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Flavor symmetry might exist behind the observed masses and mixings of leptons and quarks.  
The flavor structure of elementary particles would arise after the symmetry breaking. 

Three generation structure in Standard Model is flavor blind for gauge interaction but it’s non-
universal for yukawa interaction.

Quark flavor: masses/mixings are hierarchical→Abelian?

Lepton flavor: neutrino masses....degenerate or hierarchical??
                     mixings....Large angles→Non-Abelian? (Tri-bimaximal, Bi-maximal....)     

Yukawa structure in SM would carry a lot of information and it can be a clue to identify the 
origin of generations (= more fundamental description of SM).

Flavor symmetry

Underlying flavor symmetry might be working differently on lepton and quark sector.
The GUT embedding is non-trivial.
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Flavor symmetry might exist behind the observed masses and mixings of leptons and quarks.  
The flavor structure of elementary particles would arise after the symmetry breaking. 

Three generation structure in Standard Model is flavor blind for gauge interaction but it’s non-
universal for yukawa interaction.

Quark flavor: masses/mixings are hierarchical→Abelian?

Lepton flavor: neutrino masses....degenerate or hierarchical??
                     mixings....Large angles→Non-Abelian? (Tri-bimaximal, Bi-maximal....)     

Yukawa structure in SM would carry a lot of information and it can be a clue to identify the 
origin of generations (= more fundamental description of SM).

The hidden (flavor) symmetry would predict the partner particles for known SM particles. 

Flavor symmetry

Underlying flavor symmetry might be working differently on lepton and quark sector.

Lepton Flavor Symmetry introduces leptophilic partners.

The GUT embedding is non-trivial.
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The extended particle spectrum beyond SM may contain species of dark matter. 
Candidates: right handed neutrinos and flavor scalars.

(Leptophilic) Dark Matter from (Lepton) Flavor symmetry

Neutrino masses and Dark Matter through Flavor Symmetry breaking 

These particles can be charged under Flavor symmetry.
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The extended particle spectrum beyond SM may contain species of dark matter. 
Candidates: right handed neutrinos and flavor scalars.

(Leptophilic) Dark Matter from (Lepton) Flavor symmetry

Neutrino masses and Dark Matter through Flavor Symmetry breaking 

These particles can be charged under Flavor symmetry.

Dark matter stability can be explained by a residual symmetry after the Flavor Symmetry breaking. 

e.g Z2 symmetry

Dark Matter interaction with SM particles could be controlled by flavor symmetry.

Lepton flavor symmetry → leptophilic nature
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Tiny neutrino masses

TeV scale right handed neutrinos

Very small Flavor symmetry breaking

VEV of flavored scalar bosons could be the origin of both neutrino masses and Flavor symmetry breaking

Three possibilities with right handed neutrino(s) to realize tiny neutrino masses

The Leading information of flavor symmetry breaking

Small VEV ( and residual symmetry Z2)

Tiny neutrino mass: the implication to new physics scale 

! stable nu_R may realize the desired thermal abundance as present dark matter.

Three possible scenarios in SeeSaw formula

mν = y2ν
v2η
MR

yνL̄ηνR +MRνcRνR + h.c

ΛNew = MR

yν ∼ O(1)

2.yν � 1 MR < O(TeV)

3.vη � mEW TeV scale νR and yν ∼ O(1)

1.MR ∼ Mpl � mEW

ylL̄HeR + h.c

?

η = H

η = H

leptophilic new SU(2)L doublet bosons required!

2014年12月5日金曜日

  Right handed neutrino SeeSaw (similar discussion is possible for triplet higgs case)

vη

MR
,
vη

mη
∼ O(10−6)
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Neutrino mass structure: only the place that  flavor symmetry breaking effects are relevant.

  Right handed neutrino SeeSaw (similar discussion is possible for triplet higgs case)
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Neutrino mass structure: only the place that  flavor symmetry breaking effects are relevant.

  Right handed neutrino SeeSaw (similar discussion is possible for triplet higgs case)

vη

MR
,
vη

mη
∼ O(10−6)

TeV scale νR DM ←→ Flavor symmetry symmetric LFV

For multi-Higgs vs FCNC : flavor symmetry symmetric solution? 
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A discrete dark matter model based on A4 with nu_R DM
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dark matter candidate. Multiplication rule is as below,

1! ! 1! = 1!!, 1!! ! 1!! = 1!, 1! ! 1!! = 1,

3! 3 = 31 " 32 " 1" 1! " 1!!. (A.3)

For example, when a = (a1, a2, a3) and b = (b1, b2, b3) are two A4 triplets, the ways to

compose 1,1!,1!! and 3 representation from them are

(ab)1 = a1b1 + a2b2 + a3b3,

(ab)1! = a1b1 + !a2b2 + !2a3b3,

(ab)1!! = a1b1 + !2a2b2 + !a3b3,

(ab)31
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$

%

&
, (ab)32

=

!

"

#

a3b2
a1b3
a2b1

$

%

&
. (A.4)

B Scalar boson potential and the physical spectrum

General form of CP and A4 invariant potential terms of scalar bosons are given by,

V (h, ") = m2
!"

†" +m2
hh

†h

+#1(h
†h)2 + #2["

†"]21 + #3["
†"]1! ["

†"]1!!

+#4(["
†"†]1! [""]1!! + ["†"†]1!! [""]1!) + #5["

†"†]1[""]1

+#6(["
†"]31 ["

†"]31 + ["†"]32 ["
†"]32) + #7["

†"]31 ["
†"]32 + #8["

†"†]31 [""]31

+#9["
†"]1(h

†h) + #10["
†h]3[h

†"]3 + #11(["
†"†]1hh+ h†h†[""]1)

+#12(["
†"†]31 ["h]3 + [h†"†]3[""]32) + #13(["

†"†]32 ["h]3 + [h†"†]3[""]31)

+#14(["
†"]31 ["

†h]3 + [h†"]3["
†"]32) + #15(["

†"]32 ["
†h]3 + [h†"]3["

†"]31).

(B.1)

To explain observed tiny neutrino masses in our scenario, we have to demand smallness for

m2
h!1

and #11. The quantum corrections due to !" = 1 interactions, #12, #13, #14 and #15

generate #11 at one loop, so these conpligs also have to be suppressed < m2
h!1

/m2
!. This

may exhibit an approximate global U(1)! symmetry in the scalar potential. Notice that

#11 also violates U(1)! by !" = 2 but the quantum corrections by itself never generate

!" = 1 interactions.

As we mentioned in section 2, we add the following A4 explicit breaking term,

Vsoft = #m2
h!1"

†
1h+ h.c., (B.2)

which explicitly breaks U(1)! by !" = 1.

We notice that in this scalar potential, an exact invariance for an odd permutation

between "2 and "3 exists. The full invariance for all three odd permutations among "1,

"2 and "3 recovers if we ignore the soft term m2
h!1

. The ("2, "3) permutation is not a

symmetry inside A4 symmetry but an accidental symmetry in our model when we impose
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Le Lµ L! eR µR !R "R = ("1R, "
2
R, "

3
R) N4 h # = (#1, #2, #3)

SU(2)L 2 2 2 1 1 1 1 1 2 2

A4 1 1! 1!! 1 1!! 1! 3 1 1 3

Table 1. Ingredients of the model and charge assignments to them.

2.1 Model

In this model, the A4 group, which is the symmetry group of the tetrahedron, is adopted

as the lepton flavor symmetry group. A brief description of the A4 group is given in

appendix A. A4 has four irreducible representations, that is, three singlets(1,1!,1!!) and

one triplet(3). Ingredients of the discrete dark matter model are assigned to symmetry

group representations according to table 1.

L"($ = e, µ, !) represent SU(2)L doublets composed of a left-handed charged lepton

and a left-handed neutrino. eR, µR, !R are right-handed charged leptons. h is the Higgs

boson. Adding to these SM particles, right-handed neutrinos "iR(i = 1, 2, 3), N4 and SU(2)L
doublet scalars #j(j = 1, 2, 3) are introduced. Each of "iR and #j are put together into A4

triplets.

Each term in the Lagrangian must be constructed to be A4 invariant. See appendix

A to check how to multiply non trivial A4 representations together into the trivial singlet.

The terms responsible for mass matrices of charged leptons and neutrinos are given by,

LYukawa = yeLeeRh+ yµLµµRh+ y!L!!Rh

+ye#Le("R#̃)1 + yµ#Lµ("R#̃)1!! + y!#L! ("R#̃)1! (2.1)

+Y4LeN4h̃+MN"cR"R +M4N c
4N4 + h.c..

The potential of scalar bosons is given in appendix B. One comment has to be addressed

here. In this paper, we introduce the following A4 soft breaking bilinear term,

!m2
h$1#

†
1h+ h.c., (2.2)

which was not considered in the original paper [15, 16]. We will explain the motivation

in section 4. We assume m2
$ > 0 and m2

h$1
/m2

$ " 1 in most of discussions below. Under

this assumption m2
$ > 0 and the existence of the soft term eq. (2.2), # can acquire their

non-zero vacuum expectation values(VEVs) when electroweak(EW) symmetry is violated,

while light or massless scalar modes do not arise because the degrees of freedom of EW

vacuum degeneracy of scalar bosons coincide with the degrees of freedom of longitudinal

modes of massive electroweak gauge bosons.

2.2 Neutrino mass matrices at tree level

When scalar bosons of this model gets VEVs such that

#h0$ = vh %= 0, ##01$ = v$ %= 0, ##02,3$ = 0, (2.3)
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here. In this paper, we introduce the following A4 soft breaking bilinear term,
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1h+ h.c., (2.2)

which was not considered in the original paper [15, 16]. We will explain the motivation

in section 4. We assume m2
$ > 0 and m2

h$1
/m2

$ " 1 in most of discussions below. Under

this assumption m2
$ > 0 and the existence of the soft term eq. (2.2), # can acquire their

non-zero vacuum expectation values(VEVs) when electroweak(EW) symmetry is violated,

while light or massless scalar modes do not arise because the degrees of freedom of EW

vacuum degeneracy of scalar bosons coincide with the degrees of freedom of longitudinal

modes of massive electroweak gauge bosons.

2.2 Neutrino mass matrices at tree level

When scalar bosons of this model gets VEVs such that

#h0$ = vh %= 0, ##01$ = v$ %= 0, ##02,3$ = 0, (2.3)
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B Scalar boson potential and the physical spectrum

General form of CP and A4 invariant potential terms of scalar bosons are given by,
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To explain observed tiny neutrino masses in our scenario, we have to demand smallness for

m2
h!1

and #11. The quantum corrections due to !" = 1 interactions, #12, #13, #14 and #15

generate #11 at one loop, so these conpligs also have to be suppressed < m2
h!1

/m2
!. This

may exhibit an approximate global U(1)! symmetry in the scalar potential. Notice that

#11 also violates U(1)! by !" = 2 but the quantum corrections by itself never generate

!" = 1 interactions.

