
unstable excited dark scalar XR) dictated by local dark
gauge symmetry. Due to the additional fields and pre-
sumed local dark gauge symmetry, the phenomenology
of dark matter is expected to be distinctly di↵erent from
the usual Z2 scalar DM model described by Eq (1).
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Let us assume the dark sector has local U(1)X gauge
symmetry with scalar dark matter X and dark Higgs
� with U(1)X charges equal to qX(X,�) = (1, 2) [9].
The local U(1)X is spontaneously broken into local Z2

subgroup by nonzero VEV of �, v�. Then the model
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is given by
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• Some DM models with Higgs portal

DM

DM

𝜙

𝜙

Vector DM with Z2

Scalar DM with local Z2

[1404.5257, P. Ko, WIP & Y. Tang]

[1407.6588, Seungwon Baek, P. Ko & WIP]

- muon (g-2) as well as GeV scale gamma-ray excess explained
- natural realization of excited state of DM
- free from direct detection constraint even for a light Z’

➣

➣

[1406.2980, BaBar collaboration]

Z 0

�aµ ⇡ ↵em✏2

2⇡ cos ✓2W

(for mZ0 . mµ)



Talk by T. Matsui

• Local Z2 Fermion DM (similiar to the local Z2 scalar DM)


• Dark Higgs can play a very important role in DM 
phenomenology (relic density, indirect detection 
signatures, etc.), whereas it was largely ignored in most 
earlier literature



Gauge symmetries for  
(Stable) Vector Dark Matter

• Phenomenological models : Lebedev, Lee, Mambrini (2012) 
VDM + Higgs portal (EFT);  Farzan and Akbarieh (2012), 
Baek, Ko, Park, Senaha (2012), Duch, Grzadkowski, 
McGarrie (2015), renormalizable models for VDM


• Completely broken dark gauge symmetries : Hambye (2009) 
dark SU(2);  Gross, Lebedev, Mambrini (2015) completely 
broken SU(2), SU(3) [VDM decays because of dim>=5 op’s]


• Dark gauge sym with unbroken subgroups : Baek, Ko, Park 
(2013) SO(3) broken to SO(2)~U(1), hidden sector (or dark 
monopole) + stable VDM ; Ko and Tang (2016), SU(3) broken 
to SU(2), stable VDM + Non-Abelian DR  



Higgs portal Vector DM

• Although this model looks renormalizable, it 
is not really renormalizable, since there is no 
agency for vector boson mass generation


• Need to a new Higgs that gives mass to VDM


• A complete model should be something like 
this:

3.6 Comparison with the e↵ective lagrangian approach

In this subsection, we would like to compare our model with the so-called Higgs

portal fermion dark matter model [22], where the singlet scalar S is presumed to be

integrated out, resulting in the following model lagrangian:

Le↵ =  

✓
m0 +

H†H

⇤

◆
 . (3.13)

Within this model, there is only one Higgs boson and its coupling to the DM is

strongly constrained by the direct detection experiments. This result is very di↵er-

ent from our analysis [2], where there is a generic cancellation between H1 and H2

contributions in the direct detection rates. In fact, �SI depends also on (sin↵ cos↵)2,

and it becomes zero when we ignore the mixing between the SM Higgs boson and the

singlet scalar S (see Eq. (3.16) of Ref. [2]). This result can never be obtained in the

approach based on the above e↵ective lagrangian (3.13). In our case the correlation

between Hi� � and the direct detection cross section is not that strong compared

with the results in Ref. [22]. It is important to consider the renormalizable models

in order to discuss phenomenology related with the singlet fermion dark matter and

Higgs bosons.

The same arguments also applies to the Higgs portal vector DM models, which

is assumed to be described by the following lagrangian:

L = �m2

V
VµV

µ
�
�V H

4
H†HVµV

µ
�
�V
4
(VµV

µ)2 . (3.14)

Although this lagrangian looks power-counting renormalizable, it is not really renor-

malizable. This is well known from the old intermediate vector boson theory for

weak gauge boson W±. In order to give a mass to a spin-1 gauge boson, we need

some symmetry breaking agency. Assuming a new complex scalar �X breaks the

gauge symmetry spontanesouly, one ends up with a new scalar boson from �X which

would mix with the SM Higgs boson by Higgs portal. Therefore there will be two

Higgs-like scalar boson in the end, and phenomenology in the scalar sector should

be similar to that of the model described here and in Ref. [2]. We leave the detailed

discussions of this issue for the future publication [21].

4 Vacuum structure

Because of the presence of the singlet scalar, the vacuum structure of this model is

not that trivial. Since the Higgs potential is the quartic function of the Higgs fields

(at the tree level), there could be another nondegererate local minimum in the singlet

Higgs direction unless some symmetry exists. If that is the case, our EW vacuum

may not be global and its stability is unclear. In addition to this, as we mentioned

in Introduction, the EW vacuum could be destabilized at a high energy scale by the

– 9 –



             here

• There appear a new singlet scalar h_X from phi_X , which mixes 
with the SM Higgs boson through Higgs portal

• The effects must be similar to the singlet scalar in the fermion 
CDM model, and generically true in the DM with dark gauge sym

• Important to consider a minimal renormalizable and unitary 
model to discuss physics correctly [Baek, Ko, Park and Senaha, arXiv:
1212.2131 (JHEP)]

• Can accommodate GeV scale gamma ray excess from GC
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1 Introduction

In this paper, we revisit the Higgs-portal vector DM which is a U(1)X gauge boson including

the hidden sector scalar that would break U(1)X and give the mass to the vector DM Xµ.

2 Abelian Model

2.1 Abelian Model for vector dark matter

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

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

matter fields charged under U(1)X except for a complex scalar �X whose VEV will generate

the mass for Xµ:

LV DM = �1

4
Xµ⌫X

µ⌫
+Dµ�

†
X
D

µ
�X � �X

4
(�

†
X
�X � v

2
X)

2
+ �XH�

†
X
�XH

†
H (2.1)

in addition to the usual SM lagrangian.

Assuming that the U(1)X -charged �X develops a nonzero VEV and thus breaks U(1)X

spontaneously,

h0|�X |0i = vX + hX(x),

– 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 –

Xµ ⌘ Vµ
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Figure 6. The scattered plot of σp as a function of MX . The big (small) points (do not) satisfy the
WMAP relic density constraint within 3 σ, while the red-(black-)colored points gives r1 > 0.7(r1 <
0.7). The grey region is excluded by the XENON100 experiment. The dashed line denotes the
sensitivity of the next XENON experiment, XENON1T.

Since there is additional direction of Φ, the Higgs potential can have minima other than

our EW vacuum. In the following, we investigate whether the EW vacuum is global or not.

We closely follow the analysis done in Ref. [8].

– 9 –

Allowed Region

Allowed Region

Figure 8. The vacuum stability and perturbativity constraints in the ↵-m2 plane. We take
m1 = 125 GeV, g

X
= 0.05, MX = m2/2 and v� = MX/(gXQ�).

where we have used Eq. (4.8) in the second line. Therefore, as long as Eqs. (4.1) and (4.2)

are satisfied, the EW vacuum is always the global minimum. Note that this is not the case

for the generic Higgs potential [11].

Although the EW vacuum is stable at the EW scale, its stability up to Planck scale

(MPl ' 1.22⇥1019 GeV) is nontrivial question since a renormalization group (RG) e↵ect of

the top quark can drive �H negative at certain high-energy scale, leading to an unbounded-

from-below Higgs potential or a minimum that may be deeper than the EW vacuum. We

will work out this question by solving RG equations with respect to the Higgs quartic

couplings and the U(1)X gauge coupling. The one-loop � functions of those couplings are

listed in Appendix A. In addition to the vacuum stability, we also take account of the

perturbativity of the couplings. To be specific, we impose �i(Q) < 4⇡ (i = H,H�,�) and

g2
X
(Q) < 4⇡ up to Q = MPl.

Fig. 8 shows the vacuum stability and the perturbativity constraints in the ↵-m2 plane.

