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Introduc:on

Nature of Dark Matter is still a big mystery.
• New DM particles
• New symmetries
• New interactions
•
Weakly-Interacting Massive particles (WIMPs)
Thermal relic abundance hypothesis 

The mass is typically O(100)GeV to O(1)TeV.

⌦DMh2 ' 0.1⇥ 3⇥ 10�26cm3/sec

h�annvi
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Introduction
WIMP DM are being searched for 
1) Direct production at LHC
2) Direct detection in underground 
3) Indirect detection by observing 

gamma rays from universe. 
However,  null results are fund.

XENON1T

gamma obs from dwarf galaxies 
(FERMI-LAT)
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Electroweak-Interac:ng DM

BSM Models with electroweakly charged stable particles
<latexit sha1_base64="p9Rf97QToETe8AM0WUNn3rNXozs="></latexit>
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• Supersymmetric standard model (SUSY SM)
Wino (I=1, S=1/2), Higgsino (I=1/2, S=1/2)

• Extra-dimensional models
Kaluza-Klain weak gauge bosons (I=1, S=1)

• Neutrino mass models 
- Scotogenic models 

• Extended Higgs sector models
- Inert Higgs models 

• Minimal dark matter models 
- automatically stable fermion (I=2, S=1/2)

• …………
5



Wino/Higgsino DM in SUSY SM

Motivation of Low-scale SUSY (<~1TeV):

• Hierarchy problem

• WIMP dark matter (R parity)
• Gauge coupling unification (SUSY GUTs)

Shortcoming of SUSY :

• FCNC and CP problems

• Gravitino problem in nucleosynthsis
• D=5 proton decay in SUSY GUTs

• 125GeV Higgs mass (after 2012)
Standard model

SUSY SM @ < O(1) TeV

SUSY GUTs ~ 1016 GeV

En
er

gy
 sc

al
e

SUSY SM before LHC
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Wino/Higgsino DM in SUSY SM

Motivation of mini-split SUSY (~O(102-3) TeV).
• Solution of following problems  

• FCNC and CP problems
• Gravitino problem in nucleosynthsis
• D=5 proton decay in SUSY GUTs
• 125GeV Higgs mass

• Easy model building of SUSY breaking 
by anomaly mediation 

• WIMP dark matter (R parity)
Wino/Higgsino

• Improved gauge coupling unification
Standard model

SUSY GUTs ~ 1016 GeV

En
er

gy
 sc

al
e

SUSY SM after LHC

SUSY SM @  O(102-3) TeV

Phenomenologically successful model ! (Except for Naturalness)
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The gravitino problem is solved for m3/2 = O(10-100)TeV.

Heavy gravitino mass is a good news in cosmology!

The gravitinos are produced by particle scattering 
in thermal bath in the early universe (abundance 
proportional to TR ). [’82 Weinberg]

[’05 Kawasaki, Kohri, Moroi, Yotsuyanagi]

Figure 9: Same as Fig. 7 except for the MSSM parameters are evaluated for the Case 3.

gauginos, in particular, into the gluino when kinematically allowed. (See Fig. 4.) We
found that the gluon-gluino final state produces more hadrons (in particular, protons and
neutrons) than the quark-squark final state. Consequently, in the Case 3, upper bound on
TR becomes lower than that for the Case 2. We have also studied the case where masses
of all the squarks and sfermions are pushed to infinity by hand while keeping the gaugino
mass as low as O(100 GeV). In this case, the constraint on TR is almost the same as that
for the Case 3. In addition, in the Case 4, masses of all the superparticles are very large
(∼ a few TeV). Then, lifetime of the gravitino becomes relatively long, which makes the
upper bound less stringent for gravitinos with m3/2 ∼ a few TeV.

Although our main concern is to study the effects of the gravitino decay on the BBN,
it is also important to consider other constraints. One of the important constraints is
from the production of the LSP from the decay of the gravitino. Importantly, the LSP
is produced with the decay of the gravitino, and the present number density of the LSP
is given by the sum of two contributions; thermal relic, which is calculated with the
DarkSUSY package for each cases, and the non-thermally produced LSP from the gravitino
decay. Since one LSP is produced by the decay of one gravitino, the density parameter of

22

Y3/2 = n3/2/s ~ 10-12 x (TR /109 GeV )

[TR : Reheating temperature after in!ation]

m3/2=O(1)TeV → BBN constrains thermal 
history of cosmology...

Pure Gravity Mediation Model

The model with m3/2 = O(10-100)TeV is consistent with leptogenesis!
[Leptogenesis requires TR > 109 GeV, ’86 Fukugita,Yanagida]

Wino/Higgsino DM in SUSY SM

List of strong constraints on SUSY SM
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If CP phases are O(1), squark masses should  be ten 
times larger than above. 

Dim=5 proton decay in SUSY SU(5) GUT 
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mini-split SUSY (~O(102-3) TeV) solve those problems. 8



Wino/Higgsino DM in SUSY SM

9

(Loop suppressed
in anomaly mediation)

Mass spectrum in mini split SUSY

How to test this model? 
Wino/Higgsino DM is a window to access the model. 

(2.8-3.0 TeV
if thermal relic)

(0.9-1.1TeV 
if thermal relic)



Wino/Higgsino DM in SUSY SM
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Wino 
(I=1, Y=0, S=1/2)

Partners of weak bosons

Higgsino
(I=1/2, Y=±1/2, S=1/2)

Partners of Higgs bosons
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(EW radiative 
correction)

(EW radiative 
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Pair annihilation of Heavy EW-int. DM
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X sections are affected by Sommerfeld effect
when                    (long range force) and            (NR) .

NR eff. Lagrangian for neutral 2-bodies states of winos (                             ) 

2

A simple example for the EWIMP DM’s is a neutral
component of an SU(2)L-triplet fermion (T ) whose hy-
percharge is zero. This corresponds to the Wino-like
LSP in the SUSY models. It is accompanied with the
a charged fermion, χ±. While χ0 and χ± are almost
degenerate in mass in the SU(2)L symmetric limit, the
EW symmetry breaking by the Higgs field, h, generates
the mass splitting, δm. If δm comes from the radiative
correction, δm ! 1/2α2(mW − c2

W mZ) ∼ 0.18 MeV for
m $ mW and mZ . Here, mW and mZ are the W and Z
boson masses, respectively, and cW (≡ cos θW ) is for the
Weinberg angle. Effective higher-dimensional operators,
such as h4T 2/Λ3, also generate δm, however they are
suppressed by the new particle mass scale Λ. The ther-
mal relic density of the DM with mass around 1.7 TeV is
consistent to the WMAP data.