As we mentioned in section 2, we add the following A4 explicit breaking term,

Vsoft = #m2
h!1"

†
1h+ h.c., (B.2)

which explicitly breaks U(1)! by !" = 1.

We notice that in this scalar potential, an exact invariance for an odd permutation

between "2 and "3 exists. The full invariance for all three odd permutations among "1,

"2 and "3 recovers if we ignore the soft term m2
h!1

. The ("2, "3) permutation is not a

symmetry inside A4 symmetry but an accidental symmetry in our model when we impose
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Le Lµ L! eR µR !R "R = ("1R, "
2
R, "

3
R) N4 h # = (#1, #2, #3)

SU(2)L 2 2 2 1 1 1 1 1 2 2

A4 1 1! 1!! 1 1!! 1! 3 1 1 3

Table 1. Ingredients of the model and charge assignments to them.

2.1 Model

In this model, the A4 group, which is the symmetry group of the tetrahedron, is adopted

as the lepton flavor symmetry group. A brief description of the A4 group is given in

appendix A. A4 has four irreducible representations, that is, three singlets(1,1!,1!!) and

one triplet(3). Ingredients of the discrete dark matter model are assigned to symmetry

group representations according to table 1.

L"($ = e, µ, !) represent SU(2)L doublets composed of a left-handed charged lepton

and a left-handed neutrino. eR, µR, !R are right-handed charged leptons. h is the Higgs

boson. Adding to these SM particles, right-handed neutrinos "iR(i = 1, 2, 3), N4 and SU(2)L
doublet scalars #j(j = 1, 2, 3) are introduced. Each of "iR and #j are put together into A4

triplets.

Each term in the Lagrangian must be constructed to be A4 invariant. See appendix

A to check how to multiply non trivial A4 representations together into the trivial singlet.

The terms responsible for mass matrices of charged leptons and neutrinos are given by,

LYukawa = yeLeeRh+ yµLµµRh+ y!L!!Rh

+ye#Le("R#̃)1 + yµ#Lµ("R#̃)1!! + y!#L! ("R#̃)1! (2.1)

+Y4LeN4h̃+MN"cR"R +M4N c
4N4 + h.c..

The potential of scalar bosons is given in appendix B. One comment has to be addressed

here. In this paper, we introduce the following A4 soft breaking bilinear term,

!m2
h$1#

†
1h+ h.c., (2.2)

which was not considered in the original paper [15, 16]. We will explain the motivation

in section 4. We assume m2
$ > 0 and m2

h$1
/m2

$ " 1 in most of discussions below. Under

this assumption m2
$ > 0 and the existence of the soft term eq. (2.2), # can acquire their

non-zero vacuum expectation values(VEVs) when electroweak(EW) symmetry is violated,

while light or massless scalar modes do not arise because the degrees of freedom of EW

vacuum degeneracy of scalar bosons coincide with the degrees of freedom of longitudinal

modes of massive electroweak gauge bosons.

2.2 Neutrino mass matrices at tree level

When scalar bosons of this model gets VEVs such that

#h0$ = vh %= 0, ##01$ = v$ %= 0, ##02,3$ = 0, (2.3)
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which explicitly breaks U(1)! by !" = 1.

We notice that in this scalar potential, an exact invariance for an odd permutation

between "2 and "3 exists. The full invariance for all three odd permutations among "1,
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Along with this line, let’s consider the following model.

Lepton flavor symmetry=Non-Abelian discrete symmetry

A Concrete Model

Scalar DM: M.Hirsch et al (2011)

Right handed neutrino DM: Our work (2014)

                                                       Z3 symmetry in charged lepton sector

A4→Z2: odd states(νR2, νR3) can be dark matter.

Based on discrete DM model by M.Hirsch(2011)

2016年7月28日木曜日



Thermal freeze out and νR Dark Matter relic abundance 
Another clue of new scales beyond SM

If the dilution happen after the freeze out, the preferred mass range could be shifted to νR heavier mass.

where !mN is the mass di!erence between "2
R and "3

R and #U ! 13.8Gyears. It may
be di"cult to detect this line spectrum in CMB at present [26]. This model realizes
multi-state dark matter "2

R and "3
R at present time.

The main annihilation process of "i
Rs happens through the process shown in Fig.13

and the P-wave dominates for the thermal relic estimation. The leading term of the
annihilation cross section for a single species "2

R (or "3
R) is,
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where y2! =
%

i=e,µ,# (y
i
!)

2, vrel is the relative velocity of incident two dark matter particles.
The contributions from higher terms O(v2nref) (n # 2) give less than 10 percents of the
leading contribution in the relic abundance estimation. In the thermal relic estimation,
we deal with the two states of "i

R as stable. In Fig.14, we show the preferred values
of &, "R masses and neutrino Yukawa coupling to obtain full amount of observed dark
matter relic density [25]. 12 Now we understand that in this model, WIMP type dark
matter scenario can be achieved by TeV-scale "R and &, sub MeV v" and O(1) neutrino
Yukawa couplings. Here we did not include co-annihilation processes like &i + "i

R $ l! $
l + a gauge boson(W,Z, '). Such processes are relevant only if the masses of "i

R highly
degenerate with those of &i.

The collider signals for parity-odd & bosons are similar to R-parity conserving minimal
supersymmetric standard model(MSSM) with bino dark matter except for the production
rate. This model has only the pure electroweak productions at the LHC. The direct EW
production of left-handed sleptons producing multi-lepton final state receives the LHC
constraints as m ! 300GeV at ATLAS [27] and m ! 300GeV at CMS [28] depending on
the mass splitting of the lightest supersymmetric particle and slepton. These constraints
include the Drell-Yan production. 13 We find enough allowed parameter spaces to realize
thermal freeze out scenario to obtain desired relic density. As for parity-even &1, since
v" is very small and the di-boson decay mode is suppressed, the primary decay is similar
to the case of parity-odd & bosons though, the decay products contain parity-even "1

R

decaying to a Higgs and a light neutrino. "1
R may be long-lived, which might leave the

displaced track in collider detectors.

12The wrong estimations in Eq(4.9) and Fig.14 in the published version of this paper [32] are corrected.
As the result, the prefered mass range for ! bosons are lowered. Now the constraints from rare lepton
decays and EW precision tests may become important since this model obtains radiatively induced A4

symmetric 4-Fermi interactions through one-loop box diagrams [33]. For the case of m! " mN , lepton
universality and LEP constraints currently obtain m! ! (110% 140)GeV((yi")

2/(1/2)) (i = e or µ or ").

Rare tau decay " $ µēe imposes m! ! 130GeV(ye"
&

yµ" y#"/(1/5)) which can be weaken if one of neutrino
yukawa couplings is small, e.g in the case of ye" & yµ" ! y#" allowed by neutrino data as shown in Fig.12.

13Gauge boson fusion process also exists. The s-channel process is highly suppressed due to the small-
ness of v!. Thus, t-channel process is the dominant process, but it would be small compared with
Drell-Yan processes.
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ness of v!. Thus, t-channel process is the dominant process, but it would be small compared with
Drell-Yan processes.
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Figure 13: The main annihilation processes for !R dark matter during the thermal freeze
out.. Since this processes contain two type of majorana fermions (!R and normal light
neutrinos), the exchange diagrams among external majorana fermions are included. The
dominant piece in NR limit is O(v2rel).
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Figure 14: The values of m! and mN that give the observed relic abundance of dark
matter in the case of !R dark matter scenario.
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The large regions are accessible at LHC.

However, the region of mass degeneracy would 
be hard to be probed at LHC.

(*) High degeneracy →　two to three/coannihilation processes have to be taken into account.
mη −mN ∼ Eγ � mη
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Neutrino masses/PMNS mixing matrix
In this model,  the degree of freedom in neutrino mass matrix is 5 (+relative signs). 

Experiments have fixed 5 observables in neutrino mass matrix(+1(CP)+mee).

Neutrino mass structure and CP invariant scalar potential
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mechanism by Ni (i = 4, 5, 6) exchanges or radiative corrections. A4 symmetric nature

reflects into the structure of mass matrix and the non-zero elements are,

(msym)11 = [C
sym
rad ye!y

e
! + Y4Y4

MN

MN4

]
v2h
MN

, (3.5)

(msym)23 = (msym)32 = [C
sym
rad yµ! y

"
! + Y5Y6

MN

MN5

]
v2h
MN

, (3.6)

where C
sym
rad = loop factor ! !

sym
!#=2, and !

sym
!#=2 " !11. N4(1) seesaw contributes to the

11 entry of the A4 symmetric parts and N5(1!),N6(1!!) seesaw contributes to the 23 and

32 entries. The radiative corrections may contribute to all of 11 and 23, 32 entries. In

general, msym, mbreak could be independent of each other. As one can see from (3.6),

the contribution to neutrino mass matrix of N5,6 and the A4 symmetric parts of radiative

correction enter the same mass matrix elements. Then, if scalar potential is CP invariant,

we see that the same form of the neutrino mass matix is obtained in both the original

discrete dark matter model including radiative corrections without N5,6 and the model

with N5,6 neglecting radiative corrections. On the other hand, if scalar potential contains

CP phases, in general, radiative corrections can introduce more freedom than the case that

N5,6 are added and only tree level contributions are considered.5

As we explain the detail in appendix D, for the case that the scalar potentail has the

invariance for ("2,"3) odd permutation which may be naturally realized e.g in the case of

CP invariant scalar potential, we find the following general form of neutrino mass matrix

in this model,6

m! =

!

"

#

a2 +XA ab ac

ab b2 bc+XB

ac bc+XB c2

$

%

&
. (3.7)

We will further investigate the phenomenological consequences below. We have five com-

plex free parameters in the neutrino mass matrix. On the other hand, taking phase redefi-

nition of Li (i = e, µ, #), for example, we can remove the phases of a, b, c and they can be

taken as real numbers. Thus we have three real (a, b, c) and two complex (XA, XB) phys-

ical parameters. Then in such a basis, XA and XB can be regarded as two sources of CP

phases which can not be removed by the field phase redefinition of Li. If the all elements of

(m!) are real, the phase redefinition arguments in this model require that (m!)22/(m!)33,

((m!)11 #XA)/(m!)22 are real positive numbers.

Notice that this model predicts one relation among the elements of the neutrino mass

matrices,

(m!)212
(m!)22

=
(m!)213
(m!)33

. (3.8)

5For example, the tree level contributions due to N5,6 can not change the form of mbreak given in

eq. (3.4) but radiative corrections in the general case of CP violating scalar potential may modify the form.

See the detail in appendix D.
6This form of the neutrino mass matrix is identical to the one considered in [24]
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Figure 9. We show the plot for !s23 vs m1 for the various cases when we take di!erent Majorana
phase (0 or ") for m2 and m3. We assumed s12 > 0 and s13 > 0 and we fixed !m2

12, !m
2
13, s

2
12 and

s213 to the best fit values in table 2. When we flip the sign of s13, s12, the sign of !s23 flips as sign
of s12s13. As for the change of sign of s23, the sign of !s23 is unchanged.