We take m1 = 125 GeV, g
X

= 0.05, MX = m2/2 and v� = MX/(gXQ�). The vacuum

stability constraint is denoted by red line; i.e., the region above the red line is allowed

for ↵ > 0, and it is the other way around for ↵ < 0. The perturbativity requirement is

represented by blue line; i.e., the region below the blue line is allowed for ↵ > 0, and it is the

other way around for ↵ < 0. For ↵ < 0, the region above the dotted black line is excluded

by Eq. (4.1). Putting all together, for ↵ > 0 the region between the red and blue lines

is allowed while for ↵ < 0 the region between the dotted black and blue lines is allowed.

– 13 –

New scalar improves 
EW vacuum stability 



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 (EFT) no good
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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]
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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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Collider Implications
mh = 125GeV, Br(H ! inv) < 0.51 at 90% CL

[arXiv:1404.1344]

mh = 125.5GeV, Br(H ! inv) < 0.52 at 90% CL

[arXiv:1402.3244]
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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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Invisible H decay into 
a pair of  VDM 

4

LVDM = −
1

4
VµνV

µν +DµΦ
†DµΦ− λΦ
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Φ†Φ−
v2Φ
2

)2

− λΦH
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Φ†Φ−
v2Φ
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)(

H†H −
v2H
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)

(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
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4m2

V

m2
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+ 12
m4

V

m4
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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
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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
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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 small mV 
in unitary/renormalizable model

[arXiv: 1405.3530, S. Baek, P. Ko & WIPark, PRD]
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I. INVISIBLE DECAY WIDTH OF THE HIGGS BOSON

A. Renormalizable and gauge invariant theory
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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),
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B. EFT prediction
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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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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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SU(2)h → U(1)h 
+ 

Higgs portal

[S. Baek, P. Ko & WIP, arXiv:1311.1035]

Hidden Sector Monopole, 
Stable VDM and Dark Radiation



The Model
• Lagrangian

• Symmetry breaking

• Particle spectra
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’t Hooft-Polyakov monopole Higgs portal
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- Monopole:

-  VDM:

- Higgses:

Stable due to topology and U(1)



Main Results

• h-Monopole is stable due to topological 
conservation

• h-VDM is stable due to the unbroken U(1) 
subgroup, even if we consider higher dim 
nonrenormalizable operators

• Massless h-photon contributes to the dark 
radiation at the level of 0.08-0.11

• Higgs portal plays an important role



Residual Non-Abelian DM&DR
• Consider SU(N) Yang-Mills gauge fields and a Dark Higgs 

field  

• Take SU(3) as an example, 

• SU(3)    SU(2) 
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The massive gauge bosons A4,··· ,8 as dark matter obtain masses,
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at tree level and to A1,2,3 at loop level.
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Phenomenology
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Phenomenology
• Scattering and decay processes 

• Constraints
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• N<6 if thermal 
• small coupling,  
• non-thermal production,  
• low reheating temperature
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Matter Power Spectrum
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FIG. 3. Matter power spectrum P (k) (left) and ratio (right) with m� ' 10TeV and g
2
X

' 10�7,

in comparison with ⇤CDM. The black solid lines are for ⇤CDM and the purple dot-dashed lines

for interacting DM-DR case, with input parameters in Eq. 21. We can easily see that P (k) is

suppressed for modes that enter horizon at radiation-dominant era. Those little wiggles are due to

the well-known baryon acoustic oscillation.

clearly that power spectrum can be suppressed when DM-DR interaction is considered. We

have taken the central values of six parameters of ⇤CDM from Planck [10],

⌦bh
2 = 0.02227,⌦ch

2 = 0.1184, 100✓MC = 1.04106,

⌧ = 0.067, ln
�
1010As

�
= 3.064, ns = 0.9681, (21)

and treat neutrino mass the same way as Planck did with
P

m⌫ = 0.06eV, which gives

�8 = 0.815 in vanilla ⇤CDM cosmology. Together with the same inputs as above, we take

�Ne↵ ' 0.5, m� ' 10TeV and g
2
X
' 10�7 in the interacting DM-DR case, we have �8 ' 0.746

which is much closer to the value �8 ' 0.730 given by weak lensing survey CFHTLenS [12].

VI. CONCLUSION

In this paper, we have proposed a particle physics model in which vector dark matter

(VDM) and dark radiation (DR) have a common origin, namely a Yang-Mills dark sector. We

have explicitly shown an illustrating case where dark SU(3) gauge group is spontaneously

broken to its SU(2) subgroup. The residual massless gauge bosons constitute DR while
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Cosmological Data Crucial

• If we ignored the cosmological data, we could 
simply  assume this non Abelian VDM is thermalized 
by a Higgs portal coupling with a larger gauge 
coupling without any conflict with collider data or 
(in)direct DM detection experiments


• Sometimes cosmologycal data could impose more 
crucial constraint on the DM models than (in)direct 
DM detections or colliders



DM searches @ colliders : 
Beyond the EFT and 

simplified DM models 

- S. Baek, P. Ko, M. Park, WIPark, C.Yu, arXiv:1506.06556, PLB (2016)
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Why is it broken down  
in DM EFT ?

The most nontrivial example is 
the (scalar)x(scalar) operator 

for DM-N scattering

Beyond dark matter e↵ective field theory (EFT) :
unitarity, renormalizability and local gauge symmetry⇤

(Dated: May 12, 2015)

We demonstrate why complementarity within dark matter e↵ective field theory (EFT) can break

down in general, taking as an example a UV completion of an e↵ective operator, q̄q�̄�, describing
the singlet fermion DM scattering over nucleon. We discuss the direct detection of DM, and collider

bounds on this operator from monojet (mono-photon) + 6ET as well as tt̄ + 6ET at the LHC. It is

pointed out that it is important to respect unitarity, renormalizability and local gauge invariance.

Finally we also point out why DM EFT is not adequate for hadron collider physics.

INTRODUCTION

Let us consider a scalar ⇥ scalar operator describing
the direct detection of DM on nucleon, assuming the DM
is a Dirac fermion with some conserved quantum number:

LSS ⌘
1

⇤2
dd

q̄q�̄� or
mq

⇤3
dd

q̄q�̄� (1)

Assuming the complementarity among direct detection,
collider search and indirect detection (or thermal relic
density), the bound on the scale ⇤dd of this operator has
been studied extensively in literature.

In this paper, we point out that the above form of the
operator does not respect the SM gauge symmetry, and
the argument has to be mended. There are two types of
UV completions for this operator: a model with the s-
channel scalar exchange or the t-channel scalar exchange,
where the s- and t-channels are defined in the qq̄ ! ��̄.

In this paper, we concentrate on the s-channel UV
completion, by introducing a new real singlet scalar S

that mixes with the SM chiral quarks. Note that the SM
quark bilinear part in the above operator can be written
into gauge invariant forms as either

Q
L
HdR or Q

L
eHuR,

where QL ⌘ (uL, dL)T , and we imposed the full SM
gauge symmetry.

On the other hand, DM part cannot have renormaliz-
able couplings to the SM Higgs boson, since � is assumed
to be a SM singlet whereas the Higgs is a doublet. One
may try to write the following renormalizable operator

h�̄�,

in terms of the physical Higgs field h after EWSB. But
this operator is renormalizable only after EWSB, and
respect the unbroken subgroup of the SM gauge group,

and not the full SM gauge group. Similarly we don’t
consider

sq̄q

as a renormalizable operator, since it breaks the full SM
gauge symmetry.
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More precise expressions for direct detection, collider sig-
nature and thermal relic density (indirect detection) will
be provided in the following. Note that there is a generic
cancellation between two contributions from two neutral
Higgs-like scalar boson, H1 and H2, which cannot be
seen within EFT approach, as first noticed in Ref. [] in
the context of signet fermion DM model, and then in the
context of Higgs portal vector DM model [].