Another example for the EWIMP DM’s is a neutral
component of a pair of SU(2)L-doublet fermions (D and
D′) with the hypercharges ±1/2. This corresponds to
the Higgsino-like LSP in the SUSY models. The χ0 is
accompanied with a neutral Majorana fermion, χ′0, in
addition to a charged Dirac fermion, χ±. They are again
degenerated in mass in the SU(2)L symmetric limit. The
mass difference is generated by the effective operators,
such as h2D2/Λ, via the EW symmetry breaking. The
thermal relic density of the DM explains the WMAP data
when the mass is around 0.6 TeV.

In the current Universe the DM is expected to be
highly non-relativistic as mentioned before. In this case,
the perturbative pair annihilation cross sections of the
EWIMP DM may have bad behaviors if the DM mass is
heavier than the weak scale. One of the example is the
annihilation cross section to 2γ at the leading order. The
process is induced at one-loop level, and the cross section
is 4(1/4)πα2α2

2/m2
W for the SU(2)L-triplet (doublet) DM

in the SU(2)L symmetric limit. The cross section is not
suppressed by 1/m2, and the perturbative unitarity is
violated when m is heavy enough.

The NR effective theory is useful to evaluate the cross
sections in the NR limit. In Ref. [7] we studied the NR
effective theory for the EWIMP in a perturbative way
and found that the trouble in the cross section to 2γ is
related to the threshold singularity. In order to evaluate
the cross section quantitatively, we have to calculate the
cross section non-perturbatively using the NR effective
theory [12].

For evaluation of the annihilation cross sections for
heavy EWIMP, we need to solve the EWIMP wave func-
tion under the EW potential. In this paper, we show the
formulae for evaluating the cross sections in the SU(2)L-
triplet DM case. Those for the SU(2)L-doublet case will
be shown in the further publications [8].

The NR effective Lagrangian for two-body states,
φN (r)(! 1/2χ0χ0) and φC(r)(! χ−χ+), is given as

L =
1

2
ΦT (r)

((

E +
∇2

m

)

1− V(r) + 2iΓδ3(r)

)

Φ(r) ,

(1)

where Φ(r) = (φC(r), φN (r)), r is the relative coordinate
(r = |r|), and E is the internal energy of the two-body
state. The EW potential V(r) is

V(r) =







2δm −
α

r
− α2c2

W

e−mZr

r
−
√

2α2
e−mW r

r

−
√

2α2
e−mW r

r
0






.

(2)
In this equation we keep only 2δm in (1,1) components
in order to calculate the DM annihilation rate up to
O(
√

δm/m) [7]. Γ is the absorptive part of the two-point
functions. Note that a factor of 1/2 (1/

√
2) is multiplied

for V22 and Γ22 (V12 and Γ12) since φN is a two-body
state of identical particles. Thus, Γ22 (Γ11) is the tree-
level annihilation cross section multiplied by the relative
velocity v and 1/2(1). Since the SU(2)L-triplet DM is
assumed to be a Majorana fermion, the 1S-wave gauge
contribution to Γ is relevant to the NR annihilation, and
then,

Γ =
πα2

2

m2

(

3
2

1
2
√

2
1

2
√

2
1

)

. (3)

The annihilation cross section of χ−χ+ or 2χ0 to the
EW gauge boson pair can be expressed using the two-by-
two Green function, G(r, r′), which is given by

((

E +
∇2

m

)

1− V(r) + 2iΓδ3(r)

)

G(r, r′)

= δ3(r − r′)1 . (4)

Due to the optical theorem, the long-distance (wave func-
tion) and the short-distance (annihilation) effects can be
factorized [9]. The annihilation cross sections to V V ′

(V, V ′ = W, Z, γ) are written as

(σv)V V ′ = ci

∑

ab Γab|V V ′ ×AaA!
b , (5)

where i represents the initial state (i = 0 and ± for
2χ0 and χ−χ+ pair annihilation, respectively) and Aa =
∫

d3r e−ikr(E+∇2/M)Gai(r, 0) with k =
√

mE = mv/2.
Here c0 = 2 and c± = 1, where c0 is a factor needed to
compensate the symmetric factor for Γ and V. Γab|V V ′

is the contribution to Γab from the final states V V ′.
It is clear that if the long-distance effect is negligible,
(σv)V V ′ = ciΓii|V V ′ .

The S-wave annihilation is dominant in the NR annihi-
lation. Thus, the Green function is reduced to G(r, r′) =
g(r, r′)/rr′. Similar to the case in one-flavor system, we
find that g(r, r′)/rr′ is expressed by the independent so-
lutions of the homogeneous part of the Eq. (4), g>(r)/r
and g<(r)/r, as

g(r, r′) =
m

4π
g>(r)gT

<(r′)θ(r − r′)

+
m

4π
g<(r)gT

>(r′)θ(r′ − r) . (6)

The solutions g>(r) and g<(r) are also two-by-two matri-
ces since Φ(r) has two degrees of freedom. The boundary
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In this equation we keep only 2δm in (1,1) components
in order to calculate the DM annihilation rate up to
O(
√

δm/m) [7]. Γ is the absorptive part of the two-point
functions. Note that a factor of 1/2 (1/

√
2) is multiplied

for V22 and Γ22 (V12 and Γ12) since φN is a two-body
state of identical particles. Thus, Γ22 (Γ11) is the tree-
level annihilation cross section multiplied by the relative
velocity v and 1/2(1). Since the SU(2)L-triplet DM is
assumed to be a Majorana fermion, the 1S-wave gauge
contribution to Γ is relevant to the NR annihilation, and
then,
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The annihilation cross section of χ−χ+ or 2χ0 to the
EW gauge boson pair can be expressed using the two-by-
two Green function, G(r, r′), which is given by
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)
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Due to the optical theorem, the long-distance (wave func-
tion) and the short-distance (annihilation) effects can be
factorized [9]. The annihilation cross sections to V V ′

(V, V ′ = W, Z, γ) are written as
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Here c0 = 2 and c± = 1, where c0 is a factor needed to
compensate the symmetric factor for Γ and V. Γab|V V ′

is the contribution to Γab from the final states V V ′.
It is clear that if the long-distance effect is negligible,
(σv)V V ′ = ciΓii|V V ′ .