Figure 10. We show the constraints on m1 imposed by KamLAND-Zen and EXO-200 results for
neutrinoless double beta decay.
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This model can explain current observed neutrino data

If scalar potential is CP invariant, we find a prediction as a result of the 
invariance under an odd permutation of set of fields.

This invariance is accidental ,the permutation is not wihtin A4. 
2014年12月5日金曜日

Physical degree of freedom of neutrino mass matrix=3(masses)+3(mixing)+1(CP)+2(Majorana Phase)

Parameter 3! range best fit value
!m2

21 (10!5eV2) 6.99! 8.18 7.54
|!m2| (10!3eV2) 2.19! 2.62(2.17! 2.61) 2.43(2.42)

sin2 "12 0.259! 0.359 0.307
sin2 "23 0.331! 0.637(0.335! 0.663) 0.386(0.392)
sin2 "13 0.0169! 0.0313(0.0171! 0.0315) 0.0241(0.0244)

Table 1: The 3! allowed ranges [19]. The values are in the case with m1 < m2 < m3.
The values in bracket correspond to m3 < m1 < m2. !m2 = m2

3!(m2
1+m2

2)/2 is defined.

and the negative sign is preferred by the global fit of experimental data[19]. Increasing
the value of #m13/m1 up to " 1 , #s23 increases up to " 0.15 and it reaches outside of
the 3! allowed region of #s23 > 0.12. For #m13 > m1, the approximation of Eq.(3.14) is
not always valid and we numerically checked that for m1 < 0.04eV, #s23 reaches outside
of allowed region of experimental data in the case. This is again numerically confirmed
in Fig.6.

To see the above statements, we show the scatter plots for both IH (Fig. 7) and NH
(Fig. 8) cases where all mixing parameters except for s23 are varied within the 3! range
given in Table 1. For both NH and IH, non zero "13 excludes the possibility of s223 = 1/2,
and the tight correlation of the smallness of #s23 and #m12 exists. This is a robust
prediction of this model. The deviation from s23 obtain 0.01 < |#s23| ! 0.1 for |#m13| ! m1

and increasing #m13/m1, |#s23| increases and it reaches outside of experimentally allowed
range when we take m1 ! 0.03eV .

Until now, we considered only the case that all Majorana phases and Dirac CP phase
are trivial. Taking account for the e"ect of Majorana phases, for example, we can change
the sign of m2 and m3, that is, taking $1 = 0, %, $2 = 0, %. In this case, the approximated
form Eq.(3.14) is not always valid, especially for m2 < 0 cases. We use Eq.(C.18) to
determine s23 satisfying condition Eq.(3.8) without any approximation, and estimate #s23
for several combinations of the sign of m2, m3. We show the results in Fig. 9. Also, in
Appendix C, we notice #s23 # s12s13. As the result, for the change of the sign of s12, s13,
the flip of the sign of s12s13 causes the flip of the sign for #s23. If we include Dirac CP
phase # for real m1, m2, m3, sin # = 0 is one of the solution, which obtain e!i! = ±1. The
e"ect is identical to the e"ect of the sign flip of s13.

From Fig.10, we find that the solutions for IH and NH cases are allowed by the current
neutrinoless double beta decay experiments [24], and we may expect the observation or
the exclusion of the large parts in future. In this degenerate mass spectrum, as we see
in Fig.11, m1 " 0.07eV(NH), 0.08eV(IH) faces a milder tension with the results of recent
Planck CMB observation by seriously taking the BAO data, but it may be still allowed
in general if we do not combine the Planck data with the BAO data [25]. Also variations
of N"e" from the SM value may obtain milder constraints on

!

m" [25]. However, too
large m1 > 1eV has been already excluded by both the neutrinoless double beta decay
experiments and the cosmological observations.

11

We take CP inv mulit-higgs potential here, 
but we could introduce CP phase in this model.

Radiative correction included.
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Neutrino masses/PMNS mixing matrix
In this model,  the degree of freedom in neutrino mass matrix is 5 (+relative signs). 

Experiments have fixed 5 observables in neutrino mass matrix(+1(CP)+mee).
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mechanism by Ni (i = 4, 5, 6) exchanges or radiative corrections. A4 symmetric nature

reflects into the structure of mass matrix and the non-zero elements are,

(msym)11 = [C
sym
rad ye!y

e
! + Y4Y4

MN

MN4

]
v2h
MN

, (3.5)

(msym)23 = (msym)32 = [C
sym
rad yµ! y

"
! + Y5Y6

MN

MN5

]
v2h
MN

, (3.6)

where C
sym
rad = loop factor ! !

sym
!#=2, and !

sym
!#=2 " !11. N4(1) seesaw contributes to the

11 entry of the A4 symmetric parts and N5(1!),N6(1!!) seesaw contributes to the 23 and

32 entries. The radiative corrections may contribute to all of 11 and 23, 32 entries. In

general, msym, mbreak could be independent of each other. As one can see from (3.6),

the contribution to neutrino mass matrix of N5,6 and the A4 symmetric parts of radiative

correction enter the same mass matrix elements. Then, if scalar potential is CP invariant,

we see that the same form of the neutrino mass matix is obtained in both the original

discrete dark matter model including radiative corrections without N5,6 and the model

with N5,6 neglecting radiative corrections. On the other hand, if scalar potential contains

CP phases, in general, radiative corrections can introduce more freedom than the case that

N5,6 are added and only tree level contributions are considered.5

As we explain the detail in appendix D, for the case that the scalar potentail has the

invariance for ("2,"3) odd permutation which may be naturally realized e.g in the case of

CP invariant scalar potential, we find the following general form of neutrino mass matrix

in this model,6

m! =

!

"

#

a2 +XA ab ac

ab b2 bc+XB

ac bc+XB c2

$

%

&
. (3.7)

We will further investigate the phenomenological consequences below. We have five com-

plex free parameters in the neutrino mass matrix. On the other hand, taking phase redefi-

nition of Li (i = e, µ, #), for example, we can remove the phases of a, b, c and they can be

taken as real numbers. Thus we have three real (a, b, c) and two complex (XA, XB) phys-

ical parameters. Then in such a basis, XA and XB can be regarded as two sources of CP

phases which can not be removed by the field phase redefinition of Li. If the all elements of

(m!) are real, the phase redefinition arguments in this model require that (m!)22/(m!)33,

((m!)11 #XA)/(m!)22 are real positive numbers.

Notice that this model predicts one relation among the elements of the neutrino mass

matrices,

(m!)212
(m!)22

=
(m!)213
(m!)33

. (3.8)

5For example, the tree level contributions due to N5,6 can not change the form of mbreak given in

eq. (3.4) but radiative corrections in the general case of CP violating scalar potential may modify the form.

See the detail in appendix D.
6This form of the neutrino mass matrix is identical to the one considered in [24]
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Figure 9. We show the plot for !s23 vs m1 for the various cases when we take di!erent Majorana
phase (0 or ") for m2 and m3. We assumed s12 > 0 and s13 > 0 and we fixed !m2

12, !m
2
13, s

2
12 and

s213 to the best fit values in table 2. When we flip the sign of s13, s12, the sign of !s23 flips as sign
of s12s13. As for the change of sign of s23, the sign of !s23 is unchanged.

Figure 10. We show the constraints on m1 imposed by KamLAND-Zen and EXO-200 results for
neutrinoless double beta decay.
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If scalar potential is CP invariant, we find a prediction as a result of the 
invariance under an odd permutation of set of fields.

This invariance is accidental ,the permutation is not wihtin A4. 
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Parameter 3! range best fit value
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Table 1: The 3! allowed ranges [19]. The values are in the case with m1 < m2 < m3.
The values in bracket correspond to m3 < m1 < m2. !m2 = m2

3!(m2
1+m2

2)/2 is defined.

and the negative sign is preferred by the global fit of experimental data[19]. Increasing
the value of #m13/m1 up to " 1 , #s23 increases up to " 0.15 and it reaches outside of
the 3! allowed region of #s23 > 0.12. For #m13 > m1, the approximation of Eq.(3.14) is
not always valid and we numerically checked that for m1 < 0.04eV, #s23 reaches outside
of allowed region of experimental data in the case. This is again numerically confirmed
in Fig.6.

To see the above statements, we show the scatter plots for both IH (Fig. 7) and NH
(Fig. 8) cases where all mixing parameters except for s23 are varied within the 3! range
given in Table 1. For both NH and IH, non zero "13 excludes the possibility of s223 = 1/2,
and the tight correlation of the smallness of #s23 and #m12 exists. This is a robust
prediction of this model. The deviation from s23 obtain 0.01 < |#s23| ! 0.1 for |#m13| ! m1

and increasing #m13/m1, |#s23| increases and it reaches outside of experimentally allowed
range when we take m1 ! 0.03eV .

Until now, we considered only the case that all Majorana phases and Dirac CP phase
are trivial. Taking account for the e"ect of Majorana phases, for example, we can change
the sign of m2 and m3, that is, taking $1 = 0, %, $2 = 0, %. In this case, the approximated
form Eq.(3.14) is not always valid, especially for m2 < 0 cases. We use Eq.(C.18) to
determine s23 satisfying condition Eq.(3.8) without any approximation, and estimate #s23
for several combinations of the sign of m2, m3. We show the results in Fig. 9. Also, in
Appendix C, we notice #s23 # s12s13. As the result, for the change of the sign of s12, s13,
the flip of the sign of s12s13 causes the flip of the sign for #s23. If we include Dirac CP
phase # for real m1, m2, m3, sin # = 0 is one of the solution, which obtain e!i! = ±1. The
e"ect is identical to the e"ect of the sign flip of s13.

From Fig.10, we find that the solutions for IH and NH cases are allowed by the current
neutrinoless double beta decay experiments [24], and we may expect the observation or
the exclusion of the large parts in future. In this degenerate mass spectrum, as we see
in Fig.11, m1 " 0.07eV(NH), 0.08eV(IH) faces a milder tension with the results of recent
Planck CMB observation by seriously taking the BAO data, but it may be still allowed
in general if we do not combine the Planck data with the BAO data [25]. Also variations
of N"e" from the SM value may obtain milder constraints on

!

m" [25]. However, too
large m1 > 1eV has been already excluded by both the neutrinoless double beta decay
experiments and the cosmological observations.
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plex free parameters in the neutrino mass matrix. On the other hand, taking phase redefi-

nition of Li (i = e, µ, #), for example, we can remove the phases of a, b, c and they can be

taken as real numbers. Thus we have three real (a, b, c) and two complex (XA, XB) phys-

ical parameters. Then in such a basis, XA and XB can be regarded as two sources of CP

phases which can not be removed by the field phase redefinition of Li. If the all elements of
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((m!)11 #XA)/(m!)22 are real positive numbers.