MODEL

A UV completion of the singlet fermion DM with Higgs
portal has been constructed in Ref. []. In order to pre-
serve the SM gauge invariance and renormalizability, we
have to include a SM singlet real scalar S that couples
to the singlet fermion DM at renormalizable level:
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This operator clearly violates 
the SM gauge symmetry, and 
we have to fix this problem
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However, this crossing relation could !
lead to incorrect physics quite often !!
Better to be careful, and work in more!

complete models for ID or CS.



Limitation and Proposal

• EFT is good for direct detection, but not 
for indirect or collider searches as well as 
thermal relic density calculations in general

• Issues :  Violation of Unitarity and SM gauge 
invariance,  Identifying the relevant 
dynamical fields at energy scale we are 
interested in, Symmetry stabilizing DM etc.  



• Usually effective operator is replaced by a 
single propagator in simplified DM models

• This is not good enough, since we have to 
respect the full SM gauge symmetry (Bell et 
al for W+missing ET)

• In general we need two propagators, not 
one propagator, because there are two 
independent chiral fermions in 4-dim 
spacetime

large 6ET signature, the simplified model should respect the unbroken SM gauge group at

minimum and it should not violate approximate and global symmetries of the SM, with the

ultimate goal of describing interesting collider phenomenology involving 6ET while keeping

the number of free parameters to a minimum. Then the above e↵ective Lagrangian for DM

DD is modified as
1

⇤2
i

q̄�iq �̄�i� !
gqg�

m
2
�

� s
q̄�iq �̄�i� (1.2)

when we consider the s-channel UV completion for qq̄ ! � ! ��̄.

However this strategy with simplified DM models have ample room for improvement

in two important respects. First of all, the simplified models do not respect the full SM

gauge invariance, which may be problematic when they are adopted to DM search studies

at high energy colliders. At the LHC CM energy, one has to respect the full SM gauge

symmetry, and not just the unbroken subgroup of it. Recently, importance of the full SM

invariance, unitarity and gauge invariance with respect to the mediators was noticed in

a few independent studies [13–15], which will be detailed in the subsequent discussions.

When we impose the full SM gauge symmetry, we have to realize that the SM fermions

have two independent chiralities, left-handed (LH) and right-handed (RH), and SM gauge

interactions are chiral as well. Therefore the LH quark and the RH quark would couple

to two di↵erent colored mediators, eqL and eqR with two independent couplings �L and �R

(see Sec. 2 for the t-channel UV complete Lagrangian and more precise definitions of these

parameters, and also Feynman diagrams in Figs. 4,5 and 6 in Sec. 4). Then the UV

completion generically calls for two independent propagators of eqL and eqR, instead of a

single propagator, Eq. (1.2). Only the case of W + 6ET would involve a single propagator,

because W couples only to the LH quark and its partner mediator. This phenomena is due

to the facts that (i) the SM fermions in 4-dim spacetime have two independent chiralities,

(ii) the SM gauge theory is chiral, and (iii) the full SM gauge symmetry is imposed on the

UV completions. Then the simplified DM models proposed in this paper would not violate

gauge invariance and unitarity. Otherwise one could get physically nonsensible results.

Secondly, there is a technical issue when one derives the e↵ective Lagrangian suitable

for direct detection of DM. One can integrate out the mediator at the mediator mass scale,

obtaining 4-fermion operators. However the relevant energy scale for the DM direct detec-

tion cross section is order of nuclear energy scale, and one has to include the renormalization

e↵ects from the mediator mass scale down to the nuclear energy scale 1. This procedure

was not included properly in the simplified DM models [18], and should be performed be-

fore one derives the constraints on the simplified DM models from the DM direct detection

data. This can be included in a straightforward manner using the renormalization-group

analysis for the DM-nucleon scattering 2. RG evolution can not only change the e↵ective

coupling strengths at di↵erent energy scale, but also generate new operators that were not

present when the mediators were integrated out at the mediator mass scales [20]. Due to

1This is well known from flavor physics (K,B physics, see Ref. [16] for example) as well as top forward-

backward asymmetry [17].
2Recently, this issue has been pointed out in Ref. [19] in the context of the DM simplified models with

s-channel vector mediators.
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t-Channel Mediators

Our Model: a ’simplified model’ of colored t-channel, spin-0, mediators
which produce various mono-x + missing energy signatures (mono-Jet,
mono-W, mono-Z, etc.):
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A. Natale | Simplified DM models: a case with t-channel colored scalar mediators.
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for t-channel mediator

W+missing ET : special



• This is good only for W+missing ET, and 
not for other signatures

• The same is also true for (scalar)x(scalar) 
operator, and lots of confusion on this 
operator in literature

• Therefore let me concentrate on this case 
in detail in this talk

large 6ET signature, the simplified model should respect the unbroken SM gauge group at

minimum and it should not violate approximate and global symmetries of the SM, with the
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Beyond dark matter e↵ective field theory (EFT) :
unitarity, renormalizability and local gauge symmetry⇤

(Dated: May 12, 2015)

We demonstrate why complementarity within dark matter e↵ective field theory (EFT) can break

down in general, taking as an example a UV completion of an e↵ective operator, q̄q�̄�, describing
the singlet fermion DM scattering over nucleon. We discuss the direct detection of DM, and collider

bounds on this operator from monojet (mono-photon) + 6ET as well as tt̄ + 6ET at the LHC. It is

pointed out that it is important to respect unitarity, renormalizability and local gauge invariance.

Finally we also point out why DM EFT is not adequate for hadron collider physics.

INTRODUCTION

Let us consider a scalar ⇥ scalar operator describing
the direct detection of DM on nucleon, assuming the DM
is a Dirac fermion with some conserved quantum number:

LSS ⌘
1

⇤2
dd

q̄q�̄� or
mq

⇤3
dd

q̄q�̄� (1)

Assuming the complementarity among direct detection,
collider search and indirect detection (or thermal relic
density), the bound on the scale ⇤dd of this operator has
been studied extensively in literature.

In this paper, we point out that the above form of the
operator does not respect the SM gauge symmetry, and
the argument has to be mended. There are two types of
UV completions for this operator: a model with the s-
channel scalar exchange or the t-channel scalar exchange,
where the s- and t-channels are defined in the qq̄ ! ��̄.

In this paper, we concentrate on the s-channel UV
completion, by introducing a new real singlet scalar S

that mixes with the SM chiral quarks. Note that the SM
quark bilinear part in the above operator can be written
into gauge invariant forms as either

Q
L
HdR or Q

L
eHuR,

where QL ⌘ (uL, dL)T , and we imposed the full SM
gauge symmetry.

On the other hand, DM part cannot have renormaliz-
able couplings to the SM Higgs boson, since � is assumed
to be a SM singlet whereas the Higgs is a doublet. One
may try to write the following renormalizable operator

h�̄�,

in terms of the physical Higgs field h after EWSB. But
this operator is renormalizable only after EWSB, and
respect the unbroken subgroup of the SM gauge group,

and not the full SM gauge group. Similarly we don’t
consider

sq̄q

as a renormalizable operator, since it breaks the full SM
gauge symmetry.
The simplest way to write down a renormalizable op-

erator that is invariant under the full SM gauge group is
to introduce a real signet scalar field S and write down
S�̄�. Naively speaking, one can then induce an operator

s�̄�⇥ hq̄q !
1

m2
s

�̄�q̄q

after EWSB (and possibly hSi 6= 0), by integrating out
the real scalar s. However there is always a mixing be-
tween the SM Higgs h and the real singlet scalar s, and
after diagonalization of the 2⇥2 mass matrix. Therefore
we have to add a factor of something like this at the end:

sin↵ cos↵
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1

m
2
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More precise expressions for direct detection, collider sig-
nature and thermal relic density (indirect detection) will
be provided in the following. Note that there is a generic
cancellation between two contributions from two neutral
Higgs-like scalar boson, H1 and H2, which cannot be
seen within EFT approach, as first noticed in Ref. [] in
the context of signet fermion DM model, and then in the
context of Higgs portal vector DM model [].