The S-wave annihilation is dominant in the NR annihi-
lation. Thus, the Green function is reduced to G(r, r′) =
g(r, r′)/rr′. Similar to the case in one-flavor system, we
find that g(r, r′)/rr′ is expressed by the independent so-
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v → 0. This is well-known as the threshold singularity. In order to evaluate the

cross section, we need the resummation of the ladder diagrams since a ladder dia-

gram with n-photon exchange is proportional to (α/v)n. The other diagrams, such

as the crossed ladder diagrams, are suppressed by additional factors of v.

The efficient evaluation for the effect of the resummation of the ladder diagrams

to the electron and positron pair annihilation/production is to use the wave functions

for electron and positron pair under the QED (Coulomb) potential. When we expand

the two-body state of the electron and positron pair by the wave functions under

the Coulomb potential, the Coulomb potential disappears from the two-body state

action, and the calculation of the annihilation cross section at the threshold region

is only for a tree-level diagram by the annihilation term, and becomes extremely

simple.

In the evaluation for the neutralino annihilation cross section, the resummation

of weak-boson exchange diagrams, in addition to that of photon exchange, is required

for the heavy neutralino annihilation cross section. The wave functions of chargino

and neutralino(s) under both Coulomb and Yukawa potentials can be derived nu-

merically, not analytically. Then, we also consider the behavior of the cross section

in a limit of m → ∞. In next section we use the wave functions under the Coulomb

potential for the chargino pair and the free wave functions for the neutralino pairs

so that we can incorporate the all-order ladder diagrams of photon exchange, and

we derive some numerical results.

In order to demonstrate the validity of the effective action Eq. (16), first, we

reproduce the previous one-loop result for the neutralino annihilation cross section

to two photons in our formulation. The leading contribution to Im Tpp in the per-
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FIG. 1: The χ0-pair annihilation cross sections to 2γ and W +W− when δm = 0.1 GeV (slid lines) and 1 GeV (dashed lines).
χ0 is the SU(2)L-triplet or doublet DM. Here, v/c = 10−3. The leading-order cross sections in the perturbation are also shown
for δm = 0 (dotted lines).

conditions at r = 0 are g<(r)|r→0 = 0, g′
<(r)|r→0 = 1,

and g>(r)|r→0 = 1. In the following, we assume E <
2δm so that a pair annihilation of χ0 does not produce
on-shell χ−χ+. As the result,

g>(r)|r→∞ =

(

0 0
d1eikr d2eikr

)

. (7)

In this case, the χ0-pair annihilation cross sections are
(σv)V V ′ = ci

∑

ab Γab|V V ′dad!
b , as expected. It is enough

to calculate d in order to evaluate the cross sections.
In Fig. (1) we show the annihilation cross sections of

the SU(2)L-triplet DM pair to 2γ and W+W− as func-
tions of m. We evaluated the cross section numerically.
Here, we take v/c = 10−3, which is the typical averaged

velocity of the DM in our galaxy, and δm = 0.1 GeV and
1 GeV. The perturbative cross sections are also plotted.
Large δm leads to unreliable numerical calculation for
large m, and then some curves are terminated at some
points. However, δm should be suppressed around the
regions.

When m is around 100 GeV, the cross sections to 2γ
and W+W− are almost the same as the perturbative
ones. The cross section to 2γ is suppressed by a loop fac-
tor there. However, when m >∼ 0.5 TeV, the cross sections
are significantly enhanced and have the resonance struc-
ture. Especially, the cross section to 2γ becomes com-
parable to that to W+W− around the resonance. This
suggests that the 2χ0 state is strongly mixed with χ+χ−.

The qualitative behavior of the cross sections around
the first resonance may be understood by approximating
the EW potential by a well potential. Taking cW = 1 for
simplicity, the EW potential is approximated as

V(r) =

(

2δm − b1α2mW −b1

√
2α2mW

−b1

√
2α2mW 0

)

, (8)

for r < R(≡ (b2mW )−1). Here, b1 and b2 are numerical
constants. By comparing the annihilation cross sections
to 2γ in this potential and in the perturbative calculation
for small m, we find b1 = 8/9 and b2 = 2/3. Under
this potential, two-body states 2χ0 and χ−χ+ have the
attractive and repulsive states, whose potential energies
are λ± = 1/2(V11 ±

√

V2
11 + 4V2

12) with Vij(i, j = 1, 2)
elements in V. The attractive state is − sin θφC+cos θφN

with tan2 θ = λ−/λ+.
When δm % b1α2mW /2(∼ 1 GeV), θ is not suppressed

by δm and χ−χ+ and 2χ0 are mixed under the potential.
In this case, the cross section to 2γ is given as

(σv)2γ =
4πα2

9m2

(

1

cos(k−R)
−

1

cosh(k+R)

)2

, (9)

where k2
± = |λ±|m. Here, we neglect the Γ term contri-

bution to the wave function for simplicity and take E & 0.

The cross section (9) is reduced to 4πα2α2
2/m2

W for
α2m <∼ mW . On the other hand, it is not suppressed by a
one-loop factor for α2m >∼ mW and has a correct behavior
as ∼ 1/m2 in a heavy m limit. When k−R = (2n−1)π/2
(n = 1, 2, · · · ), the zero energy resonance, whose binding
energy is zero, appears and the cross section is enhanced
significantly. In Fig. (1), the n-th zero energy resonance
appears at m = m(n) ∼ n2 × m(1), while the well poten-
tial predicts m(n) ∼ (2n− 1)2 ×m(1). We guess that the
Yukawa potential might be approximated better by the
Coulomb potential for the higher zero energy resonances.

When the zero energy resonance exits, the cross sec-
tions σv are proportional to v−2 for v % 1. However,
this is not a signature for breakdown of the unitarity.
We find from study in the one-flavor system under the
well potential V that when v % mV Γ, σv is saturated
by the finite width Γ and the unitarity is not broken.