Notice that this model predicts one relation among the elements of the neutrino mass

matrices,

(m!)212
(m!)22

=
(m!)213
(m!)33

. (3.8)

5For example, the tree level contributions due to N5,6 can not change the form of mbreak given in

eq. (3.4) but radiative corrections in the general case of CP violating scalar potential may modify the form.

See the detail in appendix D.
6This form of the neutrino mass matrix is identical to the one considered in [24]

– 7 –

J
H
E
P
1
0
(
2
0
1
4
)
1
8
3

mechanism by Ni (i = 4, 5, 6) exchanges or radiative corrections. A4 symmetric nature

reflects into the structure of mass matrix and the non-zero elements are,

(msym)11 = [C
sym
rad ye!y

e
! + Y4Y4

MN

MN4

]
v2h
MN

, (3.5)

(msym)23 = (msym)32 = [C
sym
rad yµ! y

"
! + Y5Y6

MN

MN5

]
v2h
MN

, (3.6)
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Figure 9. We show the plot for !s23 vs m1 for the various cases when we take di!erent Majorana
phase (0 or ") for m2 and m3. We assumed s12 > 0 and s13 > 0 and we fixed !m2

12, !m
2
13, s

2
12 and

s213 to the best fit values in table 2. When we flip the sign of s13, s12, the sign of !s23 flips as sign
of s12s13. As for the change of sign of s23, the sign of !s23 is unchanged.

Figure 10. We show the constraints on m1 imposed by KamLAND-Zen and EXO-200 results for
neutrinoless double beta decay.
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This model can explain current observed neutrino data

If scalar potential is CP invariant, we find a prediction as a result of the 
invariance under an odd permutation of set of fields.

This invariance is accidental ,the permutation is not wihtin A4. 
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Physical degree of freedom of neutrino mass matrix=3(masses)+3(mixing)+1(CP)+2(Majorana Phase)

Parameter 3! range best fit value
!m2

21 (10!5eV2) 6.99! 8.18 7.54
|!m2| (10!3eV2) 2.19! 2.62(2.17! 2.61) 2.43(2.42)

sin2 "12 0.259! 0.359 0.307
sin2 "23 0.331! 0.637(0.335! 0.663) 0.386(0.392)
sin2 "13 0.0169! 0.0313(0.0171! 0.0315) 0.0241(0.0244)

Table 1: The 3! allowed ranges [19]. The values are in the case with m1 < m2 < m3.
The values in bracket correspond to m3 < m1 < m2. !m2 = m2

3!(m2
1+m2

2)/2 is defined.

and the negative sign is preferred by the global fit of experimental data[19]. Increasing
the value of #m13/m1 up to " 1 , #s23 increases up to " 0.15 and it reaches outside of
the 3! allowed region of #s23 > 0.12. For #m13 > m1, the approximation of Eq.(3.14) is
not always valid and we numerically checked that for m1 < 0.04eV, #s23 reaches outside
of allowed region of experimental data in the case. This is again numerically confirmed
in Fig.6.

To see the above statements, we show the scatter plots for both IH (Fig. 7) and NH
(Fig. 8) cases where all mixing parameters except for s23 are varied within the 3! range
given in Table 1. For both NH and IH, non zero "13 excludes the possibility of s223 = 1/2,
and the tight correlation of the smallness of #s23 and #m12 exists. This is a robust
prediction of this model. The deviation from s23 obtain 0.01 < |#s23| ! 0.1 for |#m13| ! m1

and increasing #m13/m1, |#s23| increases and it reaches outside of experimentally allowed
range when we take m1 ! 0.03eV .

Until now, we considered only the case that all Majorana phases and Dirac CP phase
are trivial. Taking account for the e"ect of Majorana phases, for example, we can change
the sign of m2 and m3, that is, taking $1 = 0, %, $2 = 0, %. In this case, the approximated
form Eq.(3.14) is not always valid, especially for m2 < 0 cases. We use Eq.(C.18) to
determine s23 satisfying condition Eq.(3.8) without any approximation, and estimate #s23
for several combinations of the sign of m2, m3. We show the results in Fig. 9. Also, in
Appendix C, we notice #s23 # s12s13. As the result, for the change of the sign of s12, s13,
the flip of the sign of s12s13 causes the flip of the sign for #s23. If we include Dirac CP
phase # for real m1, m2, m3, sin # = 0 is one of the solution, which obtain e!i! = ±1. The
e"ect is identical to the e"ect of the sign flip of s13.

From Fig.10, we find that the solutions for IH and NH cases are allowed by the current
neutrinoless double beta decay experiments [24], and we may expect the observation or
the exclusion of the large parts in future. In this degenerate mass spectrum, as we see
in Fig.11, m1 " 0.07eV(NH), 0.08eV(IH) faces a milder tension with the results of recent
Planck CMB observation by seriously taking the BAO data, but it may be still allowed
in general if we do not combine the Planck data with the BAO data [25]. Also variations
of N"e" from the SM value may obtain milder constraints on

!

m" [25]. However, too
large m1 > 1eV has been already excluded by both the neutrinoless double beta decay
experiments and the cosmological observations.
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We take CP inv mulit-higgs potential here, 
but we could introduce CP phase in this model.

Radiative correction included.
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Flavor symmetric structure: The role of Z3 (of A4)  in charged lepton sector

Charged Lepton Flavor violation(LFV) and Flavor symmetry

TeV right handed neutrino scenario with small vev: 

!　Flavor symmetry control LFV!

B. Flavor symmetric processes are unsuppressed. 

Neutrino mass information can fix all neutrino yukawa which results predictions to LFV

LFV prediction in discrete dark matter model

Flavor symmetry breaking coupling ∼ vη/vh ∼ O(10−6)

A. Flavor symmetry violating processes are highly suppressed.

Flavor symmetry is a good symmetry in low energy processes.

LLFV ∼ cijkl
Λ2

(LiγµLj)(Lkγ
µLl)

EWPT, lepton rare decay ! 

Λ ∼ 3

4

1

(4π)2
1

m2
η

, cijkl = yiνy
j
νy

k
νy

l
ν

Flavor symmetry prohibit µ → eγ, µ → e conversion due to Z3 of A4,

LLFV ∼ cij

Λ

2
LiHσµν(eR)jF

µν

mη > a few 100GeV× (
y2ν
1.0

)

2014年12月5日金曜日

Tests of Flavor symmetry symmetric structure in LFV processes

Neutrino interaction can also be modified but obtain weaker constraints.

Lepton non-universality/EW precision
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Tests of Flavor symmetry symmetric structure in LFV processes

Neutrino interaction can also be modified but obtain weaker constraints.

Table 13: Best published limits on lepton-flavour-violating decays [523–533].

Br(µ− → X
−
) · 1012 (90% CL)

e−γ 0.57 e−2γ 72 e−e−e+ 1.0

Br(τ− → X
−
) · 108 (90% CL)

e−γ 3.3 e−e+e− 2.7 e−µ+µ−
2.7 e−e−µ+

1.5 e−π0
8.0

µ−γ 4.4 µ−e+e− 1.8 µ−µ+µ−
2.1 µ−µ−e+ 1.7 µ−π0

11

e−η 9.2 e−η� 16 e−ρ0 1.8 e−ω 4.8 e−φ 3.1
µ−η 6.5 µ−η� 13 µ−ρ0 1.2 µ−ω 4.7 µ−φ 8.4
e−KS 2.6 e−K∗0

3.2 e−K̄∗0
3.4 e−K+π−

3.1 e−π+K−
3.7

µ−KS 2.3 µ−K∗0
5.9 µ−K̄∗0

7.0 µ−K+π−
4.5 µ−π+K−

8.6
e−KSKS 7.1 e−K+K−

3.4 e−π+π−
2.3

µ−KSKS 8.0 µ−K+K−
4.4 µ−π+π−

2.1
e−f0(980) → e−π+π−

3.2 µ−f0(980) → µ−π+π−
3.4

Br(Z → X
0
) · 106 (95% CL)

e±µ∓
1.7 e±τ∓ 9.8 µ±τ∓ 12

Br(B
0
(s) → X

0
) · 108 (95% CL)

B0 → e±µ∓
0.37 B0

s → e±µ∓
1.4

Br(µ−
+N → e

−
+N) · 1012 (90% CL)

Au 0.7 Ti 4.3 Pb 46

term which will no longer be real. With only three Majorana (Dirac) neutrinos, the 3 × 3 matrix VL

involves six (four) independent parameters: three mixing angles and three (one) phases.

The smallness of neutrino masses implies a strong suppression of neutrinoless lepton-flavour-violating

processes, which can be avoided in models with sources of lepton-flavour violation (LFV) not related

to mνi . LFV processes have the potential to probe physics at scales much higher than the TeV [413,

484–522]. The LFV scale can be constrained imposing the requirement of a viable leptogenesis. Recent

studies within different new-physics scenarios find interesting correlations between µ and τ LFV decays,

with µ → eγ often expected to be close to the present exclusion limit.

Table 13 shows the best published limits on LFV decays of Z bosons [523–526], B mesons [527],

muons [528–530] and taus [531, 532], together with the present experimental constraints on µ → e
conversions in muonic atoms [533]. The B factories are pushing the experimental limits on neutrinoless

LFV τ decays to the 10
−8

level, increasing in a drastic way the sensitivity to new physics scales. A rather

competitive upper bound on τ → 3µ has been also obtained at LHCb, Br(τ− → µ−µ+µ−
) < 8.0× 10

−8

[534], showing the potential of the high-statistics collider data in some particular decay modes. Future

experiments could improve further some limits to the 10
−9

level, allowing to explore interesting and

totally unknown phenomena.

Complementary information is provided by the MEG experiment, which has recently set a very

stringent limit on LFV in muon decay, Br(µ+ → e+γ) < 5.7 × 10
−13

(90% CL) [528], improving

47

Lepton non-universality/EW precision
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Dark Matter direct searches

Dark Matter accumulation in Sun(SuperK/ANTARES/IceCube)Flavor νR Dark Matter signatures

Loop induced DM couplings with Weak bosons are negligible.

Majorana nature forbids flavor diagonal vector and tensor coupling with vector bosons.

