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DM in the Universe

Although 23% of the universe is composed of DM, we do not know its
nature yet!!

Dark matter in U(1)Lµ−Lτ gauge theory and cosmic ray data APCTP, June 18, 2009 3 / 54
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Nature of CDM(‘s) ?

mass, spin, quantum numbers ?

Direct detection 

Indirect detection 

Collider search

All of these are complementary with each other

For complete study, better to work on specific model 
lagrangian one by one
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PAMELA positron excess
PAMELA reports positron access @ high energy 

PAMELA reports no access in antiproton

ATIC/PPB-BETS : excess in (e+ + e-) around 
500-800 GeV

Combining these observations, one can conclude

Leptophilic DM, OR

Very heavy DM (> 10 TeV) with dominant    DM + 
DM -> W+ W- (and also into ZZ , HH)

2011년	 6월	 15일	 수요일



�
�
��

���������
��
�

��
�
�
�
��
� �

�
���
�
��
�

�

�

�

�
�

�
�
�

�

�

�

�

�

�
�

1 10 102 103 104

1�

10�

0.3�

3�

30�

Positron energy in GeV

P
o
si
tr
o
n
fr
ac
ti
o
n

background?

PAMELA 08

�������
�����

�
�
�
�

�
�

� �

�

�

� �
�

�

�

�

�

�
��
� � � �

�

�
�

�
���

�

���

�

�

�

�

�
�

��
��
������

�
�
�
�

�

�

�

�
��
�
�

�
����

������
�
�

�

�
�
������ �

�

�
�

10 102 103 104
10�3

10�2

10�1

Energy in GeV
E
3
�e� �e

�
�GeV

2
�cm2 s

ec

ATIC
PPB�BETS08
EC

background?

�
��
�
��
����
�
�
����

�

1 10 102 103 104
10�5

10�4

10�3

10�2

p kinetic energy in GeV

p
�p

background?

PAMELA 08

DM with M � 150 GeV that annihilates intoW�W�

�
�
��

���������
��
�

��
�
�
�
��
� �

�
���
�
��
�

�

�

�

�
�

�
�
�

�

�

�

�

�

�
�

1 10 102 103 104

1�

10�

0.3�

3�

30�

Positron energy in GeV

P
o
si
tr
o
n
fr
ac
ti
o
n

background?

PAMELA 08

�������
�����

�
�
�
�

�
�

� �

�

�

� �
�

�

�

�

�

�
��
� � � �

�

�
�

�
���

�

���

�

�

�

�

�
�

��
��
������

�
�
�
�

�

�

�

�
��
�
�

�
����

������
�
�

�

�
�
������ �

�

�
�

10 102 103 104
10�3

10�2

10�1

Energy in GeV

E
3
�e� �e

�
�GeV

2
�cm2 s

ec

ATIC
PPB�BETS08
EC

background?

�
��
�
��
����
�
�
����

�

1 10 102 103 104
10�5

10�4

10�3

10�2

p kinetic energy in GeV

p
�p

background?

PAMELA 08

DM with M � 1 TeV that annihilates into Μ�Μ�

�
�
��

���������
��
�

��
�
�
�
��
� �

�
���
�
��
�

�

�

�

�
�

�
�
�

�

�

�

�

�

�
�

1 10 102 103 104

1�

10�

0.3�

3�

30�

Positron energy in GeV

P
o
si
tr
o
n
fr
ac
ti
o
n

background?

PAMELA 08

�������
�����

�
�
�
�

�
�

� �

�

�

� �
�

�

�

�

�

�
��
� � � �

�

�
�

�
���

�

���

�

�

�

�

�
�

��
��
������

�
�
�
�

�

�

�

�
��
�
�

�
����

������
�
�

�

�
�
������ �

�

�
�

10 102 103 104
10�3

10�2

10�1

Energy in GeV

E
3
�e� �e

�
�GeV

2
�cm2 s

ec

ATIC
PPB�BETS08
EC

background?