We also show the annihilation cross sections for the
SU(2)L-doublet DM in Fig. (1). The SU(2)L-doublet DM
has the smaller gauge charges compared with the SU(2)L-
triplet DM. As the result, the cross section is smaller, and
the first zero energy resonance appears at 5 TeV.

The enhancement for the DM annihilation rates gives
significant impacts on the indirect searches for the DM

Pair annihilation of Heavy EW-int. DM
X sections are affected by Sommerfeld effect 

1) enhancement of x sections,  such as e+e-→2γ
Peaks correspond to zero-energy bound states. 

2) enhancement of x section to two gammas, relatively to W+ W-

Sudakov double log resummantion modifies x sections by O(1). 
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conditions at r = 0 are g<(r)|r→0 = 0, g′
<(r)|r→0 = 1,

and g>(r)|r→0 = 1. In the following, we assume E <
2δm so that a pair annihilation of χ0 does not produce
on-shell χ−χ+. As the result,

g>(r)|r→∞ =

(

0 0
d1eikr d2eikr

)

. (7)

In this case, the χ0-pair annihilation cross sections are
(σv)V V ′ = ci

∑

ab Γab|V V ′dad!
b , as expected. It is enough

to calculate d in order to evaluate the cross sections.
In Fig. (1) we show the annihilation cross sections of

the SU(2)L-triplet DM pair to 2γ and W+W− as func-
tions of m. We evaluated the cross section numerically.
Here, we take v/c = 10−3, which is the typical averaged

velocity of the DM in our galaxy, and δm = 0.1 GeV and
1 GeV. The perturbative cross sections are also plotted.
Large δm leads to unreliable numerical calculation for
large m, and then some curves are terminated at some
points. However, δm should be suppressed around the
regions.

When m is around 100 GeV, the cross sections to 2γ
and W+W− are almost the same as the perturbative
ones. The cross section to 2γ is suppressed by a loop fac-
tor there. However, when m >∼ 0.5 TeV, the cross sections
are significantly enhanced and have the resonance struc-
ture. Especially, the cross section to 2γ becomes com-
parable to that to W+W− around the resonance. This
suggests that the 2χ0 state is strongly mixed with χ+χ−.

The qualitative behavior of the cross sections around
the first resonance may be understood by approximating
the EW potential by a well potential. Taking cW = 1 for
simplicity, the EW potential is approximated as

V(r) =

(

2δm − b1α2mW −b1

√
2α2mW

−b1

√
2α2mW 0

)

, (8)

for r < R(≡ (b2mW )−1). Here, b1 and b2 are numerical
constants. By comparing the annihilation cross sections
to 2γ in this potential and in the perturbative calculation
for small m, we find b1 = 8/9 and b2 = 2/3. Under
this potential, two-body states 2χ0 and χ−χ+ have the
attractive and repulsive states, whose potential energies
are λ± = 1/2(V11 ±

√

V2
11 + 4V2

12) with Vij(i, j = 1, 2)
elements in V. The attractive state is − sin θφC+cos θφN

with tan2 θ = λ−/λ+.
When δm % b1α2mW /2(∼ 1 GeV), θ is not suppressed

by δm and χ−χ+ and 2χ0 are mixed under the potential.
In this case, the cross section to 2γ is given as

(σv)2γ =
4πα2

9m2

(

1

cos(k−R)
−

1

cosh(k+R)

)2

, (9)

where k2
± = |λ±|m. Here, we neglect the Γ term contri-

bution to the wave function for simplicity and take E & 0.

The cross section (9) is reduced to 4πα2α2
2/m2

W for
α2m <∼ mW . On the other hand, it is not suppressed by a
one-loop factor for α2m >∼ mW and has a correct behavior
as ∼ 1/m2 in a heavy m limit. When k−R = (2n−1)π/2
(n = 1, 2, · · · ), the zero energy resonance, whose binding
energy is zero, appears and the cross section is enhanced
significantly. In Fig. (1), the n-th zero energy resonance
appears at m = m(n) ∼ n2 × m(1), while the well poten-
tial predicts m(n) ∼ (2n− 1)2 ×m(1). We guess that the
Yukawa potential might be approximated better by the
Coulomb potential for the higher zero energy resonances.

When the zero energy resonance exits, the cross sec-
tions σv are proportional to v−2 for v % 1. However,
this is not a signature for breakdown of the unitarity.
We find from study in the one-flavor system under the
well potential V that when v % mV Γ, σv is saturated
by the finite width Γ and the unitarity is not broken.

We also show the annihilation cross sections for the
SU(2)L-doublet DM in Fig. (1). The SU(2)L-doublet DM
has the smaller gauge charges compared with the SU(2)L-
triplet DM. As the result, the cross section is smaller, and
the first zero energy resonance appears at 5 TeV.

The enhancement for the DM annihilation rates gives
significant impacts on the indirect searches for the DM
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Thermal relic abundance of Wino/Higgsino
• The Sommerfeld effect modifies the thermal relic abundance of wino, 

though the effect is limited.  The preferred value is m~3TeV.
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Figure 2: Ratio of yield with the non-perturbative effect to that in the perturbative cal-

culation (left figure). Wino-like neutralino mass is fixed 2.8 TeV. Thermal relic abundance

of the dark matter in the current universe as a function of wino-like neutralino mass (right

figure). Allowed regions by the WMAP at 1(2) σ levels are also shown as the dark (light)

shaded area.

and 2 σ are also shown as shaded areas in this figure. We found that the mass in the

wino-like neutralino dark matter consistent with the observation is shifted by 600

GeV due to the non-perturbative effect and the wino-like neutralino mass consistent

with WMAP results turns out to be 2.7 TeV ! m ! 3.0 TeV.

4 Summary and discussion

In this letter, we have pointed out the thermal relic abundance of dark matter, which

is SU(2)L non-singlet and has a much larger mass than that of the weak gauge bosons,

can be strongly reduced by the non-perturbative effect. We have investigated the

non-perturbative effect on the relic abundance of wino-like neutralino as an example.