νRγµνRVµ + h.c, νRσµννRF
µν
(V ) + h.c → 0

The flavor changing couplings are highly suppressed due to small flavor violation.
vη
vh

∼ 10−6

cA

Λ2
(νRγ5γµνR)× i(H†

DµH) cA ∼ O(1)× λ

16π2
y
2
ν

Pseudo-vector couplings are allowed but it’s suppressed by multiple cutoff scale and loop factor.

cV

Λ2
[(H†η)3[νRγµνR]3]1Vµ + h.c,

cT

Λ2
[(H†η)3[νRσµννR]3]1F

µν
(V ) + h.c

σSIp ∼ 10−47cm2 ×
�
100GeV

mνR

�4 � λ

0.1

�2 �σannv

1pb

�
, v2 ∼ 3

Tf

mνR

∼ 0.1

2014年12月5日金曜日

fermionic DM

!! ! !" !("e " "e)/!0
!e !("N " "N)/!1

!N

S ! S 1 #2
em [2-loop]

S ! P O(v2) #
P ! S O(r2

ev
2) #2

emv2 [2-loop]

P ! P O(r2
ev

4) #
V ! V 1 1 [1-loop]

V ! A O(v2) #
A ! V O(v2) v2 [1-loop]

A ! A 3 #
T ! T 12 q2

" [1-loop]

AT ! T O(v2) q2
" v

!2 [1-loop]

scalar DM

!" !("e " "e)/!0
!e,5 !("N " "N)/!1

!N,5

S 1 #2
em [2-loop]

P O(v2) #

TABLE I: Scattering cross section suppression by small parameters for DM–electron scattering and loop

induced DM–nucleon scattering for all possible Lorentz structures. Here, v $ 10!3 is the DM velocity,

re = me/m!, and q" = m"/mN ($ = e, µ, %). The reference cross sections !0
!e, !0

!e,5, !1
!N , !1

!N,5 are defined

in eqs. 13, 15, 26. The couplings c!, c", d have been set to one. The entries for "N " "N are orders of

magnitude estimates.

leading order in these expansion parameters. Up to the velocity or electron mass suppression
the typical size of the scattering cross section is

!0
!e %

G2m2
e

"
=

m2
e

"!4
& 3.1 ' 10!39 cm2

!

!

10 GeV

"!4

. (13)

For scalar DM the #e scattering cross section is induced by the dimension 5 operator,
eq. 4, giving

! = !0
!e,5

!

d2
S +

d2
P

2
v2

"

, (14)

with

!0
!e,5 %

G2
5

4"

m2
e

m2
!

=
1

4"!2

m2
e

m2
!

= 7.7 ' 10!42 cm2

!

!

10 GeV

"!2
# m!

100 GeV

$!2
. (15)

Compared to fermionic DM two powers of ! are replaced by m! which typically is larger
than !. The scalar DM scattering cross section is thus further suppressed compared to the
fermionic case for given !. The results of eqs. 10–12 and 14 are summarized in the middle
column of Tab. I.
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Basic discussions based on J.Kopp et al (2009,2014)

neutrino-DM scattering can also be large.

neutrino line search give factor a few stronger constraint.

σ ∼ 1

π

m2
e

(m2
η −m2

χ)
2

For anapole mode, P.Gondolo et al , K.Kopp et al
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We could also expect flavor conserving DM-photon couplings in higher 
dimensional operators which are expected to be induced by quantum corrections.

cCPV
Λ

νRγ5σµννRF
µν

At dim 5 if CP is violated,

At dim 6 if CP is well-conserved, 

This again can contribute to SI process in DM direct search.

DM coupling with photon by quantum corrections  can be relevant for DM direct search!

cCP
Λ2

νRγ5γµνR∂νF
µν

2014年12月5日金曜日
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induced DM–nucleon scattering for all possible Lorentz structures. Here, v $ 10!3 is the DM velocity,

re = me/m!, and q" = m"/mN ($ = e, µ, %). The reference cross sections !0
!e, !0

!e,5, !1
!N , !1

!N,5 are defined

in eqs. 13, 15, 26. The couplings c!, c", d have been set to one. The entries for "N " "N are orders of

magnitude estimates.

leading order in these expansion parameters. Up to the velocity or electron mass suppression
the typical size of the scattering cross section is

!0
!e %

G2m2
e

"
=

m2
e

"!4
& 3.1 ' 10!39 cm2

!

!

10 GeV

"!4

. (13)

For scalar DM the #e scattering cross section is induced by the dimension 5 operator,
eq. 4, giving

! = !0
!e,5

!

d2
S +

d2
P

2
v2

"

, (14)

with

!0
!e,5 %

G2
5

4"

m2
e

m2
!

=
1

4"!2

m2
e

m2
!

= 7.7 ' 10!42 cm2

!

!

10 GeV

"!2
# m!

100 GeV

$!2
. (15)

Compared to fermionic DM two powers of ! are replaced by m! which typically is larger
than !. The scalar DM scattering cross section is thus further suppressed compared to the
fermionic case for given !. The results of eqs. 10–12 and 14 are summarized in the middle
column of Tab. I.
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Basic discussions based on J.Kopp et al (2009,2014)

neutrino-DM scattering can also be large.

neutrino line search give factor a few stronger constraint.

σ ∼ 1

π

m2
e

(m2
η −m2

χ)
2

For anapole mode, P.Gondolo et al , K.Kopp et al

2016年7月28日木曜日



Dark Matter direct searches

Dark Matter accumulation in Sun(SuperK/ANTARES/IceCube)Flavor νR Dark Matter signatures

Loop induced DM couplings with Weak bosons are negligible.

Majorana nature forbids flavor diagonal vector and tensor coupling with vector bosons.

νRγµνRVµ + h.c, νRσµννRF
µν
(V ) + h.c → 0

The flavor changing couplings are highly suppressed due to small flavor violation.
vη
vh

∼ 10−6

cA

Λ2
(νRγ5γµνR)× i(H†

DµH) cA ∼ O(1)× λ

16π2
y
2
ν

Pseudo-vector couplings are allowed but it’s suppressed by multiple cutoff scale and loop factor.

cV

Λ2
[(H†η)3[νRγµνR]3]1Vµ + h.c,

cT

Λ2
[(H†η)3[νRσµννR]3]1F

µν
(V ) + h.c

σSIp ∼ 10−47cm2 ×
�
100GeV

mνR

�4 � λ

0.1

�2 �σannv

1pb

�
, v2 ∼ 3

Tf

mνR

∼ 0.1

2014年12月5日金曜日

We could also expect flavor conserving DM-photon couplings in higher 
dimensional operators which are expected to be induced by quantum corrections.

cCPV
Λ

νRγ5σµννRF
µν

At dim 5 if CP is violated,

At dim 6 if CP is well-conserved, 

This again can contribute to SI process in DM direct search.

DM coupling with photon by quantum corrections  can be relevant for DM direct search!

cCP
Λ2

νRγ5γµνR∂νF
µν

2014年12月5日金曜日
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FIG. 7: LUX 90% CL limits on the DM annihilation cross section in our toy model, Eq. (1). In (a) we show direct detection

constraints induced by anapole interactions for Majorana DM coupling only to electrons (thick solid), only to muons (thick

dotted), and only to taus (thin dotted). The upper and lower boundaries of the colored bands correspond to µ ≡ m2
η/m

2
χ = 1.1

and µ = 1.01, respectively. For illustration, we also show the upper limit on the cross section required for a thermal relic

(neglecting coannihilations and using Eq. (4)), and the tentative best fit region from Bringmann et al. [4]. The gray region

corresponds to y2 > 4π and thus cannot be reached in our toy model. In (b), we compare the LUX bounds on Majorana DM

with flavor-universal couplings to limits from LEP mono-photon searches (see Sec. IV), g − 2 measurements (see Sec. VA), a

Fermi-LAT search for continuum gamma rays from dwarf galaxies [4], and Fermi-LAT (solid) and H.E.S.S. (dotted) searches for

gamma ray lines from the Galactic Center [9]. In (c), we project the future sensitivities of ton-scale direct detection experiments

and of a future linear collider for Majorana DM with flavor-universal couplings and with µ = 1.01. For illustration, we have also
drawn contours of constant velocity-averaged direct detection cross section �σχp� (see Eq. (17)). In (d), we summarize direct

detection constraints induced by magnetic dipole interactions for Dirac DM with flavor-specific couplings, and we compare

again to the thermal relic cross section, to LEP mono-photon limits, to Fermi-LAT limits from dwarf galaxies [6], and to the

AMS limits from [31]. Note that no sharp features are expected in the gamma ray spectrum from annihilation of Dirac DM.
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FIG. 4: The (a) anapole moment for Majorana DM and (b) magnetic dipole moment for Dirac DM as a function of µ = m2
η/m

2
χ.

We show results for DM couplings to electrons, muons, and tau leptons. Note that for couplings to electrons, the divergence in
A is regularized by the momentum transfer q2 rather than me because in typical DM–nucleus scattering processes, |q2| � m2

e.
We have assumed y = 1 and mχ = 100 GeV.

keep only to the leading term in ξ ≡
�

|q2|/mχ, which leads to

A = − ey2

32π2m2
χ

�
−10 + 12 log ξ − (3 + 9µ) log(µ− 1)− (3− 9µ) logµ

9(µ− 1)

�
, (|q2| � m2

�) . (11)

At very small � or ξ, one may wonder whether a calculation at fixed order in perturbation theory is still valid. However,

in the case of interest to us, namely µ− 1 � �, the divergent logarithms in Eqs. (10) and (11) are at most of order 10

even for DM couplings to electrons.

2. Dipole moment for Dirac fermions

If χ is a Dirac fermion rather than a Majorana particle, only the two diagrams on the left in Fig. 3 exist. They

generate an anapole moment A that is half as large as the one for Majorana DM, Eq. (10), and a magnetic dipole

moment dM given by

dM =
y2e

32π2mχ

�
− 1 +

1

2
(�− µ) log

� �

µ

�
− (µ− 1)(µ− 2�)− �(3− �)�

(µ− 1)2 − 2�(µ+ 1) + �2
arctanh

��
(µ− 1)2 − 2�(µ+ 1) + �2

µ− 1 + �

��

(12)

for q2 → 0. The dipole moment will turn out to be

numerically much more important than the anapole mo-

ment in scattering processes involving Dirac DM. If m� is

neglected compared to mχ, i.e. � → 0, Eq. (12) simplifies

to

dM =
y2e

32π2mχ

�
µ log

µ

µ− 1
− 1

�
. (13)

Note that, unlike the anapole moment A, the dipole mo-

ment dM is not divergent for � → 0. For µ− 1 � � � 1,

the leading term in dM is proportional to 1/
√
�. The
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FIG. 3: The one loop diagrams generating the effective dark
matter–photon coupling for Majorana DM. For Dirac DM,
the two diagrams on the right are absent.

in slepton decays are very soft. In the supersymmetric
context, a model with nearly degenerate neutralino and
slepton masses has been studied with a different goal in
[80]. We will comment on this model also at the end of
Sec. VI.