�
��
�
��
����
�
�
����

�

1 10 102 103 104
10�5

10�4

10�3

10�2

p kinetic energy in GeV

p
�p

background?

PAMELA 08

DM with M � 10 TeV that annihilates intoW�W�

Figure 1: Three examples of fits of e+ (left), e+ + e− (center), p̄ (right) data, for M =
150 GeV (upper row, excluded by p̄), M = 1 TeV (middle row, favored by data), M =
10 TeV (lower row, disfavored by the current e+ + e− excess). Galactic DM profiles and
propagation models are varied to provide the best fit. See Sec. 4 for the discussion on the
treatment of the uncertain astrophysical background.

4

Cirelli, Strumia 
et al. NPB

e+, (e- + e+), pbar 
from left, center, 

and right
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DM interpretation

We need leptophilic DM decaying preferentially into µ+µ− or τ+τ−

π0 from τ decays into γγ. Need to consider gamma-ray constraints.

In general there can be associated ν productions. Need to
consider ν constraints.

Dark matter in U(1)Lµ−Lτ gauge theory and cosmic ray data APCTP, June 18, 2009 13 / 54
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  model

Anomaly free subgroup of SM : one of 

Least constrained one : 

Foot, He, Volkas, et al. in late 80’s

This could be an example of horizontal gauge 
symmetries that often invoked for flavor physics

PAMELA positron excess and collider signature   
(Baek and Ko, in this talk) 

U(1)Lµ−Lτ

B − L , Le − Lµ , Lµ − Lτ , Le − Lτ

Lµ − Lτ
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Gauged U(1)Lµ−Lτ

Qutumn number assignments

SU(3) SU(2) U(1)Y U(1)Lµ−Lτ

Q 3 2 1/6 0

uc 3 1 -2/3 0

dc 3 1 1/3 0

L 1 2 -1/2 (0,1,-1)

ec 1 1 1 (0,-1,1)

H 1 2 1/2 0

Dark matter in U(1)Lµ−Lτ gauge theory and cosmic ray data APCTP, June 18, 2009 15 / 54

Gauged U(1)Lµ−Lτ : Case (b)

SM singlet Higgs field φ is introduced

SU(3) SU(2) U(1)Y U(1)Lµ−Lτ

φ 1 1 0 1

The U(1)� breaking scale is independent of the ew scale

mZ� = g�vφ .

(g−2)µ

∆aµ =
α �

2π

� 1

0
dx

2m2
µx2(1− x)

x2m2
µ +(1− x)m2

Z�
≈ α �

2π
2m2

µ

3m2
Z�

(mz� � mµ)

Dark matter in U(1)Lµ−Lτ gauge theory and cosmic ray data APCTP, June 18, 2009 20 / 54
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Introduction of DM candidate

Case (a,c) are too constrained to produce the correct thermal relic
density

For “Case (b)” we introduce vectorlike Dirac fermion as DM
candidate

SU(3) SU(2) U(1)Y U(1)Lµ−Lτ

φ 1 1 0 1
ψD 1 1 0 1
ψc

D
1 1 0 -1

LModel = LSM +LNew

LNew = −1
4

Z
�
µνZ

�µν +ψDiD · γψD −MψD
ψDψD +Dµφ ∗

D
µφ

−λφ (φ ∗φ)2 −µ2
φ φ ∗φ −λHφ φ ∗φH

†
H.

Dark matter in U(1)Lµ−Lτ gauge theory and cosmic ray data APCTP, June 18, 2009 25 / 54

U(1)’ charged Dirac fermion DM

Thermal relic density of the CDM ψD

ψDψD → Z
�∗ → �+�−,ν�ν�, (� = µ,τ),

ψDψD → Z�Z�

Dark matter in U(1)Lµ−Lτ gauge theory and cosmic ray data APCTP, June 18, 2009 26 / 54
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There are already many papers available studying the implications of the PAMELA data

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

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

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

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

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

Le − Lµ, Lµ − Lτ , Lτ − Le, B − L

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

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

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

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

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

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

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

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

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

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

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

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

gives a mass to the extra Z
′

by ordinary Higgs mechanism. And the Dirac fermion ψD

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

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

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

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

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

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

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

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

and Higgs phenomenology. Then our

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

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

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

colliders.