Compared with the perturbative result, this effect reduces the abundance by about

50% and increases the mass of the wino-like neutralino dark matter consistent with

the observation by about 600 GeV. As a result, the thermal relic abundance of

the wino-like neutralino dark matter is consistent with observed abundances when

2.7 TeV ! m ! 3.0 TeV.

The non-perturbative effect can change relic abundances of other dark matter

candidates with SU(2)L charge and heavy mass, such as higgsino-like neutralino. The

non-perturbative effect on the thermal relic abundance of higgsino-like neutralino is

expected to be roughly 10%, since winos are triplet under the SU(2)L gauge group,
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temperature, the long-range force acting between these particles strongly modifies

their wave functions and alters the cross section significantly.

Since the averaged cross section depends on temperature in a non-trivial way

as shown in Fig. 1, we should integrate the Boltzmann equation numerically. After

calculating the present value of the yield, Y0, by the integration, we obtain the

dark matter mass fraction in the current universe through the relation ΩDMh2 =

ms0Y0h2/ρc, where ρc is the critical density, ρc = 1.05 × 10−5h2 GeVcm−3 (h =

0.73+0.04
−0.03) [11], and s0 is the entropy density of the present universe.

The result is shown in Fig. 2. In the left figure, the ratio of the yield with

the enhancement to one without the enhancement (perturbative result) is shown as

a function of temperature. The mass of the wino-like neutralino is assumed m =

2.8 TeV. The enhancement of the cross section at the departure from the equilibrium

decreases the abundance by 20 − 30%, and it leads to quick deviation of the yield

from the perturbative one after decoupling. Since the annihilation cross section is

increased for lower temperature by the Sommerfeld enhancement, the sudden freeze-

out phenomenon on the yield does not occur and the yield continues to be reduced by

the non-perturbative effect even for x > 100 compared to the perturbative one. The

resultant dark matter abundance is reduced by 50% compared to the perturbative

result.

In the right figure, the relic abundance of the dark matter in the present universe

is shown as a function of m in terms of Ωh2. The allowed regions by the WMAP at 1
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and 2 σ are also shown as shaded areas in this figure. We found that the mass in the

wino-like neutralino dark matter consistent with the observation is shifted by 600

GeV due to the non-perturbative effect and the wino-like neutralino mass consistent

with WMAP results turns out to be 2.7 TeV ! m ! 3.0 TeV.

4 Summary and discussion

In this letter, we have pointed out the thermal relic abundance of dark matter, which

is SU(2)L non-singlet and has a much larger mass than that of the weak gauge bosons,

can be strongly reduced by the non-perturbative effect. We have investigated the

non-perturbative effect on the relic abundance of wino-like neutralino as an example.

Compared with the perturbative result, this effect reduces the abundance by about

50% and increases the mass of the wino-like neutralino dark matter consistent with

the observation by about 600 GeV. As a result, the thermal relic abundance of

the wino-like neutralino dark matter is consistent with observed abundances when

2.7 TeV ! m ! 3.0 TeV.

The non-perturbative effect can change relic abundances of other dark matter

candidates with SU(2)L charge and heavy mass, such as higgsino-like neutralino. The

non-perturbative effect on the thermal relic abundance of higgsino-like neutralino is

expected to be roughly 10%, since winos are triplet under the SU(2)L gauge group,

7

(JH, Matsumoto et al  (07)) 

• Abundance of Higgsino is not changed (m~1TeV).
• More precise evaluation is important to test the models. 

NLO potential (Beneke et al 20).

Bound state effects (topic of this workshop) ? 
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Line gamma rays from GC of Wino/Higgsino

Line gamma ray observation from Galactic Center: a smoking gun of DM

Cherenkov Telescope Array (CTA)H.E.S.S.

4

and for our fiducial model we choose one parameteriza-
tion of these observations, the Einasto profile [73]

⇢Einasto = ⇢0 exp


�
2

↵

✓✓
r

rs

◆↵

� 1

◆�
, (1)

where r is the Galactocentric radius. Our fiducial model
is defined by the following parameter for the Milky Way
Galaxy we take ↵ = 0.17 [74], rs = 20 kpc [75], and
⇢0 chosen so that ⇢DM(r�) = ⇢� = 0.39 GeV/cm3 [76],
where r� = 8.5 kpc is the estimated distance from the
Sun to the GC. These values are motivated by a com-
parison to earlier results, however we note that the exact
value for a number of these parameters are currently be-
ing refined. For example, more recent measurements have
found that r� = 8.127 kpc [77]. Improvement to our un-
derstanding of the local DM density are being pursued on
a number of fronts, see for example [78] for a review. We
emphasize that any change to ⇢� can be trivially propa-
gated to our results by rescaling the predicted signal by
a factor of [⇢�/(0.39 GeV/cm3)]2.

One systematic uncertainty associated with the GC
DM density that can have a significant impact on the
present analysis is the possibility that true density is re-
duced by to the presence of a core in the inner galaxy.
The incorporation of baryonic matter and its associated
feedback into N-body simulations have demonstrated
that these e↵ects can flatten out the DM density distri-
bution at small r, producing a constant-density “core”.
For Milky-Way-sized galaxies, the core radius can be of
order 1 kpc [79], or even larger; depending on the mod-
eling of baryonic physics, cores extending to ⇠ 5 kpc can
potentially be obtained [80].

At present, the exact size of such a core is highly
uncertain. To account for the uncertainty in the DM
distribution at small Galactocentric radii, and the possi-
bility of kpc-scale cores in the region of interest (ROI),
we study the gamma-ray signals associated with a cored
density profile. We empirically parameterize constant-
density cores by setting the density profile to ⇢Einasto(r)
for r > rc, and to ⇢DM(rc) = ⇢Einasto(rc) for r < rc. We
fix the normalization of the density profile at r = r�, i.e.
⇢DM(r�) = ⇢� in all cases.

B. Annihilation Signal Spectrum

The total photon flux observed from DM annihilation,
in a given ROI, is given by

d��

dE
=

h�viline
8⇡m2

DM

dN�

dE
⇥ J , (2)

where the astrophysical factor, or J-factor, is given by

J =

Z

ROI

d⌦

Z
ds ⇢2DM . (3)

We emphasize at the outset that the use of h�viline

within Eq. (2) does not imply we are only considering
the annihilation of dark matter to two body final states
producing a photon at almost exactly mDM. There is an
inherent freedom to redefine what means in that equation
by h�vi and the cross section per annihilation, dN�/dE,
as long as the product is left unchanged. We have ex-
ploited this freedom to write the cross section in a conve-
nient form, as the cross section to produce two photons,

h�viline = h�vi��+�Z/2 . (4)

In detail �line corresponds to the cross section for
DMDM ! �� plus half the cross section for DMDM !