MODEL

A UV completion of the singlet fermion DM with Higgs
portal has been constructed in Ref. []. In order to pre-
serve the SM gauge invariance and renormalizability, we
have to include a SM singlet real scalar S that couples
to the singlet fermion DM at renormalizable level:

L = �(i 6@ �m� � �sS)�+
1

2
@µS@

µ
S �

1

2
m

2
0S

2
� �HSH

†
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� µSSH
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cancellation between two contributions from two neutral
Higgs-like scalar boson, H1 and H2, which cannot be
seen within EFT approach, as first noticed in Ref. [] in
the context of signet fermion DM model, and then in the
context of Higgs portal vector DM model [].
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A UV completion of the singlet fermion DM with Higgs
portal has been constructed in Ref. []. In order to pre-
serve the SM gauge invariance and renormalizability, we
have to include a SM singlet real scalar S that couples
to the singlet fermion DM at renormalizable level:

L = �(i 6@ �m� � �sS)�+
1

2
@µS@

µ
S �

1

2
m

2
0S

2
� �HSH

†
HS

2
� µSSH

†
H (2)

Beyond dark matter e↵ective field theory (EFT) :
unitarity, renormalizability and local gauge symmetry⇤

(Dated: May 12, 2015)

We demonstrate why complementarity within dark matter e↵ective field theory (EFT) can break

down in general, taking as an example a UV completion of an e↵ective operator, q̄q�̄�, describing
the singlet fermion DM scattering over nucleon. We discuss the direct detection of DM, and collider
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Let us consider a scalar ⇥ scalar operator describing
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is a Dirac fermion with some conserved quantum number:
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Assuming the complementarity among direct detection,
collider search and indirect detection (or thermal relic
density), the bound on the scale ⇤dd of this operator has
been studied extensively in literature.

In this paper, we point out that the above form of the
operator does not respect the SM gauge symmetry, and
the argument has to be mended. There are two types of
UV completions for this operator: a model with the s-
channel scalar exchange or the t-channel scalar exchange,
where the s- and t-channels are defined in the qq̄ ! ��̄.

In this paper, we concentrate on the s-channel UV
completion, by introducing a new real singlet scalar S

that mixes with the SM chiral quarks. Note that the SM
quark bilinear part in the above operator can be written
into gauge invariant forms as either

Q
L
HdR or Q

L
eHuR,

where QL ⌘ (uL, dL)T , and we imposed the full SM
gauge symmetry.

On the other hand, DM part cannot have renormaliz-
able couplings to the SM Higgs boson, since � is assumed
to be a SM singlet whereas the Higgs is a doublet. One
may try to write the following renormalizable operator

h�̄�,

in terms of the physical Higgs field h after EWSB. But
this operator is renormalizable only after EWSB, and
respect the unbroken subgroup of the SM gauge group,

and not the full SM gauge group. Similarly we don’t
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as a renormalizable operator, since it breaks the full SM
gauge symmetry.
The simplest way to write down a renormalizable op-
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The model Lagrangian has extended structure with the hidden sector and
Higgs portal terms in addition to the SM Lagrangian

L = LSM � µHSSH
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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

ΨSM H S

mixing

invisible
decay

Production and decay rates are suppressed relative to SM.

�49
 This simple model has not been studied properly !!

Singlet fermion CDM
Baek, Ko, Park,  arXiv:1112.1847



Full Theory Calculation

2

In this model, not only the SM Higgs field but also the
real singlet scalar S would develop nonzero VEV’s in gen-
eral. Expanding both fields around their VEV’s, we can
derive the Lagrangian in terms of physical fields, h and
s. Then it is clear that DM � has a coupling only to the
singlet scalar s, and not directly to the SM Higgs field h.
Therefore DM will be thermalized into the SM particles
only through the h� s mixing at renormalizable level.

FULL THEORY CALCULATION

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(q0)u(q)
mq
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⇤3
dd

u(p0)u(p)u(q0)u(q) (5)

where t ⌘ (p0 � p)2 is the 4-momentum transfer2 to the
nucleon, and we took the limit t ! 0 in the second line,
which is a good approximation to the DM-nucleon scat-
tering. The last line is obtained in the limit m2 ! 1

and we identified the scale of the dim-6 e↵ective opera-
tor, q̄q  , describing the direct detection cross section
for the DM-nucleon scattering in terms of ⇤dd:

⇤3
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⌘
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where ⇤̄dd is derived from ⇤dd in the limit m2/m125 !

1. Note that one has to consider the loop corrections

properly when m2 ' m125 in order to describe the DM-
nucleon scattering cross section correctly. It is impor-
tant to notice that the above amplitude was derived 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 complementarity.

The amplitude for the monojet + missing ET signa-
ture at hadron colliders can be obtained from the above
amplitude by crossing symmetry s $ t. Comparing with
the corresponding amplitude from the EFT approach, we
have to include the following form factor derived in the
full theory:
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where s = m
2
��

is the invariant mass2 of the DM pair.
Note that s � 4m2

 
in the physical region for DM pair

creation, and that there is no single scale 1
⇤col

for an e↵ec-
tive operator that characterize the qq̄ ! ��̄. Therefore it
is completely misleading to talk about such a scale from
the collider signatures, because of the form factor e↵ect in
the bracket in Eq. (7). Also we have to include two scalar
propagators with opposite sign in order to respect the full
SM gauge symmetry, unlike many other pervious studies
where only a single propagator is introduced to replace
1/⇤2 in front of the e↵ective operator. Whether one has

to introduce one or two propagators to recover unitarity
of the EFT crucially depends on the UV completions. If
we considered the t-channel scalar exchange for qq̄ ! ��̄

like in SUSY models, we could introduce only a single
propagator. If one can fix ŝ and m

2
s
� s, we can ignore

the 2nd propagator. But at hadron colliders, ŝ is not
fixed, except for 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
2 at hadron colliders.

The 1/s suppressions from the s-channel resonance prop-
agators make the amplitude unitary, in compliance with
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we can ignore ŝ compared with m

2
2 at hadron colliders.

The 1/s suppressions from the s-channel resonance prop-
agators make the amplitude unitary, in compliance with

2

In this model, not only the SM Higgs field but also the
real singlet scalar S would develop nonzero VEV’s in gen-
eral. Expanding both fields around their VEV’s, we can
derive the Lagrangian in terms of physical fields, h and
s. Then it is clear that DM � has a coupling only to the
singlet scalar s, and not directly to the SM Higgs field h.
Therefore DM will be thermalized into the SM particles
only through the h� s mixing at renormalizable level.

FULL THEORY CALCULATION

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(q0)u(q)
mq

v
�s sin↵ cos↵


1

t�m
2
125 + im125�125

�
1

t�m
2
2 + ims�2

�
(3)

! u(p0)u(p)u(q0)u(q)
mq

2v
�s sin 2↵


1

m
2
125

�
1

m
2
2

�
(4)

! u(p0)u(p)u(q0)u(q)
mq

2v
�s sin 2↵

1

m
2
125

⌘
mq

⇤3
dd

u(p0)u(p)u(q0)u(q) (5)

where t ⌘ (p0 � p)2 is the 4-momentum transfer2 to the
nucleon, and we took the limit t ! 0 in the second line,
which is a good approximation to the DM-nucleon scat-
tering. The last line is obtained in the limit m2 ! 1

and we identified the scale of the dim-6 e↵ective opera-
tor, q̄q  , describing the direct detection cross section
for the DM-nucleon scattering in terms of ⇤dd:

⇤3
dd

⌘
2m2

125v

�s sin 2↵

✓
1�

m
2
125

m
2
2

◆�1

(6)

⇤̄3
dd

⌘
2m2

125v

�s sin 2↵
(7)

where ⇤̄dd is derived from ⇤dd in the limit m2/m125 !

1. Note that one has to consider the loop corrections

properly when m2 ' m125 in order to describe the DM-
nucleon scattering cross section correctly. It is impor-
tant to notice that the above amplitude was derived 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 complementarity.