2. Model and the muon (g − 2)µ

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

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

R (i: the generation index) carry Y
′

= 1(−1). We further introduce

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

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

ψD, respectively. The covariant derivative is defined as

Dµ = ∂µ + ieQAµ + i
e

sW cS
(I3 − s2

W Q)Zµ + ig
′

Y
′

Z
′

µ (2.1)

– 2 –

The model lagrangian is given by 1

LModel = LSM + LNew (2.2)

LNew = −
1

4
Z

′

µνZ
′µν + ψDiD · γψD − MψD

ψDψD + Dµφ∗Dµφ (2.3)

−λφ(φ∗φ)2 − µ2
φφ∗φ − λHφφ∗φH†H.

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

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

. Then the dark matter pair

can annihilate into quarks through Z − Z
′

mixing in our case, and the p̄ flux will be

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

mixing. However, electroweak

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

parameter, since the mixing induces the Z
′

coupling to the quark sector. Furthermore, if

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

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

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

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

from the dark matter annihilations.

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

on the sign of µ2
φ :

• Unbroken phase: exact with 〈φ〉 = 0, µ2
φ > 0 and MZ

′ = 0,

• Spontaneously broken phase: by µ2
φ < 0, nonzero 〈φ〉 ≡ vφ %= 0, and MZ

′ %= 0

In the unbroken phase, the massless Z
′

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

the overall coupling:

∆aµ =
α

′

2π
. (2.4)

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

tions [48] in (g − 2)µ:

∆aµ = aexp
µ − aSM

µ = (302 ± 88) × 10−11. (2.5)

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

∼ 2 × 10−8. However, this coupling

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

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

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

the massive Z
′

case (broken phase) in the following.

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

contribution to ∆aµ. We

use the result obtained in Ref. [43]:

∆aµ =
α

′

2π

∫ 1

0
dx

2m2
µx2(1 − x)

x2m2
µ + (1 − x)M2

Z
′

≈
α

′

2π

2m2
µ

3M2
Z

′

(2.6)

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

the SM model.

– 3 –

Here we ignored kinetic mixing for simplicity

 We will study the following observables:
Muon g-2, Leptophilc DM, Collider Signature
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Muon (g-2)

The model lagrangian is given by 1

LModel = LSM + LNew (2.2)

LNew = −
1

4
Z

′

µνZ
′µν + ψDiD · γψD − MψD

ψDψD + Dµφ∗Dµφ (2.3)

−λφ(φ∗φ)2 − µ2
φφ∗φ − λHφφ∗φH†H.
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′

. Then the dark matter pair
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′

mixing in our case, and the p̄ flux will be
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′
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∆aµ = aexp
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µ = (302 ± 88) × 10−11. (2.5)

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

∼ 2 × 10−8. However, this coupling

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

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

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

the massive Z
′

case (broken phase) in the following.

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

contribution to ∆aµ. We

use the result obtained in Ref. [43]:

∆aµ =
α

′

2π

∫ 1

0
dx

2m2
µx2(1 − x)

x2m2
µ + (1 − x)M2

Z
′

≈
α

′

2π

2m2
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Z
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FIGURES

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

from its central value at +2σ,+1σ, 0,−1σ and −2σ, respectively.
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Prediction for muon (g-2)
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Collider Signatures

The second approximate formula holds for mµ ! MZ
′ . In Fig. 1, shown in the blue band

is the allowed region of MZ
′ and α

′

which is consistent with the BNL data on the muon

(g − 2)µ within 3 σ range. There is an ample parameter space where the discrepancy

between the BNL data and the SM prediction can be explained within the model.