�Z, as there is only a single photon in the latter pro-
cess. This is a convenient choice, as this cross section is
traditionally how limits on the Wino and Higgsino are
presented. Using this definition, if the spectrum con-
sisted only of the exclusive line, then it would simply be
given by 2�(E �mDM). Yet as emphasized, even though
we will use h�viline to parameterize our rate, it is not the
only final state we include. More generally, we have

dN�

dE
= 2�(E �mDM) +

dN ep
�

dE
+

dN ct
�

dE
, (5)

where the normalizations for the endpoint (ep) and con-
tinuum (ct) spectra are determined relative to the line
cross section. A more detailed discussion of this point,
and the detailed form the endpoint and continuum spec-
tra appearing in Eq. (5), can be found in [64].

As discussed above, in the case of the Wino we will use
the full analytic NLL calculation of the endpoint spec-
trum and h�viline provided in [65]. The continuum spec-
trum from production of gauge bosons and their subse-
quent decay is calculated as described in that work.

For the Higgsino, no endpoint contribution is in-
cluded, and the line and continuum cross sections are
estimated from a tree-level calculation including the non-
perturbative e↵ects of Sommerfeld enhancement. The
Sommerfeld-enhanced cross section for each final state
channel X is determined as:

(�vrel)�0�0!X = 2
X

jj0

s0j(�X)jj0s
⇤
0j0 , (6)

where �X is a channel-specific “annihilation matrix”, and
the s0j coe�cients describe the Sommerfeld vector ap-
propriate to the �0�0 initial state, derived by solving the
Schrödinger equation, as discussed in Ref. [30] (and fol-
lowing the notation in that work). The prefactor of 2
accounts for the fact that our initial state consists of two
identical DM particles. The potential matrix V (r) for
the Schrödinger equation is given by [54]:
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where r� = 8.5 kpc is the estimated distance from the
Sun to the GC. These values are motivated by a com-
parison to earlier results, however we note that the exact
value for a number of these parameters are currently be-
ing refined. For example, more recent measurements have
found that r� = 8.127 kpc [77]. Improvement to our un-
derstanding of the local DM density are being pursued on
a number of fronts, see for example [78] for a review. We
emphasize that any change to ⇢� can be trivially propa-
gated to our results by rescaling the predicted signal by
a factor of [⇢�/(0.39 GeV/cm3)]2.

One systematic uncertainty associated with the GC
DM density that can have a significant impact on the
present analysis is the possibility that true density is re-
duced by to the presence of a core in the inner galaxy.
The incorporation of baryonic matter and its associated
feedback into N-body simulations have demonstrated
that these e↵ects can flatten out the DM density distri-
bution at small r, producing a constant-density “core”.
For Milky-Way-sized galaxies, the core radius can be of
order 1 kpc [79], or even larger; depending on the mod-
eling of baryonic physics, cores extending to ⇠ 5 kpc can
potentially be obtained [80].

At present, the exact size of such a core is highly
uncertain. To account for the uncertainty in the DM
distribution at small Galactocentric radii, and the possi-
bility of kpc-scale cores in the region of interest (ROI),
we study the gamma-ray signals associated with a cored
density profile. We empirically parameterize constant-
density cores by setting the density profile to ⇢Einasto(r)
for r > rc, and to ⇢DM(rc) = ⇢Einasto(rc) for r < rc. We
fix the normalization of the density profile at r = r�, i.e.
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within Eq. (2) does not imply we are only considering
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producing a photon at almost exactly mDM. There is an
inherent freedom to redefine what means in that equation
by h�vi and the cross section per annihilation, dN�/dE,
as long as the product is left unchanged. We have ex-
ploited this freedom to write the cross section in a conve-
nient form, as the cross section to produce two photons,

h�viline = h�vi��+�Z/2 . (4)

In detail �line corresponds to the cross section for
DMDM ! �� plus half the cross section for DMDM !

�Z, as there is only a single photon in the latter pro-
cess. This is a convenient choice, as this cross section is
traditionally how limits on the Wino and Higgsino are
presented. Using this definition, if the spectrum con-
sisted only of the exclusive line, then it would simply be
given by 2�(E �mDM). Yet as emphasized, even though
we will use h�viline to parameterize our rate, it is not the
only final state we include. More generally, we have

dN�

dE
= 2�(E �mDM) +

dN ep
�

dE
+

dN ct
�

dE
, (5)

where the normalizations for the endpoint (ep) and con-
tinuum (ct) spectra are determined relative to the line
cross section. A more detailed discussion of this point,
and the detailed form the endpoint and continuum spec-
tra appearing in Eq. (5), can be found in [64].

As discussed above, in the case of the Wino we will use
the full analytic NLL calculation of the endpoint spec-
trum and h�viline provided in [65]. The continuum spec-
trum from production of gauge bosons and their subse-
quent decay is calculated as described in that work.

For the Higgsino, no endpoint contribution is in-
cluded, and the line and continuum cross sections are
estimated from a tree-level calculation including the non-
perturbative e↵ects of Sommerfeld enhancement. The
Sommerfeld-enhanced cross section for each final state
channel X is determined as:

(�vrel)�0�0!X = 2
X

jj0

s0j(�X)jj0s
⇤
0j0 , (6)

where �X is a channel-specific “annihilation matrix”, and
the s0j coe�cients describe the Sommerfeld vector ap-
propriate to the �0�0 initial state, derived by solving the
Schrödinger equation, as discussed in Ref. [30] (and fol-
lowing the notation in that work). The prefactor of 2
accounts for the fact that our initial state consists of two
identical DM particles. The potential matrix V (r) for
the Schrödinger equation is given by [54]:
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and for our fiducial model we choose one parameteriza-
tion of these observations, the Einasto profile [73]

⇢Einasto = ⇢0 exp
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where r is the Galactocentric radius. Our fiducial model
is defined by the following parameter for the Milky Way
Galaxy we take ↵ = 0.17 [74], rs = 20 kpc [75], and
⇢0 chosen so that ⇢DM(r�) = ⇢� = 0.39 GeV/cm3 [76],
where r� = 8.5 kpc is the estimated distance from the
Sun to the GC. These values are motivated by a com-
parison to earlier results, however we note that the exact
value for a number of these parameters are currently be-
ing refined. For example, more recent measurements have
found that r� = 8.127 kpc [77]. Improvement to our un-
derstanding of the local DM density are being pursued on
a number of fronts, see for example [78] for a review. We
emphasize that any change to ⇢� can be trivially propa-
gated to our results by rescaling the predicted signal by
a factor of [⇢�/(0.39 GeV/cm3)]2.