The amplitude for the monojet + missing ET signa-
ture at hadron colliders can be obtained from the above
amplitude by crossing symmetry s $ t. Comparing with
the corresponding amplitude from the EFT approach, we
have to include the following form factor derived in the
full theory:

1

⇤3
dd

!
1

⇤3
dd


m

2
125

s�m
2
125 + im125�125

�
m

2
125

s�m
2
2 + im2�2

�
⌘

1

⇤3
col

(s)
, (8)

where s = m
2
��

is the invariant mass2 of the DM pair.
Note that s � 4m2

 
in the physical region for DM pair

creation, and that there is no single scale 1
⇤col

for an e↵ec-
tive operator that characterize the qq̄ ! ��̄. Therefore it
is completely misleading to talk about such a scale from
the collider signatures, because of the form factor e↵ect in
the bracket in Eq. (7). Also we have to include two scalar
propagators with opposite sign in order to respect the full
SM gauge symmetry, unlike many other pervious studies
where only a single propagator is introduced to replace
1/⇤2 in front of the e↵ective operator. Whether one has

to introduce one or two propagators to recover unitarity
of the EFT crucially depends on the UV completions. If
we considered the t-channel scalar exchange for qq̄ ! ��̄

like in SUSY models, we could introduce only a single
propagator. If one can fix ŝ and m
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fixed, except for ŝ  s with s = 14TeV for example at
the LHC@14TeV. Therefore we cannot say clearly when
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to introduce one or two propagators to recover unitarity
of the EFT crucially depends on the UV completions. If
we considered the t-channel scalar exchange for qq̄ ! ��̄

like in SUSY models, we could introduce only a single
propagator. If one can fix ŝ and m

2
s
� s, we can ignore

the 2nd propagator. But at hadron colliders, ŝ is not
fixed, except for 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
2 at hadron colliders.

The 1/s suppressions from the s-channel resonance prop-
agators make the amplitude unitary, in compliance with

Can be obtained by crossing : s <>t

There is no single scale you can define
for collider search for missing ET



3 The interference e↵ect between two scalar mediators at LHC

In the singlet fermion DM models with Higgs portal described in the previous section, the

DM production is dominated by three processes as shown in Fig. 1: i.e. gluon-gluon fusion

(ggF), vector boson fusion (VBF) and Higgs Strahlung (VH).
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Figure 1: The dominant DM production processes at LHC.

In contrast to the simplified scalar mediated DM model recommended by the LHC

Dark Matter Forum [11], there are two propagators (H1 and H2) that can mediate the DM

pair production in the gauge invariant model descried in the previous section. Note that

the Lagrangian in Eq. (2.4) resembles the singlet scalar mediated DM model in Ref. [11]

when only fermionic couplings of H2 are concerned.

The interference between two propagators in the di↵erential production cross sections

of the DM pair takes the following form:

d�i
dm��

/ | sin 2↵ g�
m2

�� �m2

H1
+ imH1�H1

� sin 2↵ g�
m2

�� �m2

H2
+ imH2�H2

|2 , (3.1)

where �i corresponds to the cross section of di↵erent production mechanism and m�� is

the invariant mass of DM pair. The minus sign between two propagators comes from the

SO(2) nature of the mixing matrix in Eq. (2.3), which is found is be helpful to evade the

DM direct detection [19, 35] in such class of models. The interference e↵ect will not only

influence the total production rate of DM pair, but also changes the shape of kinematic

variables.

To give more concrete examples on the interference e↵ect, a few assumptions are made

to narrow down the parameter space. We will fix sin↵ = 0.2 and g� = 1 in our following

discussion. Because the di↵erential cross section are universally proportional to g� sin 2↵

as shown in Eq. (3.1), changing the sin↵ and g� will simply rescale the di↵erential cross

section as long as the �Hi does not di↵er much. The scalar H1 is identified as the 125

GeV Higgs boson with properties that are consistent with the LHC discovery, so that

mH1 = 125 GeV and �H1 = cos2 ↵ · �hSM . Models with m� < mhSM/2 will be highly

constrained by the Higgs invisible decay search at LHC. This usually requires very small

g�, e.g. for sin↵ = 0.2, g� should be smaller than . 0.1 in order to satisfy the current

upper bound on the invisible Higgs branching ratio: Br(hSM ! ��)< 0.24 [36]. Then

the DM production cross section should be small in such cases. The same situation exists

when DM is heavy. So we will focus on the scenarios with medium DM mass in this work,
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Interference between 2 scalar bosons could 
be important in certain parameter regions

sin↵ = 0.2, g� = 1,m� = 80GeV



Interference effects

which we choose m� = 80 GeV without lose of generality. Then we are left with two most

relevant parameters: mH2 and �H2 .

The FeynRules [37]/MadGraph5 aMC@NLO [38] framework is used in order to cal-

culate the NLO QCD cross sections and simulate the events. The FeynRules takes the

Lagrangian of the simplified model in Eq. (2.4) as well as the UV/R2 counterterms for the

NLO QCD computations from NLOCT [39]/FeynArts [40] to generate the Universal Feyn-

Rules Output model files. The MadGraph5 aMC@NLO uses the model files to compute

the tree-level and loop-level amplitudes for any processes of the model.

We calculate the Leading-Order (LO) cross section of the gluon-gluon fusion DM pair

production by using the loop induced mode [41] of MadGraph5 aMC@NLO. The results

for varying mH2 and �H2 are shown in Fig. 2.
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Figure 2: The LO cross section for gluon-gluon fusion process at 13 TeV LHC. The

meanings of the di↵erent line types are explained in the text and the similar strategy will

be used in all figures.

In the figure, the �min forH2 is calculated by assumingH2 decays only into SM particles

and DM pair through the interactions given in Eq. (2.4), where we have set sin↵ = 0.2 and

g� = 1. Note that the actual H2 decay width could be larger than �min, if H2 ! H1H1

is open and non negligible, or if there are other decay channels of H2. For example, there

could be extra dark sector particles such as dark Higgs or dark gauge bosons if Z2 symmetry

is replaced by dark gauge symmetry (see Refs. [42, 43] for example). These extra channels

are more model dependent though. Therefore we consider three di↵erent widths of H2

throughout the work: �min, 5 ⇥ �min and 20 ⇥ �min, respectively. The lines associate to

H1&H2 and H2 are calculated with and without the H1 as the mediator respectively. The

former case corresponds to the the gauge invariant singlet fermion DM models with Higgs

portal, while the later case corresponds to the usual singlet scalar portal DM model as

proposed in Ref. [11] and widely used in literature.

From Fig. 2, we can observe that including theH1 will substantially reduce the DM pair

– 5 –



Exclusion limits with 
interference effects
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Figure 8: The CMS exclusion limits on our simplified models. Left: upper limit from

mono-jet search. Right: upper limit from mono-V search.

From Fig. 8 we can observe that the features of the exclusion bounds are approximately

described by the inverse of the production cross sections. In the lightH2 regionmH2 < 2m�,

the reduction of cross section due to destructive interference leads to very weak bound

in the H1&H2 scenario. The bounds become much more stringent when mH2 & 2m�

because of the resonant enhancement, especially for narrow decay width of H2. However,

the interference e↵ects on signal e�ciencies also play non negligible roles in the exclusion

bounds. As we have discussed for Fig. 2, the interference e↵ect on cross section leads to

smaller cross section when mH2 2 (2m��, 270 GeV) and larger cross section when mH2 >

270 GeV. The reduction of signal e�ciency from interference e↵ect will the enlarge the

di↵erence in search sensitivities for mH2 2 (2m��, 270 GeV) and shrink it for mH2 > 270

GeV, as can be seen clearly from the solid and dashed blue curves in Fig. 8. Among two

searches, the mono-V search has slightly better sensitivity than the mono-jet search. Both

of them are indicating that the signal cross section in our model is at least one order of

magnitude below the current reach. This is mainly because of the suppression factor of

sin2 2↵ in all DM production cross sections. A much larger data set or/and higher hadron

collision energy is expected to probe our models.