3. Dark matter

The Dirac fermion ψD can play a role of the CDM. In our model, thermal relic density of

the CDM in our model is achieved through the DM annihilations into muon or tau leptons

or their neutrinos:

ψDψ̄D → Z
′∗ → l+l−, νlν̄l

with l = µ or τ . We modified the micrOMEGAs [49] in order to calculate the relic density

of the U(1)−charged ψD CDM. It is easy to fulfil the WMAP data on ΩCDM for a wide

range of the DM mass, as shown in Fig. 1 in the black curves which represent constant

contours of Ωh2 = 0.106 in the (MZ′ ,α)-plane for MψD
= 10, 100, 1000 GeV from below.

We can clearly see the s−channel resonance effect of Z
′

→ ψDψ̄D near MZ′ ≈ 2MψD
. If

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

density and ∆aµ can be easily satisfied while escaping the current collider searches. This

parameter space, however, can be probed by the LHC. These issues are covered in the

following section.

There would be no signal in direct DM detection experiments in this model, since the

messenger Z
′

does not interact with electron, quarks or gluons inside nucleus. Also we

do not expect any excess in the antiproton flux in cosmic rays in the indirect search for

CDM. On the other hand, there could be excess in the positron signal consistent with the

PAMELA positron excess in our model.

4. Collider Signatures

New particles in this model are Z
′

, s (the modulus of φ) and ψD, and they couple only

to muon, tau or their neutrinos. Let us discuss first the decay of Z
′

gauge boson and its

productions at various colliders, and then Higgs phenomenology in our model.

In the broken phase with MZ
′ %= 0, Z

′

can decay through the following channels:

Z
′

→ µ+µ−, τ+τ−, ναν̄α (with α = µ or τ), ψDψD ,

if they are kinematically allowed. Since these decays occur through U(1)Lµ−Lτ gauge

interactions, the branching ratio is completely fixed once particle masses are specified. In

particular,

Γ(Z
′

→ µ+µ−) = Γ(Z
′

→ τ+τ−) = 2Γ(Z
′

→ νµν̄µ) = 2Γ(Z
′

→ ντ ν̄τ ) = Γ(Z
′

→ ψDψ̄D)

if MZ
′ & mµ,mτ ,MDM. And the total decay rate of Z

′

is approximately given by

Γtot(Z
′

) =
α

′

3
MZ

′ × 4(3) ≈
4(or 3)

3
GeV

(

α
′

10−2

)

(

MZ
′

100GeV

)

– 4 –

The second approximate formula holds for mµ ! MZ
′ . In Fig. 1, shown in the blue band

is the allowed region of MZ
′ and α

′

which is consistent with the BNL data on the muon

(g − 2)µ within 3 σ range. There is an ample parameter space where the discrepancy

between the BNL data and the SM prediction can be explained within the model.

3. Dark matter

The Dirac fermion ψD can play a role of the CDM. In our model, thermal relic density of

the CDM in our model is achieved through the DM annihilations into muon or tau leptons

or their neutrinos:

ψDψ̄D → Z
′∗ → l+l−, νlν̄l

with l = µ or τ . We modified the micrOMEGAs [49] in order to calculate the relic density

of the U(1)−charged ψD CDM. It is easy to fulfil the WMAP data on ΩCDM for a wide

range of the DM mass, as shown in Fig. 1 in the black curves which represent constant

contours of Ωh2 = 0.106 in the (MZ′ ,α)-plane for MψD
= 10, 100, 1000 GeV from below.

We can clearly see the s−channel resonance effect of Z
′

→ ψDψ̄D near MZ′ ≈ 2MψD
. If

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

density and ∆aµ can be easily satisfied while escaping the current collider searches. This

parameter space, however, can be probed by the LHC. These issues are covered in the

following section.