III. ELECTROMAGNETIC FORM FACTORS OF

DARK MATTER AND DIRECT DETECTION

CONSTRAINTS

We now establish the connection between indirect
gamma ray signatures of DM in our toy model and di-
rect laboratory searches on Earth. Connecting the final
state fermion lines in the internal bremsstrahlung and fi-
nal state radiation diagrams from Fig. 1, we obtain an
effective vertex coupling the DM particle to the photon
through loops of the form shown in Fig. 3. At dimension
5 and 6, the most general form of this effective interaction
for a neutral fermion χ is [81]

Leff ⊃ dM
2

χ̄σµνχFµν +
dE
2

χ̄σµνγ5χFµν

+A χ̄γµγ5χ∂νFµν , (9)

where dM is the magnetic dipole moment, dE is the elec-
tric dipole moment, and A is the anapole moment. For
Majorana DM, only the anapole term is nonzero [54, 55],
as can be seen by using the fact that a Majorana field
is invariant under the charge conjugation operation Ĉ,
i.e. ĈχĈ ≡ −iγ2χ∗ = χ. Applying this identity to the
fermion fields in Eq. (9), it is straightforward to show
that the magnetic and electric dipole terms vanish.
Note that establishing a similar connection between

DM annihilation and loop-induced electromagnetic form
factors is also possible in internal bremsstrahlung mod-
els with scalar DM and fermionic mediators, or with
Majorana DM and vector mediators [74, 82]. We have
seen above that these scenarios are phenomenologically
as interesting as our model with Majorana DM and a
scalar mediator because internal bremsstrahlung domi-
nates over DM annihilation to 2-body final states in all
of them. The connection between gamma ray lines from
DM annihilation and direct detection signals has been
made also for models with loop-induced DM annihilation
to photons in [83].

A. One Loop Contribution to the Electromagnetic

Moments

We will now compute the loop induced electromag-
netic interactions for the DM particles in our toy model
Eq. (1).

1. Anapole moment for Majorana fermions

We begin by evaluating the diagrams in Fig. 3 to obtain
the anapole form factor A in Eq. (9) for Majorana DM.
For negligible 4-momentum transfer q we find

A = − ey2

96π2m2
χ

�
3

2
log

µ

�
− 1 + 3µ− 3��

(µ− 1− �)2 − 4�
arctanh

��
(µ− 1− �)2 − 4�

µ− 1 + �

��
, (|q2| � m2

�) (10)

with µ = m2
η/m

2
χ , � = m2

�/m
2
χ. Taking into account the behavior of the arctanh function when its argument

approaches 1, it is easy to see that for 1 � µ − 1 � � → 0, the anapole moment diverges logarithmically as
A ∼ ey2/(48π2m2

χ) × log(�)/(µ − 1). This behavior can be qualitatively understood by noting that, if mη � mχ

and q2 � 0, all three propagators in the loops of Fig. 3 can be close to the mass shell simultaneously. In the limit
µ − 1 � � � 1, on the other hand, the leading term in A is proportional to 1/

√
�. Note that in this limit, the

expression in Eq. (10) requires analytic continuation of the arctanh function into the complex plane. The dependence
of A on the degeneracy parameter µ is shown in Fig. 4 (a) for y = 1 and mχ = 100 GeV.

If |q2| � m2
� , a case that is relevant for instance in DM–nucleus scattering through loops containing electrons, the

approximation q2 → 0 underlying Eq. (10) is not applicable. In this case, it is instead convenient to set m� = 0 and

J.Kopp,L.Michaels, J.Smirnov(2014 arXiv:1401.6457)
Anapole moment of Majorana DM vs direct DM searches

2014年12月5日金曜日
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FIG. 7: LUX 90% CL limits on the DM annihilation cross section in our toy model, Eq. (1). In (a) we show direct detection

constraints induced by anapole interactions for Majorana DM coupling only to electrons (thick solid), only to muons (thick

dotted), and only to taus (thin dotted). The upper and lower boundaries of the colored bands correspond to µ ≡ m2
η/m

2
χ = 1.1

and µ = 1.01, respectively. For illustration, we also show the upper limit on the cross section required for a thermal relic

(neglecting coannihilations and using Eq. (4)), and the tentative best fit region from Bringmann et al. [4]. The gray region

corresponds to y2 > 4π and thus cannot be reached in our toy model. In (b), we compare the LUX bounds on Majorana DM

with flavor-universal couplings to limits from LEP mono-photon searches (see Sec. IV), g − 2 measurements (see Sec. VA), a

Fermi-LAT search for continuum gamma rays from dwarf galaxies [4], and Fermi-LAT (solid) and H.E.S.S. (dotted) searches for

gamma ray lines from the Galactic Center [9]. In (c), we project the future sensitivities of ton-scale direct detection experiments

and of a future linear collider for Majorana DM with flavor-universal couplings and with µ = 1.01. For illustration, we have also
drawn contours of constant velocity-averaged direct detection cross section �σχp� (see Eq. (17)). In (d), we summarize direct

detection constraints induced by magnetic dipole interactions for Dirac DM with flavor-specific couplings, and we compare

again to the thermal relic cross section, to LEP mono-photon limits, to Fermi-LAT limits from dwarf galaxies [6], and to the

AMS limits from [31]. Note that no sharp features are expected in the gamma ray spectrum from annihilation of Dirac DM.
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We show results for DM couplings to electrons, muons, and tau leptons. Note that for couplings to electrons, the divergence in
A is regularized by the momentum transfer q2 rather than me because in typical DM–nucleus scattering processes, |q2| � m2
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keep only to the leading term in ξ ≡
�

|q2|/mχ, which leads to

A = − ey2

32π2m2
χ

�
−10 + 12 log ξ − (3 + 9µ) log(µ− 1)− (3− 9µ) logµ

9(µ− 1)

�
, (|q2| � m2

�) . (11)

At very small � or ξ, one may wonder whether a calculation at fixed order in perturbation theory is still valid. However,

in the case of interest to us, namely µ− 1 � �, the divergent logarithms in Eqs. (10) and (11) are at most of order 10

even for DM couplings to electrons.

2. Dipole moment for Dirac fermions

If χ is a Dirac fermion rather than a Majorana particle, only the two diagrams on the left in Fig. 3 exist. They

generate an anapole moment A that is half as large as the one for Majorana DM, Eq. (10), and a magnetic dipole

moment dM given by

dM =
y2e

32π2mχ

�
− 1 +

1

2
(�− µ) log

� �

µ

�
− (µ− 1)(µ− 2�)− �(3− �)�

(µ− 1)2 − 2�(µ+ 1) + �2
arctanh

��
(µ− 1)2 − 2�(µ+ 1) + �2

µ− 1 + �
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(12)

for q2 → 0. The dipole moment will turn out to be

numerically much more important than the anapole mo-

ment in scattering processes involving Dirac DM. If m� is

neglected compared to mχ, i.e. � → 0, Eq. (12) simplifies

to

dM =
y2e

32π2mχ

�
µ log

µ

µ− 1
− 1

�
. (13)

Note that, unlike the anapole moment A, the dipole mo-

ment dM is not divergent for � → 0. For µ− 1 � � � 1,

the leading term in dM is proportional to 1/
√
�. The
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χ) × log(�)/(µ − 1). This behavior can be qualitatively understood by noting that, if mη � mχ

and q2 � 0, all three propagators in the loops of Fig. 3 can be close to the mass shell simultaneously. In the limit
µ − 1 � � � 1, on the other hand, the leading term in A is proportional to 1/

√
�. Note that in this limit, the

expression in Eq. (10) requires analytic continuation of the arctanh function into the complex plane. The dependence
of A on the degeneracy parameter µ is shown in Fig. 4 (a) for y = 1 and mχ = 100 GeV.

If |q2| � m2
� , a case that is relevant for instance in DM–nucleus scattering through loops containing electrons, the

approximation q2 → 0 underlying Eq. (10) is not applicable. In this case, it is instead convenient to set m� = 0 and
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fermionic DM

!! ! !" !("e " "e)/!0
!e !("N " "N)/!1

!N

S ! S 1 #2
em [2-loop]

S ! P O(v2) #
P ! S O(r2

ev
2) #2

emv2 [2-loop]

P ! P O(r2
ev

4) #
V ! V 1 1 [1-loop]

V ! A O(v2) #
A ! V O(v2) v2 [1-loop]

A ! A 3 #
T ! T 12 q2

" [1-loop]

AT ! T O(v2) q2
" v

!2 [1-loop]

scalar DM

!" !("e " "e)/!0
!e,5 !("N " "N)/!1

!N,5

S 1 #2
em [2-loop]

P O(v2) #

TABLE I: Scattering cross section suppression by small parameters for DM–electron scattering and loop

induced DM–nucleon scattering for all possible Lorentz structures. Here, v $ 10!3 is the DM velocity,

re = me/m!, and q" = m"/mN ($ = e, µ, %). The reference cross sections !0
!e, !0

!e,5, !1
!N , !1

!N,5 are defined

in eqs. 13, 15, 26. The couplings c!, c", d have been set to one. The entries for "N " "N are orders of

magnitude estimates.

leading order in these expansion parameters. Up to the velocity or electron mass suppression
the typical size of the scattering cross section is

!0
!e %

G2m2
e

"
=

m2
e

"!4
& 3.1 ' 10!39 cm2

!

!

10 GeV

"!4

. (13)

For scalar DM the #e scattering cross section is induced by the dimension 5 operator,
eq. 4, giving

! = !0
!e,5

!

d2
S +

d2
P

2
v2

"

, (14)

with

!0
!e,5 %

G2
5

4"

m2
e

m2
!

=
1

4"!2

m2
e

m2
!

= 7.7 ' 10!42 cm2

!

!

10 GeV

"!2
# m!

100 GeV

$!2
. (15)

Compared to fermionic DM two powers of ! are replaced by m! which typically is larger
than !. The scalar DM scattering cross section is thus further suppressed compared to the
fermionic case for given !. The results of eqs. 10–12 and 14 are summarized in the middle
column of Tab. I.
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Basic discussions based on J.Kopp et al (2009,2014)

neutrino-DM scattering can also be large.

neutrino line search give factor a few stronger constraint.

σ ∼ 1

π

m2
e

(m2
η −m2

χ)
2

For anapole mode, P.Gondolo et al , K.Kopp et al

2016年7月28日木曜日



Dark Matter direct searches

Dark Matter accumulation in Sun(SuperK/ANTARES/IceCube)Flavor νR Dark Matter signatures

Loop induced DM couplings with Weak bosons are negligible.

Majorana nature forbids flavor diagonal vector and tensor coupling with vector bosons.

νRγµνRVµ + h.c, νRσµννRF
µν
(V ) + h.c → 0

The flavor changing couplings are highly suppressed due to small flavor violation.
vη
vh

∼ 10−6

cA

Λ2
(νRγ5γµνR)× i(H†

DµH) cA ∼ O(1)× λ

16π2
y
2
ν

Pseudo-vector couplings are allowed but it’s suppressed by multiple cutoff scale and loop factor.

cV

Λ2
[(H†η)3[νRγµνR]3]1Vµ + h.c,

cT

Λ2
[(H†η)3[νRσµννR]3]1F

µν
(V ) + h.c

σSIp ∼ 10−47cm2 ×
�
100GeV

mνR

�4 � λ

0.1

�2 �σannv

1pb

�
, v2 ∼ 3

Tf

mνR

∼ 0.1

2014年12月5日金曜日

We could also expect flavor conserving DM-photon couplings in higher 
dimensional operators which are expected to be induced by quantum corrections.

cCPV
Λ

νRγ5σµννRF
µν

At dim 5 if CP is violated,

At dim 6 if CP is well-conserved, 

This again can contribute to SI process in DM direct search.