Mono-jet SR Mono-V SR

ggF VBF VH ggF VBF VH

H2,�min 194.4 22.3 2.9 7.8 1.2 1.4

H1&H2,�min 197.0 22.7 3.2 7.7 1.3 1.5

H2, 20⇥ �min 6.2 0.82 0.092 0.28 0.049 0.043

H1&H2, 20⇥ �min 9.2 1.5 0.28 0.36 0.094 0.11

Table 1: The number of events of di↵erent production processes in mono-jet SR and

mono-V SR for each signal process with mH2 = 400 GeV at 12.9 fb�1 13 TeV LHC.

The composition of the DM signal in the mono-jet SR and the mono-V SR in terms of

three production processes for the benchmark point with mH2 = 400 GeV are provided in

Table 1. For mono-jet search, the ggF is always the most dominant process, the composition

– 12 –
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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)
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dd
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⇤̄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
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• 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
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2
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tan 2↵ ' 2vH (µHS
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2�Sv
2

S

. (14)
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↵ . 2

r
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3
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. (15)

Hence, as H2 becomes heavier, impacts of H.P. at col-
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m

2
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� ŝ, the e↵ect of the heavy scalar propagator can be
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2

S
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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].



Higgs Strahlung
1 Scalar Dark Matter

e+(p1) + e−(p2) → h∗(q) + Z(pZ) → S(k1) + S(k2) + Z(pZ) (1)
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The squared amplitude for the h∗Z production part is
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+
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where rZ(s) = 1/(1−m2
Z/s+ imZΓZ/s).

3-body phase-space is given by
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CS is a symmetric factor, CS = 1/2.
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is the cross section for e+e− → h∗Z. By defining a form factor for the scalar
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the t-distribution is given as
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ū(k1)v(k2). (10)

∑
|MFD|2 = |Mh∗Z |2 λ2

F

∣∣∣∣
1

t−m2
1 + im1Γ1

− 1

t−m2
2 + im2Γ2

∣∣∣∣
2 ∑
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CF = 1.
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CV = 1/2.

4 Decay widths of Higgs bosons

4.1 Scalar DM

For mh > 2mD,

Γ(h → SS) = CS
λ2
HSv
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√

1− 4m2
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m2
h

. (20)

Γh = ΓSM
h + θ(mh − 2mD)Γ(h → SS).

For mh > 2mD, applying the experimental constraint of Br(h → inv.) < x,
an upper limit on λHS is derived by

Γ(h → SS) < x/(1− x)ΓSM
h . (21)

4.2 Fermion DM
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|ūv|2

(11)

∑
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General Comments
• One can calculate the collider signatures at 

high energy scale, since the amplitudes 
were obtained in renormalizable and unitary 
models for singlet fermion DM and VDM


• There are two scalar propagators for SFDM 
and VDM, because of the SM gauge sym, 
unitarity and renormalizability


• EFT results can be obtained only if H2 is 
much heavier than the ILC CM energy 
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If we ignored the 2nd scalar propagator and identified m1 = mH (the discovered Higgs

boson), the we would have
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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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For pseudo Goldstone boson DM, the form factors 
are different and so are high energy behaviors



Motivations for U(1)H 
extensions of 2HDM 



2 

Two Higgs doublet model 
•  Many high-energy models predict extra Higgs doublets. 
   - SUSY, GUT, flavor symmetric models, etc. 

•  Two Higgs doublet model could be an effective theory of a high-energy t
heory. 

-  Higgs physics (heavy Higgs, pseudoscalar, charged Higgs physics) 

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

-  baryon asymmetry of the Universe 

-  neutrino mass generation 

-   can resolve experimental anomalies (top AFB at Tevatron, B→D(*)τν at BA
BAR) 

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

Shu,Zhang,PRL111


Kanemura,Matsui,Sugiyama,PLB727


Ko,Omura,Yu,EPJC73;JHEP1303


Ma,PRD73;Barbieri,Hall,Rychkov,PRD74




Motivations

• Generic 2HDM suffer from neutral Higgs mediated FCNC


• Glashow-Weinberg criterion :


• Impose Z2 symmetry under which both H1 and H2 are 
charged differently; the SM fermions are also charged 
appropriately to allow realistic Yukawa interactions   
(Type-I, II, X, Y)


• This Z2 symmetry is softly broken by dim-2 operator



Natural Flavor Conservation 
(Glashow and Weinberg, 1977)

• Fermions of the same electric charge get 
their masses from the same Higgs doublet 
[Glashow and Weinberg, PRD (1977)]


• The usual way to achieve this is to impose 
a discrete Z2 sym under which two Higgs 
doublets H1 and H2 are charged differently


• This Z2 is softly broken to avoid the domain 
wall problem and massless Goldstone 
boson



However
• The discrete Z2 seems to be rather ad 

hoc, and its origin and the reason for its 
soft breaking are not clear


• We implement the discrete Z2 into a 
continuous local U(1) Higgs flavor sym 
under which H1 and H2 are charged 
differently [Ko, Omura, Yu PLB (2012)]


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



2HDMs with U(1) Higgs 
gauge symmetry

Based on works with 

Yuji Omura and Chaehyun Yu


arXiv:1204.4588 (PLB)

arXiv:1309.7156 (JHEP)

arXiv:1405.2138 (JHEP), etc..
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2HDM with Z2 symmetry (2HDMwZ2) 

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

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

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

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

NO FCNC at tree level. 

1 2  Type                      ,   
I
II
X
Y

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

+ − + − − + +

+ − + + − − +

+ − + − + − +

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

Z2 : Chiral



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

† † † † † 2
3 1 1 2 2 4 1 2 2 1 5 1 2

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

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

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

λ λ

λ λ λ

= + − + + +

+ + + +

4 

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

Generic problems of 2HDM 

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

1 2H H

•  the origin of  the softly breaking term? 

The softly broken Z2 symmetric 2HDM potential 

Z2 symmetry in 2HDM can be replaced by new U(1)H symmetry associated 
with Higgs flavors. 



Setup of 2HDM with U(1)H
Type I

UR DR QL L ER NR H1 Type

u d
(u+d)

2
�3(u+d)

2 �(2u+ d) �(u+ 2d) (u�d)
2

Vy = y
U
ijQLi

fH1URj + y
D
ijQLiH1DRj + y

E
ijLiH1ERj + y

N
ijLi

fH1NRj .

Anomaly free U(1)H with RH neutrino

Only one Higgs couples with fermion



Setup of 2HDM with U(1)H

UR DR QL L ER NR H1 Type

u d
(u+d)

2
�3(u+d)

2 �(2u+ d) �(u+ 2d) (u�d)
2

0 0 0 0 0 0 0 h2 6= 0
1/3 1/3 1/3 �1 �1 �1 0 U(1)B�L

1 �1 0 0 �1 1 1 U(1)R
2/3 �1/3 1/6 �1/2 �1 0 1/2 U(1)Y

Type I

Vy = y
U
ijQLi

fH1URj + y
D
ijQLiH1DRj + y

E
ijLiH1ERj + y

N
ijLi

fH1NRj .

Anomaly free U(1)H with RH neutrino

Only one Higgs couples with fermion

Anomaly free U(1)H with extra chiral fermion

U(1)B, U(1)L, and so on.

Drell-Yan

H-Z-ZH coupling



Setup of 2HDM with U(1)H
Type II two Higgs couples with fermion

Vy = y
U
ijQLi

fH1URj + y
D
ijQLiH2DRj + y

E
ijLiH2ERj + y

N
ijLi

fH1NRj .

UR DR QL L ER NR H1 H2

+1 0 0 0 0 +1 0 1

Require extra chiral fermions.

Extra fermion may cause FCNC.

Suppress FCNC Decouple with SM

(Yukawa int.)

Stable charged 
(colored) particle

(qL, qR)

�iQ
i
L
fH1qR �i ! 0 “safe” mixing required



Type II one way for anomaly free
“E6’’ Model (leptophobic)

UR DR QL L ER NR H1 H2

2/3 �1/3 �1/3 0 0 1 1 0

SU(3) SU(2) U(1)Y U(1)H
qLi 3 1 �1/3 2/3
qRi 3 1 �1/3 �1/3
lLi 1 2 �1/2 0
lRi 1 2 �1/2 �1
nLi 1 1 0 �1

Extra fields for anomaly free

Vm = Y
q
ijQLiH2qRj + Y

E
ij lLiH2ERj + Y

N
ij lLi

fH1NRj + . . .

tree-level mixing

Z,ZH

i j

by Rosner, London, etc.