There would be no signal in direct DM detection experiments in this model, since the

messenger Z
′

does not interact with electron, quarks or gluons inside nucleus. Also we

do not expect any excess in the antiproton flux in cosmic rays in the indirect search for

CDM. On the other hand, there could be excess in the positron signal consistent with the

PAMELA positron excess in our model.

4. Collider Signatures

New particles in this model are Z
′

, s (the modulus of φ) and ψD, and they couple only

to muon, tau or their neutrinos. Let us discuss first the decay of Z
′

gauge boson and its

productions at various colliders, and then Higgs phenomenology in our model.

In the broken phase with MZ
′ %= 0, Z

′

can decay through the following channels:

Z
′

→ µ+µ−, τ+τ−, ναν̄α (with α = µ or τ), ψDψD ,

if they are kinematically allowed. Since these decays occur through U(1)Lµ−Lτ gauge

interactions, the branching ratio is completely fixed once particle masses are specified. In

particular,

Γ(Z
′

→ µ+µ−) = Γ(Z
′

→ τ+τ−) = 2Γ(Z
′

→ νµν̄µ) = 2Γ(Z
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→ ντ ν̄τ ) = Γ(Z
′

→ ψDψ̄D)

if MZ
′ & mµ,mτ ,MDM. And the total decay rate of Z

′

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

′

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

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

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

if the channel Z
′

→ ψDψ̄D is open (or closed). Therefore Z
′

will decay immediately inside

the detector for a reasonable range of α
′

and MZ
′ .

Z ′ can be produced at a muon collider as resonances in the µµ or ττ channel [43] via

µ+µ− → Z
′∗ → µ+µ−(τ+τ−).

The LHC can also observe the Z ′ which gives the right amount of the relic density as can

be seen in Fig. 1. Its signal is the excess of multi-muon (tau) events without the excess of

multi-e events.

The dominant mechanisms of Z
′

productions at available colliders are

qq̄ (or e+e−) → γ∗, Z∗ → µ+µ−Z
′

, τ+τ−Z
′

→ Z∗ → νµν̄µZ
′

, ντντZ
′

There are also vector boson fusion processes such as

W+W− → νµν̄µZ
′

(or µ+µ−Z
′

), etc.

Z0Z0 → νµν̄µZ
′

(or µ+µ−Z
′

), etc.

W+Z0 → νµµ̄Z
′

(or µ+µ−Z
′

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

′

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

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

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

The mixing term λHφ can make the Higgs search non-standard.

hSM = H1 cosα−H2 sinα,

s = H1 sinα +H2 cosα,

tanβ = vφ/vSM.
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Figure 2: In the left (right) column are shown the branching ratios of the lighter (heavier) Higgs
H1(2) into two particles in the final states: tt̄ (solid in red), bb̄ (dashed red), cc̄ (dotted red), ss̄
(dot-dashed red), τ τ̄ (solid orange), µµ̄ (dashed orange), WW (dashed blue), ZZ (dotted blue) and
Z

′

Z
′

(solid blue) for difference values of the mixing angle α and tanβ. We fixed MZ′ = 300 GeV.
We also fixed MH2

= 700 GeV (MH1
= 150 GeV) for the plots of the left (right) column.

model is constrained by the muon (g − 2)µ and the collider search for a vector boson

decaying into µ+µ− at the Tevatron, LEP(2) and B factories. The collider constraints

favors ψDM heavier than ∼ 100 GeV. We calculated the relic density of the CDM with

these constraints, and still find that the thermal relic density could be easily within the

WMAP range. We also considered the production cross section of the new gauge boson Z
′

at the LHC, which could be 1 fb –1000 fb. This is clearly within the discovery range at

the LHC with enough integrated luminosity ! 50fb−1. It is remained to be seen whether
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Figure 2: In the left (right) column are shown the branching ratios of the lighter (heavier) Higgs
H1(2) into two particles in the final states: tt̄ (solid in red), bb̄ (dashed red), cc̄ (dotted red), ss̄
(dot-dashed red), τ τ̄ (solid orange), µµ̄ (dashed orange), WW (dashed blue), ZZ (dotted blue) and
Z