DM coupling with photon by quantum corrections  can be relevant for DM direct search!

cCP
Λ2

νRγ5γµνR∂νF
µν

2014年12月5日金曜日
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FIG. 7: LUX 90% CL limits on the DM annihilation cross section in our toy model, Eq. (1). In (a) we show direct detection

constraints induced by anapole interactions for Majorana DM coupling only to electrons (thick solid), only to muons (thick

dotted), and only to taus (thin dotted). The upper and lower boundaries of the colored bands correspond to µ ≡ m2
η/m

2
χ = 1.1

and µ = 1.01, respectively. For illustration, we also show the upper limit on the cross section required for a thermal relic

(neglecting coannihilations and using Eq. (4)), and the tentative best fit region from Bringmann et al. [4]. The gray region

corresponds to y2 > 4π and thus cannot be reached in our toy model. In (b), we compare the LUX bounds on Majorana DM

with flavor-universal couplings to limits from LEP mono-photon searches (see Sec. IV), g − 2 measurements (see Sec. VA), a

Fermi-LAT search for continuum gamma rays from dwarf galaxies [4], and Fermi-LAT (solid) and H.E.S.S. (dotted) searches for

gamma ray lines from the Galactic Center [9]. In (c), we project the future sensitivities of ton-scale direct detection experiments

and of a future linear collider for Majorana DM with flavor-universal couplings and with µ = 1.01. For illustration, we have also
drawn contours of constant velocity-averaged direct detection cross section �σχp� (see Eq. (17)). In (d), we summarize direct

detection constraints induced by magnetic dipole interactions for Dirac DM with flavor-specific couplings, and we compare

again to the thermal relic cross section, to LEP mono-photon limits, to Fermi-LAT limits from dwarf galaxies [6], and to the

AMS limits from [31]. Note that no sharp features are expected in the gamma ray spectrum from annihilation of Dirac DM.
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FIG. 4: The (a) anapole moment for Majorana DM and (b) magnetic dipole moment for Dirac DM as a function of µ = m2
η/m

2
χ.

We show results for DM couplings to electrons, muons, and tau leptons. Note that for couplings to electrons, the divergence in
A is regularized by the momentum transfer q2 rather than me because in typical DM–nucleus scattering processes, |q2| � m2

e.
We have assumed y = 1 and mχ = 100 GeV.

keep only to the leading term in ξ ≡
�

|q2|/mχ, which leads to

A = − ey2

32π2m2
χ

�
−10 + 12 log ξ − (3 + 9µ) log(µ− 1)− (3− 9µ) logµ

9(µ− 1)

�
, (|q2| � m2

�) . (11)

At very small � or ξ, one may wonder whether a calculation at fixed order in perturbation theory is still valid. However,

in the case of interest to us, namely µ− 1 � �, the divergent logarithms in Eqs. (10) and (11) are at most of order 10

even for DM couplings to electrons.

2. Dipole moment for Dirac fermions

If χ is a Dirac fermion rather than a Majorana particle, only the two diagrams on the left in Fig. 3 exist. They

generate an anapole moment A that is half as large as the one for Majorana DM, Eq. (10), and a magnetic dipole

moment dM given by

dM =
y2e

32π2mχ

�
− 1 +

1

2
(�− µ) log

� �

µ

�
− (µ− 1)(µ− 2�)− �(3− �)�

(µ− 1)2 − 2�(µ+ 1) + �2
arctanh

��
(µ− 1)2 − 2�(µ+ 1) + �2

µ− 1 + �

��

(12)

for q2 → 0. The dipole moment will turn out to be

numerically much more important than the anapole mo-

ment in scattering processes involving Dirac DM. If m� is

neglected compared to mχ, i.e. � → 0, Eq. (12) simplifies

to

dM =
y2e

32π2mχ

�
µ log

µ

µ− 1
− 1

�
. (13)

Note that, unlike the anapole moment A, the dipole mo-

ment dM is not divergent for � → 0. For µ− 1 � � � 1,

the leading term in dM is proportional to 1/
√
�. The
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FIG. 3: The one loop diagrams generating the effective dark
matter–photon coupling for Majorana DM. For Dirac DM,
the two diagrams on the right are absent.

in slepton decays are very soft. In the supersymmetric
context, a model with nearly degenerate neutralino and
slepton masses has been studied with a different goal in
[80]. We will comment on this model also at the end of
Sec. VI.

III. ELECTROMAGNETIC FORM FACTORS OF

DARK MATTER AND DIRECT DETECTION

CONSTRAINTS

We now establish the connection between indirect
gamma ray signatures of DM in our toy model and di-
rect laboratory searches on Earth. Connecting the final
state fermion lines in the internal bremsstrahlung and fi-
nal state radiation diagrams from Fig. 1, we obtain an
effective vertex coupling the DM particle to the photon
through loops of the form shown in Fig. 3. At dimension
5 and 6, the most general form of this effective interaction
for a neutral fermion χ is [81]

Leff ⊃ dM
2

χ̄σµνχFµν +
dE
2

χ̄σµνγ5χFµν

+A χ̄γµγ5χ∂νFµν , (9)

where dM is the magnetic dipole moment, dE is the elec-
tric dipole moment, and A is the anapole moment. For
Majorana DM, only the anapole term is nonzero [54, 55],
as can be seen by using the fact that a Majorana field
is invariant under the charge conjugation operation Ĉ,
i.e. ĈχĈ ≡ −iγ2χ∗ = χ. Applying this identity to the
fermion fields in Eq. (9), it is straightforward to show
that the magnetic and electric dipole terms vanish.
Note that establishing a similar connection between

DM annihilation and loop-induced electromagnetic form
factors is also possible in internal bremsstrahlung mod-
els with scalar DM and fermionic mediators, or with
Majorana DM and vector mediators [74, 82]. We have
seen above that these scenarios are phenomenologically
as interesting as our model with Majorana DM and a
scalar mediator because internal bremsstrahlung domi-
nates over DM annihilation to 2-body final states in all
of them. The connection between gamma ray lines from
DM annihilation and direct detection signals has been
made also for models with loop-induced DM annihilation
to photons in [83].

A. One Loop Contribution to the Electromagnetic

Moments

We will now compute the loop induced electromag-
netic interactions for the DM particles in our toy model
Eq. (1).

1. Anapole moment for Majorana fermions

We begin by evaluating the diagrams in Fig. 3 to obtain
the anapole form factor A in Eq. (9) for Majorana DM.
For negligible 4-momentum transfer q we find

A = − ey2

96π2m2
χ

�
3

2
log

µ

�
− 1 + 3µ− 3��

(µ− 1− �)2 − 4�
arctanh

��
(µ− 1− �)2 − 4�

µ− 1 + �

��
, (|q2| � m2

�) (10)

with µ = m2
η/m

2
χ , � = m2

�/m
2
χ. Taking into account the behavior of the arctanh function when its argument

approaches 1, it is easy to see that for 1 � µ − 1 � � → 0, the anapole moment diverges logarithmically as
A ∼ ey2/(48π2m2

χ) × log(�)/(µ − 1). This behavior can be qualitatively understood by noting that, if mη � mχ

and q2 � 0, all three propagators in the loops of Fig. 3 can be close to the mass shell simultaneously. In the limit
µ − 1 � � � 1, on the other hand, the leading term in A is proportional to 1/

√
�. Note that in this limit, the

expression in Eq. (10) requires analytic continuation of the arctanh function into the complex plane. The dependence
of A on the degeneracy parameter µ is shown in Fig. 4 (a) for y = 1 and mχ = 100 GeV.

If |q2| � m2
� , a case that is relevant for instance in DM–nucleus scattering through loops containing electrons, the

approximation q2 → 0 underlying Eq. (10) is not applicable. In this case, it is instead convenient to set m� = 0 and

J.Kopp,L.Michaels, J.Smirnov(2014 arXiv:1401.6457)
Anapole moment of Majorana DM vs direct DM searches

2014年12月5日金曜日

10

(a) (b)

(c) (d)

FIG. 7: LUX 90% CL limits on the DM annihilation cross section in our toy model, Eq. (1). In (a) we show direct detection

constraints induced by anapole interactions for Majorana DM coupling only to electrons (thick solid), only to muons (thick

dotted), and only to taus (thin dotted). The upper and lower boundaries of the colored bands correspond to µ ≡ m2
η/m

2
χ = 1.1

and µ = 1.01, respectively. For illustration, we also show the upper limit on the cross section required for a thermal relic

(neglecting coannihilations and using Eq. (4)), and the tentative best fit region from Bringmann et al. [4]. The gray region

corresponds to y2 > 4π and thus cannot be reached in our toy model. In (b), we compare the LUX bounds on Majorana DM

with flavor-universal couplings to limits from LEP mono-photon searches (see Sec. IV), g − 2 measurements (see Sec. VA), a

Fermi-LAT search for continuum gamma rays from dwarf galaxies [4], and Fermi-LAT (solid) and H.E.S.S. (dotted) searches for

gamma ray lines from the Galactic Center [9]. In (c), we project the future sensitivities of ton-scale direct detection experiments

and of a future linear collider for Majorana DM with flavor-universal couplings and with µ = 1.01. For illustration, we have also
drawn contours of constant velocity-averaged direct detection cross section �σχp� (see Eq. (17)). In (d), we summarize direct

detection constraints induced by magnetic dipole interactions for Dirac DM with flavor-specific couplings, and we compare

again to the thermal relic cross section, to LEP mono-photon limits, to Fermi-LAT limits from dwarf galaxies [6], and to the

AMS limits from [31]. Note that no sharp features are expected in the gamma ray spectrum from annihilation of Dirac DM.
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We show results for DM couplings to electrons, muons, and tau leptons. Note that for couplings to electrons, the divergence in
A is regularized by the momentum transfer q2 rather than me because in typical DM–nucleus scattering processes, |q2| � m2
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keep only to the leading term in ξ ≡
�

|q2|/mχ, which leads to

A = − ey2

32π2m2
χ
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−10 + 12 log ξ − (3 + 9µ) log(µ− 1)− (3− 9µ) logµ

9(µ− 1)
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At very small � or ξ, one may wonder whether a calculation at fixed order in perturbation theory is still valid. However,

in the case of interest to us, namely µ− 1 � �, the divergent logarithms in Eqs. (10) and (11) are at most of order 10

even for DM couplings to electrons.