Table 1: Assignment of quantum numbers to left-handed members of the 27-plet
of E6.

(SO(10), SU(5)) Qη State Q I3L I3R YL YR Q′

(16, 5∗) 1 dc 1/3 0 1/2 0 −1/3 1/3
e− −1 −1/2 0 −1/3 −2/3 0
νe 0 1/2 0 −1/3 −2/3 0

(16, 10) −2 u 2/3 1/2 0 1/3 0 −1/3
d −1/3 1/2 0 1/3 0 −1/3
uc

−2/3 0 −1/2 0 −1/3 −2/3
e+ 1 0 1/2 2/3 1/3 0

(16, 1) −5 N c
e 0 0 −1/2 2/3 1/3 −1

(10, 5∗) 1 hc 1/3 0 0 0 2/3 1/3
E−

−1 −1/2 −1/2 −1/3 1/3 0
νE 0 1/2 −1/2 −1/3 1/3 0

(10, 5) 4 h −1/3 0 0 −2/3 0 2/3
E+ 1 1/2 1/2 −1/3 1/3 1
νc

E 0 −1/2 1/2 −1/3 1/3 1
(1, 1) −5 n 0 0 0 2/3 −2/3 −1

Also shown in Table 2 are forward-backward asymmetries for the quark sub-
processes uū → f f̄ at the Z ′ pole. (Since d quarks have the same magnitude of
left- and right-handed Q′ charges, all forward-backward asymmetries for dd̄ → f f̄
vanish at the Z ′ pole.) These asymmetries may be expressed as

AFB =
3

4

[Q(u)2
− Q(uc)2][Q(f)2

− Q(f c)2]

[Q(u)2 + Q(uc)2][Q(f)2 + Q(f c)2]
(5)

We have adopted the conventions that Ne, h, E−, νE , and n correspond to fermions
f . Table 2 has a few interesting features.

(1) In contrast to the decays of a standard Z, for which the branching ratio to
dd̄ exceeds that to uū, the Z ′ considered here prefers to decay to uū by a factor of
2.5. If such a Z ′ is heavier than 2mt, it can be an additional source of top quark
pairs beyond standard QCD. A momentum-weighted jet charge analysis [24] would
be able to determine whether jets produced at high transverse momenta could be
due to Z ′ decays in which up-type species predominated.

(2) The decays to h (an exotic isosinglet quark with charge −1/3) are quite
prominent. If this quark decays via flavor-changing neutral currents to other charge
−1/3 quarks, a signal of Z ′ production might include unusual events containing
ordinary down-type quarks (such as b quarks), photons, and virtual or real Z’s.

(3) The decays to the exotic leptons N c
e , E, νE , and n make up half of all Z ′

decays to a given family. One should then expect to see unusual decay products
consisting of leptons, photons, and virtual Z’s if flavor-changing neutral currents

3

J.L. Rosner, hep-ph/9607207 (PLB)

Unnormalized charges corresponding to U(1)χ and U(1)ψ may be expressed [17] as

Qχ = 4I3R − 3(YL + YR) , Qψ = 3(YR − YL) , (2)

while a charge corresponding to U(1)η is a linear combination of these [17]:

Qη = 3I3R − 6YL + (3/2)YR . (3)

The authors of Ref. [6] note that it is possible to include in the Lagrangian
a term mixing the field strength Bµν of weak hypercharge U(1)YW

with the field
strength Xµν of another abelian group U(1)X without violating either U(1) symme-
try. This term can arise in higher order of perturbation theory as a result of mixing
induced by loops of fermions with non-degenerate masses. Thus, it is permissible
to take any linear combination of Qχ and Qψ and add to it a term proportional
to YW = 2I3R + YL + YR in order to try to cancel out couplings to conventional
leptons. By this means one can construct a Z ′ that is particularly elusive in direct
searches but whose effects can be manifested in other ways [13, 14].

The assignments of quantum numbers to left-handed members of the 27-plet
of E6 are shown in Table 1. The (unnormalized) charge Q′ is defined as that
linear combination of I3R, YL, and YR for which Q′(e−L) = Q′(νeL) = Q′(e+) = 0.
Adopting a convenient normalization, we find

Q′ = (Qη + YW )/5 = I3R − YL + (1/2)YR . (4)

Values of this charge are also shown in Table 1. The decoupling from leptons of
the linear combination (4) was noted in Refs. [1].

It is amusing that the charges Q′ are just a re-arranged version of the electro-
magnetic charges in the 27-plet. One passes from Q in Eq. (1) to Q′ in Eq. (4)
by the substitution I3L + (1/2)YL → −YL, which amounts to a Weyl reflection
interchanging the first (u) and third (h) components of SU(3)L.

The values of Q′ in Table 1 vanish for the left-handed exotic lepton E− and
its left-handed neutrino state νE as well as for the conventional leptons. However,
they are largest in magnitude for all the other exotic leptons: the “right-handed
neutrino” whose left-handed state is N c

e , the states E+ and νc
E, and the otherwise

elusive n (whose charge and weak hypercharge both vanish, so it doesn’t couple to
the photon or the standard Z).

A complete set of fermions in the 27 must remain light in order to cancel the
anomaly in the charge Q′ [6]. Thus, it makes sense to imagine that a Z ′ coupling
to this charge will have branching ratios given by comparing the square of each
charge in Table 1 to the sum of their squares. Summing over left-handed particles
and their charge-conjugates, and taking account of color factors for quarks, we
obtain the results in Table 2. Only single entries are shown in the second column
for the Majorana particles N c

e and n. If three full 27-plets are sufficiently light,
the branching ratios in Table 2 should be divided by 3 to get each net branching
ratio (shown in the last column). All branching ratios are reduced further if one
must take account of decays to light superpartners [23].

2
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Also shown in Table 2 are forward-backward asymmetries for the quark sub-
processes uū → f f̄ at the Z ′ pole. (Since d quarks have the same magnitude of
left- and right-handed Q′ charges, all forward-backward asymmetries for dd̄ → f f̄
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− Q(uc)2][Q(f)2

− Q(f c)2]

[Q(u)2 + Q(uc)2][Q(f)2 + Q(f c)2]
(5)

We have adopted the conventions that Ne, h, E−, νE , and n correspond to fermions
f . Table 2 has a few interesting features.

(1) In contrast to the decays of a standard Z, for which the branching ratio to
dd̄ exceeds that to uū, the Z ′ considered here prefers to decay to uū by a factor of
2.5. If such a Z ′ is heavier than 2mt, it can be an additional source of top quark
pairs beyond standard QCD. A momentum-weighted jet charge analysis [24] would
be able to determine whether jets produced at high transverse momenta could be
due to Z ′ decays in which up-type species predominated.

(2) The decays to h (an exotic isosinglet quark with charge −1/3) are quite
prominent. If this quark decays via flavor-changing neutral currents to other charge
−1/3 quarks, a signal of Z ′ production might include unusual events containing
ordinary down-type quarks (such as b quarks), photons, and virtual or real Z’s.

(3) The decays to the exotic leptons N c
e , E, νE , and n make up half of all Z ′

decays to a given family. One should then expect to see unusual decay products
consisting of leptons, photons, and virtual Z’s if flavor-changing neutral currents
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Table 2: Branching ratios for a Z ′ coupling to the charge Q′ into various members
of a single family in the 27-plet of E6.