′

Z
′

(solid blue) for difference values of the mixing angle α and tanβ. We fixed MZ′ = 300 GeV.
We also fixed MH2

= 700 GeV (MH1
= 150 GeV) for the plots of the left (right) column.

model is constrained by the muon (g − 2)µ and the collider search for a vector boson

decaying into µ+µ− at the Tevatron, LEP(2) and B factories. The collider constraints

favors ψDM heavier than ∼ 100 GeV. We calculated the relic density of the CDM with

these constraints, and still find that the thermal relic density could be easily within the

WMAP range. We also considered the production cross section of the new gauge boson Z
′

at the LHC, which could be 1 fb –1000 fb. This is clearly within the discovery range at

the LHC with enough integrated luminosity ! 50fb−1. It is remained to be seen whether
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Higgs Searches
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Sommerfeld enhancement

If DM is a thermal relic, the relic abundance is approximately given
by

Ωh2 � 0.1×
�

3×10−26cm3/sec
�σv�freeze

�
. (1)

The PAMELA, ATIC suggest σv≈ 10−23cm3/sec
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Sommerfeld enhancement

The large “boost factor” can come from

the clumpy distribution of the dark matter

or the “Sommerfeld enhancement”. (A. Sommerfeld (1931)) For

long range force and small v(∼ 10−3), a bound state can be formed

before annihilation (Arkani-Hamed et.al, arXiv:0810.0713)

· · ·

ψD

ψD

Z �

Z �

Z �
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Figure: Sommerfeld enhancement factor along the constant relic density
lines. v = 200 km/s.
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PAMELA, Fermi LAT, HESS, SK, HESS gamma-ray

from GC

Fit the BF, and scale parameters to the indirect detection data

Used NFW DM profile with MED parameters

For the background e− and e− we used the results in Baltz and

Edsjö (1998); Moskalenko and Strong (1998)

Considered SK up-going neutrino-induced muon flux, HESS

gamma-ray frux from the GC
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Fit to PAMELA data
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Fit to PAMELA, Fermi LAT, and HESS data

NFW MED, BF=1574, χ2
min/dof = 201/50.
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Fit to PAMELA, Fermi LAT, and HESS data

NFW MED, BF=3044, χ2
min/dof = 104/50.
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Fit to PAMELA, Fermi LAT, and HESS data

NFW MED, BF=5198, χ2
min/dof = 53/50.
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DM density profiles

ρ(r,rs) =
1
rγ

ρ0

(1+(r/rs)α)(β−γ)/α

Halo model α β γ rs [kpc]

Cored isothermal 2 2 0 5

Navarro, Frenk & White 1 3 1 20

Moore 1.5 3 1.3 30

Table: Dark matter distribution profiles in the Milky Way.
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DM density profiles
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Figure 5: Thick solid red curves (thick dashed blue curves) are predictions of the neutrino-induced
up-going muon flux from the annihilation of dark matter with masses 3, 2, 1.5, 1 TeV from above,
for the NFW (isothermal) dark matter profile. The thin solid line is the superkamiokande bound.

The lower DMs are allowed with the NFW profile. However, if the isothermal profile is
used, all the DM are allowed because this profile is flat near the Galactic center and the
neutrinos are not much produced.

Fig. 6 shows the predictions for the gamma-ray flux from the Galactic center (0.1◦

region from the GC) [36] and the Galactic Center ridge (|b| < 0.3◦, |l| < 0.8◦) [37]. We can
see that the constraints on the DM annihilation for the NFW profile become more severe
than in the neutrino case. That is the NFW predicts too much gamma-ray, exceeding
even the current data for the massive DM. However, if more flat profile like the isothermal
profile is used, the predictions are below the current data.