One systematic uncertainty associated with the GC
DM density that can have a significant impact on the
present analysis is the possibility that true density is re-
duced by to the presence of a core in the inner galaxy.
The incorporation of baryonic matter and its associated
feedback into N-body simulations have demonstrated
that these e↵ects can flatten out the DM density distri-
bution at small r, producing a constant-density “core”.
For Milky-Way-sized galaxies, the core radius can be of
order 1 kpc [79], or even larger; depending on the mod-
eling of baryonic physics, cores extending to ⇠ 5 kpc can
potentially be obtained [80].

At present, the exact size of such a core is highly
uncertain. To account for the uncertainty in the DM
distribution at small Galactocentric radii, and the possi-
bility of kpc-scale cores in the region of interest (ROI),
we study the gamma-ray signals associated with a cored
density profile. We empirically parameterize constant-
density cores by setting the density profile to ⇢Einasto(r)
for r > rc, and to ⇢DM(rc) = ⇢Einasto(rc) for r < rc. We
fix the normalization of the density profile at r = r�, i.e.
⇢DM(r�) = ⇢� in all cases.

B. Annihilation Signal Spectrum

The total photon flux observed from DM annihilation,
in a given ROI, is given by

d��

dE
=

h�viline
8⇡m2

DM

dN�

dE
⇥ J , (2)

where the astrophysical factor, or J-factor, is given by

J =

Z

ROI

d⌦

Z
ds ⇢2DM . (3)

We emphasize at the outset that the use of h�viline

within Eq. (2) does not imply we are only considering
the annihilation of dark matter to two body final states
producing a photon at almost exactly mDM. There is an
inherent freedom to redefine what means in that equation
by h�vi and the cross section per annihilation, dN�/dE,
as long as the product is left unchanged. We have ex-
ploited this freedom to write the cross section in a conve-
nient form, as the cross section to produce two photons,

h�viline = h�vi��+�Z/2 . (4)

In detail �line corresponds to the cross section for
DMDM ! �� plus half the cross section for DMDM !

�Z, as there is only a single photon in the latter pro-
cess. This is a convenient choice, as this cross section is
traditionally how limits on the Wino and Higgsino are
presented. Using this definition, if the spectrum con-
sisted only of the exclusive line, then it would simply be
given by 2�(E �mDM). Yet as emphasized, even though
we will use h�viline to parameterize our rate, it is not the
only final state we include. More generally, we have

dN�

dE
= 2�(E �mDM) +

dN ep
�

dE
+

dN ct
�

dE
, (5)

where the normalizations for the endpoint (ep) and con-
tinuum (ct) spectra are determined relative to the line
cross section. A more detailed discussion of this point,
and the detailed form the endpoint and continuum spec-
tra appearing in Eq. (5), can be found in [64].

As discussed above, in the case of the Wino we will use
the full analytic NLL calculation of the endpoint spec-
trum and h�viline provided in [65]. The continuum spec-
trum from production of gauge bosons and their subse-
quent decay is calculated as described in that work.

For the Higgsino, no endpoint contribution is in-
cluded, and the line and continuum cross sections are
estimated from a tree-level calculation including the non-
perturbative e↵ects of Sommerfeld enhancement. The
Sommerfeld-enhanced cross section for each final state
channel X is determined as:

(�vrel)�0�0!X = 2
X

jj0

s0j(�X)jj0s
⇤
0j0 , (6)

where �X is a channel-specific “annihilation matrix”, and
the s0j coe�cients describe the Sommerfeld vector ap-
propriate to the �0�0 initial state, derived by solving the
Schrödinger equation, as discussed in Ref. [30] (and fol-
lowing the notation in that work). The prefactor of 2
accounts for the fact that our initial state consists of two
identical DM particles. The potential matrix V (r) for
the Schrödinger equation is given by [54]:
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and for our fiducial model we choose one parameteriza-
tion of these observations, the Einasto profile [73]

⇢Einasto = ⇢0 exp
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where r is the Galactocentric radius. Our fiducial model
is defined by the following parameter for the Milky Way
Galaxy we take ↵ = 0.17 [74], rs = 20 kpc [75], and
⇢0 chosen so that ⇢DM(r�) = ⇢� = 0.39 GeV/cm3 [76],
where r� = 8.5 kpc is the estimated distance from the
Sun to the GC. These values are motivated by a com-
parison to earlier results, however we note that the exact
value for a number of these parameters are currently be-
ing refined. For example, more recent measurements have
found that r� = 8.127 kpc [77]. Improvement to our un-
derstanding of the local DM density are being pursued on
a number of fronts, see for example [78] for a review. We
emphasize that any change to ⇢� can be trivially propa-
gated to our results by rescaling the predicted signal by
a factor of [⇢�/(0.39 GeV/cm3)]2.

One systematic uncertainty associated with the GC
DM density that can have a significant impact on the
present analysis is the possibility that true density is re-
duced by to the presence of a core in the inner galaxy.
The incorporation of baryonic matter and its associated
feedback into N-body simulations have demonstrated
that these e↵ects can flatten out the DM density distri-
bution at small r, producing a constant-density “core”.
For Milky-Way-sized galaxies, the core radius can be of
order 1 kpc [79], or even larger; depending on the mod-
eling of baryonic physics, cores extending to ⇠ 5 kpc can
potentially be obtained [80].