2. Dipole moment for Dirac fermions

If χ is a Dirac fermion rather than a Majorana particle, only the two diagrams on the left in Fig. 3 exist. They

generate an anapole moment A that is half as large as the one for Majorana DM, Eq. (10), and a magnetic dipole

moment dM given by

dM =
y2e

32π2mχ

�
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for q2 → 0. The dipole moment will turn out to be

numerically much more important than the anapole mo-

ment in scattering processes involving Dirac DM. If m� is

neglected compared to mχ, i.e. � → 0, Eq. (12) simplifies

to

dM =
y2e

32π2mχ

�
µ log

µ

µ− 1
− 1

�
. (13)

Note that, unlike the anapole moment A, the dipole mo-

ment dM is not divergent for � → 0. For µ− 1 � � � 1,

the leading term in dM is proportional to 1/
√
�. The
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slepton masses has been studied with a different goal in
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Majorana DM, only the anapole term is nonzero [54, 55],
as can be seen by using the fact that a Majorana field
is invariant under the charge conjugation operation Ĉ,
i.e. ĈχĈ ≡ −iγ2χ∗ = χ. Applying this identity to the
fermion fields in Eq. (9), it is straightforward to show
that the magnetic and electric dipole terms vanish.
Note that establishing a similar connection between

DM annihilation and loop-induced electromagnetic form
factors is also possible in internal bremsstrahlung mod-
els with scalar DM and fermionic mediators, or with
Majorana DM and vector mediators [74, 82]. We have
seen above that these scenarios are phenomenologically
as interesting as our model with Majorana DM and a
scalar mediator because internal bremsstrahlung domi-
nates over DM annihilation to 2-body final states in all
of them. The connection between gamma ray lines from
DM annihilation and direct detection signals has been
made also for models with loop-induced DM annihilation
to photons in [83].

A. One Loop Contribution to the Electromagnetic

Moments

We will now compute the loop induced electromag-
netic interactions for the DM particles in our toy model
Eq. (1).

1. Anapole moment for Majorana fermions

We begin by evaluating the diagrams in Fig. 3 to obtain
the anapole form factor A in Eq. (9) for Majorana DM.
For negligible 4-momentum transfer q we find

A = − ey2

96π2m2
χ

�
3

2
log

µ

�
− 1 + 3µ− 3��

(µ− 1− �)2 − 4�
arctanh

��
(µ− 1− �)2 − 4�

µ− 1 + �

��
, (|q2| � m2

�) (10)

with µ = m2
η/m

2
χ , � = m2

�/m
2
χ. Taking into account the behavior of the arctanh function when its argument

approaches 1, it is easy to see that for 1 � µ − 1 � � → 0, the anapole moment diverges logarithmically as
A ∼ ey2/(48π2m2

χ) × log(�)/(µ − 1). This behavior can be qualitatively understood by noting that, if mη � mχ

and q2 � 0, all three propagators in the loops of Fig. 3 can be close to the mass shell simultaneously. In the limit
µ − 1 � � � 1, on the other hand, the leading term in A is proportional to 1/

√
�. Note that in this limit, the

expression in Eq. (10) requires analytic continuation of the arctanh function into the complex plane. The dependence
of A on the degeneracy parameter µ is shown in Fig. 4 (a) for y = 1 and mχ = 100 GeV.

If |q2| � m2
� , a case that is relevant for instance in DM–nucleus scattering through loops containing electrons, the

approximation q2 → 0 underlying Eq. (10) is not applicable. In this case, it is instead convenient to set m� = 0 and
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FIG. 4: Fig. 4. Parameter space for WIMPs coupling
to electrons through axial-vector interactions. The

XENON100 upper limit (90% confidence level) is indicated

by the blue line, along with the green/yellow bands indicat-

ing the 1σ/2σ sensitivity. For comparison, we also show the

DAMA/LIBRA allowed region (red) and the constraint from

Super-Kamiokande (SK) using neutrinos from the Sun, by

assuming dark matter annihilation into τ τ̄ or νν̄, both calcu-

lated in [11].

data from the XENON10 detector, completely excludes

the DAMA/LIBRA signal, and sets the strongest direct

limit to date on the cross section of WIMPs coupling to

electrons through axial-vector interactions.For compari-

son, we also show the DAMA/LIBRA allowed region and

the constraint from Super-Kamiokande using neutrinos

from the Sun, by assuming dark matter annihilation into

τ τ̄ or νν̄, both calculated in [11]. The XENON100 data

completely excludes the DAMA/LIBRA signal and sets

the strongest direct limit to date on the cross section of

WIMPs coupling to electrons through axial-vector inter-

actions, excluding cross-sections above 6× 10−35 cm2 for

WIMPs with a mass of mχ = 2GeV/c2.
Kinematically Mixed Mirror Dark Matter: It

has been suggested that multi-component models with

light dark matter particles of ∼MeV/c2 mass might ex-

plain the DAMA/LIBRA modulation [32]. A specific ex-

ample of such a model, kinematically mixed mirror dark

matter [33], was shown to broadly have the right proper-

ties to explain the DAMA/LIBRA signal via dark matter-

electron scattering. In this model, dark matter halos are

composed of a multi-component plasma of mirror parti-

cles, each with the same mass as their standard model

partners. The mirror sector is connected to the normal

sector by kinetic mixing of photons and mirror photons at

the level of ∼ 10−9, which provides a production mech-

anism for mirror dark matter and a scattering channel

with ordinary matter. While mirror hadrons would not

induce nuclear recoils above threshold, mirror electrons

(m�
e = 511 keV/c2) would have a velocity dispersion large

enough to induce ∼keV electronic recoils.

The differential scattering rate of mirror electrons is

proportional to gNne� , where g is the number of loosely-

bound electrons, assumed to be those with binding en-

ergy < 1 keV [33], N is the number of target atoms

and ne� is the mirror electron density.The detector-

dependent quantities are N and g. In order to com-

pare DAMA/LIBRA directly with XENON100, we ap-

ply a constant scaling of gXe/gNaI · NXe/NNaI = 0.89 to

the DAMA/LIBRA spectrum and use the same proce-

dure as in the case of axial-vector coupling: We again

consider only the DAMA/LIBRA modulation signal, use

the 70 summer live days, model scintillation in liquid

xenon as described previously, and simply compare in-

tegral counts up to the point where the DAMA/LIBRA

signal falls below the expected average XENON100 back-

ground data rate (at 13 PE), without background sub-

traction. This excludes the DAMA/LIBRA signal as

kinematically mixed mirror dark matter at 3.6σ confi-

dence level.

Luminous Dark Matter: The third model we con-

sider is Luminous Dark Matter [34], featuring a dark mat-

ter particle with a ∼keV mass splitting between states

connected by a magnetic dipole moment operator. The

dark matter particle upscatters in the Earth and later de-

excites, possibly within a detector, with the emission of

a real photon. The experimental signature of this model

is a mono-energetic line from the de-excitation photon.

A mass splitting δ = 3.3 keV provides a good fit to the

DAMA/LIBRA signal [34] which would be explained as

scattering of a real photon from the de-excitation of a

∼GeV/c2 dark matter particle that is heavy enough to

undergo upscattering, but light enough to evade detec-

tion in other direct searches.

This signature is independent of the target material;

only the sensitive volume affects the induced event rate.

As rates are typically given per unit detector mass, scal-

ing to volume is inversely proportional to target density.

We thus apply a constant scaling factor to the differ-
ential rate in DAMA/LIBRA which is the ratio of the

target densities ρNaI/ρXe = 1.29 in order to compare

it to XENON100. Proceeding as in the previous two

cases, we exclude the DAMA/LIBRA signal as luminous

dark matter at 4.6σ confidence level. Together with the

other two exclusions presented above, this robustly rules

out leptophilic dark matter interactions as cause for the

DAMA/LIBRA signal.
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fermionic DM

!! ! !" !("e " "e)/!0
!e !("N " "N)/!1

!N

S ! S 1 #2
em [2-loop]

S ! P O(v2) #
P ! S O(r2

ev
2) #2

emv2 [2-loop]

P ! P O(r2
ev

4) #
V ! V 1 1 [1-loop]

V ! A O(v2) #
A ! V O(v2) v2 [1-loop]

A ! A 3 #
T ! T 12 q2

" [1-loop]

AT ! T O(v2) q2
" v

!2 [1-loop]

scalar DM

!" !("e " "e)/!0
!e,5 !("N " "N)/!1

!N,5

S 1 #2
em [2-loop]

P O(v2) #

TABLE I: Scattering cross section suppression by small parameters for DM–electron scattering and loop

induced DM–nucleon scattering for all possible Lorentz structures. Here, v $ 10!3 is the DM velocity,

re = me/m!, and q" = m"/mN ($ = e, µ, %). The reference cross sections !0
!e, !0

!e,5, !1
!N , !1

!N,5 are defined

in eqs. 13, 15, 26. The couplings c!, c", d have been set to one. The entries for "N " "N are orders of

magnitude estimates.

leading order in these expansion parameters. Up to the velocity or electron mass suppression
the typical size of the scattering cross section is

!0
!e %

G2m2
e

"
=

m2
e

"!4
& 3.1 ' 10!39 cm2

!

!

10 GeV

"!4

. (13)

For scalar DM the #e scattering cross section is induced by the dimension 5 operator,
eq. 4, giving

! = !0
!e,5

!

d2
S +

d2
P

2
v2

"

, (14)

with

!0
!e,5 %

G2
5

4"

m2
e

m2
!

=
1

4"!2

m2
e

m2
!

= 7.7 ' 10!42 cm2

!

!

10 GeV

"!2
# m!

100 GeV

$!2
. (15)

Compared to fermionic DM two powers of ! are replaced by m! which typically is larger
than !. The scalar DM scattering cross section is thus further suppressed compared to the
fermionic case for given !. The results of eqs. 10–12 and 14 are summarized in the middle
column of Tab. I.
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Basic discussions based on J.Kopp et al (2009,2014)

neutrino-DM scattering can also be large.

neutrino line search give factor a few stronger constraint.

σ ∼ 1

π

m2
e

(m2
η −m2

χ)
2

For anapole mode, P.Gondolo et al , K.Kopp et al
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Dark Matter indirect detections

Torsten Bringmann, L.Bergstrom and J.Edsjo (2007) .....

Internal bremsstrahlung and gamma ray/electron/positron signatures

W/Z internal bremsstrahlung: constraints from anti-proton flux
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Summary

Flavor symmetry might be a clue to find DM family in beyond SM spectrum.

If neutrino tiny masses are given by the tiny flavor symmetry breaking,  low energy LFV 
processes may be flavor symmetry symmetric. 

Lepton flavor symmetry may obtain leptophilic dark matter and  the distinct dark matter 
signature can be tested in near future through direct/indirect/collider/LFV/precision... 

A lot of observables in current/future experiments will tell us how to fix the shape of models. 
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