State Squared Branching Branching AFB(uū →

f charge ratio ratio/3 (%) Z ′
→ f f̄)

d (1 + 1)/3 1/12 2.8 0
u (1 + 4)/3 5/24 6.9 0.27

N c
e 1 1/8 4.2 0.45

h (4 + 1)/3 5/24 6.9 −0.27
E 0 + 1 1/8 4.2 0.45
νE 0 + 1 1/8 4.2 0.45
n 1 1/8 4.2 −0.45

Total 8 1 33.3

dominate the decays of the exotic leptons. In principle, by a several-step mode
whose details would be dependent on the symmetry-breaking scheme giving rise to
masses, a process such as Z ′

→ E+E− or Z ′
→ νE ν̄E could give rise to the unusual

event p̄ + p → e+e−γγ + (missing transverse energy) seen by CDF [25].
(4) The prominence of up-type quark couplings to Z ′ and the presence of

substantial forward-backward asymmetries in uū → f f̄ imply that the process
p̄p → Z ′

→ f f̄ is likely to produce all the states f in Table 2 except standard down-
type quarks with substantial forward-backward asymmetries. Such asymmetries
could be an early signal that new physics is appearing through the intervention of
a chiral interaction rather than through QCD, which is left-right symmetric.

Typical searches for new Z ′ states produced and decaying like standard Z’s
have reached mass limits of about 650 GeV/c2 when one combines the CDF e+e−

and µ+µ− data in samples of about 70 pb−1 [2]. The full sample from CDF, and
the inclusion of D0 results, can be expected to more than double the amount of
data available, leading to lower limits closer to 700 GeV/c2. For Z ′’s coupling
only to U(1) factors, for which the square of the coupling is about half of that
for electroweak SU(2), one should reduce the expected production cross sections
by about a factor of 2, bringing the anticipated limits back down to 650 GeV/c2

for final states identified with the same efficiency and branching ratio (3.4%) as
in Z → e+e− decays. The Z ′ discussed here has branching ratios to each species
of exotic leptons in excess of this figure, but detection efficiencies are hard to
anticipate without predictions for specific decay chains. Indeed, to some extent it
is misleading even to identify the exotic states in E6 as quarks and leptons before
we know what selection rules govern their decays. The answer to such questions
depends on symmetry-breaking schemes which we have not yet explored.

[Note added: After this work was completed we became aware of Ref. [26],
which proposes searching for Z ′

→ (W± or Z) + scalar. In our notation, the
rates for these decays involve factors [Q′(qL) + Q′(uc

L)][Q′(qL) + Q′(dc
L)], where

4
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•  a 2HDM ~ one of the simplest extension 

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

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

•  Viable DM candidate 

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

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

H G
H H

H iA v h iG

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

Inert Doublet Model (IDMwZ2) 

We don’t have to impose extra  
dark gauge sym to ensure DM longevity. 

The SM gauge sym just does the job.
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Inert Doublet Model (IDMwZ2) 

•  CP-conserving potential 

forbidden by the Z2 symmetry 

† 2
4 1 2| |H Hλ+

1 12

† †
1 1 2

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

1 1( )
2
H Hλ

+ † 22
2 2( )

2
H Hλ

+

† †
3 1 1 2 2( )( )H H H Hλ+ † 25

1 2{( ) . .}.
2

H H hcλ
+ +

•  Type-I Yukawa interactions ~ only H2 couples to the SM fermions. 

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

•  H,A,H± ~ do not couple to SM fermions at tree level. 
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Inert Double Model (IDMwU(1)H) 

•  A SM-singlet ! has to be added. 

† 25
1 2{( ) . .}

2
H H h cλ

+ +

† 2
4 1 2| |H Hλ+† †

3 1 1 2 2( )( )H H H Hλ+† 21
1 1( )

2
H Hλ

+ † 22
2 2( )

2
H Hλ

+

2 2
1 1( | | )V m λ= + Φ% †

1 1( )H H 2 2
2 2( | | )m λ+ + Φ% †

2 2( )H H 2
12(m− †

1 2 h .c.)H H +

2 2 4| | | |m λΦ Φ+ Φ + Φ

•  Without !, ZH boson becomes massless. 

•  ! breaks the U(1)H symmetry while H2 breaks the EW symmetry.  
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•  We replace the Z2 symmetry by U(1) gauge symmetry. 
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•  IDM + SM-singlet !. 
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forbidden  
by the Z2 symmetry 

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

≠0) 

•  Without λ5, H and A are degenerate. 

2 2
5A Hm m vλ= −

Z

H A

N N

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

Inert Double Model (IDMwU(1)H) 
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•  IDM + SM-singlet !. 
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forbidden  
by the Z2 symmetry 

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

. 

Inert Double Model (IDMwU(1)H) 

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

†
1H

2H

†
1H

2H

Φ

S S
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Relic density (low mass) 
2

CDM 0.1199 0.0027hΩ = ±

h
H SM

H SM

HH ZZ→

H

H

Z

Z

HH WW→
+ IDMwZ2 

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

CDM 0.1199 0.0027hΩ = ±

h
H SM

H SM

HH ZZ→

H

H

Z

Z

HH WW→
+ IDMwZ2 
+ IDMwU(1)H 

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

CDM 0.1199 0.0027hΩ = ±

, HH H ZZHH Z Z→

H

H

HZ

HZ

( ), SM+SMHA HH ± !→

, ,...H HHH A Z Z Z+ − → + +

+ IDMwZ2 
+ IDMwU(1)H 

Co-annihilation 

LUX bound is satisfied. 
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Indirect searches (low mass) 

, HH H ZZHH Z Z→

Fermi-LAT,arXiv:1310.0828


+ IDMwZ2 
+ IDMwU(1)H 

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

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

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

, HH H ZZHH Z Z→

Fermi-LAT,arXiv:1310.0828


+ IDMwZ2 
+ IDMwU(1)H 

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

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

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

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

−Φ = ×
Geringer-Sameth,Koushiappas, PRL107


contains information  
about the distribution of DM. 

•  Dwarf spheroidal galaxies are excellent targets to search for annihilatin
g DM signatures because of DM-dominant nature without astrophysical b
ackgrounds like hot gas. 

The final γ-ray spectrum. 

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

Fermi-LAT,arXiv:1310.0828


+ IDMwZ2 
+ IDMwU(1)H 

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

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

~
HH Zmm

Co-annihilation 
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Relic density (high mass) 
2

CDM 0.1199 0.0027hΩ = ±

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

Fermi-LAT,arXiv:1310.0828


+ IDMwZ2 
+ IDMwU(1)H 

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

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



Gamma flux from GC

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


• This DM mass range is impossible within 
the usual IDM 


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



New chiral gauge 
symmetry requires more 

Higgs doublets



New chiral gauge sym
• If we introduce a new chiral gauge symmetry, we have to 

introduce more Higgs doublets in order that we can write 
down realistic Yukawa matrices for the SM fermions


• Interference between gauge boson and additional Higgs 
boson contributions can be important (especially for the 3rd 
generation fermions)


• Examples in the top FBA, B physics anomalies, etc..


• If additional charged/neutral Higgs bosons are discovered, 
that may indicate the existence of a new chiral gauge 
symmetry, and not of weak scale SUSY



CSI (classical scale inv)
• Chiral fermion get massive by spontaneous gauge symmetry 

breaking (as in the SM)


• Gauge fields get massive by Higgs mechanism or by 
confinement (one of the millenium problems)


• No such principle for scalar fields (related with fine tuning 
problem of Higgs mass) 


• Probably CSI may be the only way to understand the origin 
of scalar fields in a dynamical manner


• CSI broken radiatively or by new strong dynamics

m2 = m2
0 + ↵⇤2
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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
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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
������������

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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CDMS-II(2004+2005)
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CDMS-2007 projected

XMASS

super CDMS-1 ton

 = 1 TeV
h

v

 = 500 GeV
h

v

σSI(πhp → πhp) as functions of mπh.
the upper one: vh = 500 GeV and tan β = 1,

the lower one: vh = 1 TeV and tan β = 2.
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Conclusions
• Local gauge symmetries play a key role in the unsurpassed 

successful SM


• It may play the same role in DM physics ; many evidences 
that they really do


• U(1)H extensions of 2HDM (and multi Higgs doublet models) 
can be interesting possibilities to consider ; Inert 2HDM 
with U(1)H is a good example ; Top FBA and B anomalies 


• A lot of possibilities for new ways to look at Physics of 
Higgs, Flavor, DM, Neutrinos (one can consider CSI as well)