4. Collider Signatures

New particles in this model are Z
′ , s (the modulus of φ) and ψD. Z

′ couples only to muon,
tau or their neutrinos, or the U(1)Lµ−Lτ charged dark matter. The new scalar s can mix
with the SM Higgs boson hSM, affecting the standard Higgs phenomenology.

Let us discuss first the decay of Z
′ gauge boson and its productions at various colliders.

In the broken phase with MZ′ != 0, Z
′ can decay through the following channels:

Z
′ → µ+µ−, τ+τ−, ναν̄α (with α = µ or τ), ψDψD ,

if they are kinematically allowed. Since these decays occur through U(1)Lµ−Lτ gauge
interaction, the branching ratios are completely fixed once particle masses are specified. In
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Figure 6: The gamma ray flux from the GC (left panel) and GC ridge (right panel). Thick solid
red curves (thick dashed blue curves) are predictions of the gamma ray flux from the annihilation
of dark matter with masses 3, 2, 1.5, 1 TeV from above, for the NFW (isothermal) dark matter
profile.

particular,

Γ(Z
′ → µ+µ−) = Γ(Z

′ → τ+τ−) = 2Γ(Z
′ → νµν̄µ) = 2Γ(Z

′ → ντ ν̄τ ) = Γ(Z
′ → ψDψ̄D)

if MZ′ " mµ, mτ ,MDM. The total decay rate of Z
′ is approximately given by

Γtot(Z
′
) =

α
′

3
MZ′ × 4(3) ≈ 4(or 3)

3
GeV

(
α

′

10−2

) (
MZ′

100GeV

)

if the channel Z
′ → ψDψ̄D is open (or closed). Therefore Z

′ will decay immediately inside
the detector for a reasonable range of α

′ and MZ′ .
Z ′ can be produced at a muon collider as resonances in the µµ or ττ channel [18] via

µ+µ− → Z
′∗ → µ+µ−(τ+τ−).

The LHC can also observe the Z ′ which gives the right amount of the relic density as can
be seen in Fig. 1. Its signal is the excess of multi-muon (tau) events without the excess of
multi-e events.

The dominant mechanisms of Z
′ productions at available colliders are

qq̄ (or e+e−) → γ∗, Z∗ → µ+µ−Z
′
, τ+τ−Z

′

→ Z∗ → νµν̄µZ
′
, ντ ν̄τZ

′

There are also vector boson fusion processes such as

W+W− → νµν̄µZ
′

(or µ+µ−Z
′
), etc.

Z0Z0 → νµν̄µZ
′

(or µ+µ−Z
′
), etc.

W+Z0 → νµµ̄Z
′

(or µ+µ−Z
′
), etc.

and the channels with µ → τ . We will ignore the vector boson fusion channels in this paper,
since their contributions are expected to be subdominant to the qq̄ or e+e− annihilations.
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Gamma ray flux constraint (HESS)
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Conclusions

DM from leptophilic U(1)Lµ−Lτ model can be an explanation of

positron/electron excess in PAMELA, Fermi LAT and HESS CR

experiments.

� the fit to the data is excellent when MDM = 2000 GeV

� the required BF can be obtained from the Sommerfeld

enhancement

� MDM = 2000 GeV is only marginally allowed. MDM > 2000 GeV is

ruled out by SK muon flux.

� NFW density profile is disfavored by the HESS gamma-ray data.

The isothermal profile is consistent with the data.

LHC can cover the large parameter space of U(1)Lµ−Lτ model

through multi muon/tau events.

The Higgs searches can be non-standard.
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Ko and Yuji Omura, SUSY U(1)B x U(1)L, arXiv: 
1012.4679, to appear in PLB

Ko, Omura and Yu, Dijet resonance from leptophobic 
Z’ and light baryonic DM, arXiv: 1104.4066

Gondolo, Ko, Omura, Light DM in leptophobic Z’ 
model, arXiv: 1106.0885 

Indirect signatures in these models under study
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