At present, the exact size of such a core is highly
uncertain. To account for the uncertainty in the DM
distribution at small Galactocentric radii, and the possi-
bility of kpc-scale cores in the region of interest (ROI),
we study the gamma-ray signals associated with a cored
density profile. We empirically parameterize constant-
density cores by setting the density profile to ⇢Einasto(r)
for r > rc, and to ⇢DM(rc) = ⇢Einasto(rc) for r < rc. We
fix the normalization of the density profile at r = r�, i.e.
⇢DM(r�) = ⇢� in all cases.

B. Annihilation Signal Spectrum

The total photon flux observed from DM annihilation,
in a given ROI, is given by

d��

dE
=

h�viline
8⇡m2

DM

dN�

dE
⇥ J , (2)

where the astrophysical factor, or J-factor, is given by

J =

Z

ROI

d⌦

Z
ds ⇢2DM . (3)

We emphasize at the outset that the use of h�viline

within Eq. (2) does not imply we are only considering
the annihilation of dark matter to two body final states
producing a photon at almost exactly mDM. There is an
inherent freedom to redefine what means in that equation
by h�vi and the cross section per annihilation, dN�/dE,
as long as the product is left unchanged. We have ex-
ploited this freedom to write the cross section in a conve-
nient form, as the cross section to produce two photons,

h�viline = h�vi��+�Z/2 . (4)

In detail �line corresponds to the cross section for
DMDM ! �� plus half the cross section for DMDM !

�Z, as there is only a single photon in the latter pro-
cess. This is a convenient choice, as this cross section is
traditionally how limits on the Wino and Higgsino are
presented. Using this definition, if the spectrum con-
sisted only of the exclusive line, then it would simply be
given by 2�(E �mDM). Yet as emphasized, even though
we will use h�viline to parameterize our rate, it is not the
only final state we include. More generally, we have

dN�

dE
= 2�(E �mDM) +

dN ep
�

dE
+

dN ct
�

dE
, (5)

where the normalizations for the endpoint (ep) and con-
tinuum (ct) spectra are determined relative to the line
cross section. A more detailed discussion of this point,
and the detailed form the endpoint and continuum spec-
tra appearing in Eq. (5), can be found in [64].

As discussed above, in the case of the Wino we will use
the full analytic NLL calculation of the endpoint spec-
trum and h�viline provided in [65]. The continuum spec-
trum from production of gauge bosons and their subse-
quent decay is calculated as described in that work.

For the Higgsino, no endpoint contribution is in-
cluded, and the line and continuum cross sections are
estimated from a tree-level calculation including the non-
perturbative e↵ects of Sommerfeld enhancement. The
Sommerfeld-enhanced cross section for each final state
channel X is determined as:

(�vrel)�0�0!X = 2
X

jj0

s0j(�X)jj0s
⇤
0j0 , (6)

where �X is a channel-specific “annihilation matrix”, and
the s0j coe�cients describe the Sommerfeld vector ap-
propriate to the �0�0 initial state, derived by solving the
Schrödinger equation, as discussed in Ref. [30] (and fol-
lowing the notation in that work). The prefactor of 2
accounts for the fact that our initial state consists of two
identical DM particles. The potential matrix V (r) for
the Schrödinger equation is given by [54]:
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and for our fiducial model we choose one parameteriza-
tion of these observations, the Einasto profile [73]

⇢Einasto = ⇢0 exp
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where r is the Galactocentric radius. Our fiducial model
is defined by the following parameter for the Milky Way
Galaxy we take ↵ = 0.17 [74], rs = 20 kpc [75], and
⇢0 chosen so that ⇢DM(r�) = ⇢� = 0.39 GeV/cm3 [76],
where r� = 8.5 kpc is the estimated distance from the
Sun to the GC. These values are motivated by a com-
parison to earlier results, however we note that the exact
value for a number of these parameters are currently be-
ing refined. For example, more recent measurements have
found that r� = 8.127 kpc [77]. Improvement to our un-
derstanding of the local DM density are being pursued on
a number of fronts, see for example [78] for a review. We
emphasize that any change to ⇢� can be trivially propa-
gated to our results by rescaling the predicted signal by
a factor of [⇢�/(0.39 GeV/cm3)]2.

One systematic uncertainty associated with the GC
DM density that can have a significant impact on the
present analysis is the possibility that true density is re-
duced by to the presence of a core in the inner galaxy.
The incorporation of baryonic matter and its associated
feedback into N-body simulations have demonstrated
that these e↵ects can flatten out the DM density distri-
bution at small r, producing a constant-density “core”.
For Milky-Way-sized galaxies, the core radius can be of
order 1 kpc [79], or even larger; depending on the mod-
eling of baryonic physics, cores extending to ⇠ 5 kpc can
potentially be obtained [80].

At present, the exact size of such a core is highly
uncertain. To account for the uncertainty in the DM
distribution at small Galactocentric radii, and the possi-
bility of kpc-scale cores in the region of interest (ROI),
we study the gamma-ray signals associated with a cored
density profile. We empirically parameterize constant-
density cores by setting the density profile to ⇢Einasto(r)
for r > rc, and to ⇢DM(rc) = ⇢Einasto(rc) for r < rc. We
fix the normalization of the density profile at r = r�, i.e.
⇢DM(r�) = ⇢� in all cases.

B. Annihilation Signal Spectrum

The total photon flux observed from DM annihilation,
in a given ROI, is given by

d��

dE
=

h�viline
8⇡m2

DM

dN�

dE
⇥ J , (2)

where the astrophysical factor, or J-factor, is given by

J =

Z

ROI

d⌦

Z
ds ⇢2DM . (3)

We emphasize at the outset that the use of h�viline

within Eq. (2) does not imply we are only considering
the annihilation of dark matter to two body final states
producing a photon at almost exactly mDM. There is an
inherent freedom to redefine what means in that equation
by h�vi and the cross section per annihilation, dN�/dE,
as long as the product is left unchanged. We have ex-
ploited this freedom to write the cross section in a conve-
nient form, as the cross section to produce two photons,

h�viline = h�vi��+�Z/2 . (4)

In detail �line corresponds to the cross section for
DMDM ! �� plus half the cross section for DMDM !

�Z, as there is only a single photon in the latter pro-
cess. This is a convenient choice, as this cross section is
traditionally how limits on the Wino and Higgsino are
presented. Using this definition, if the spectrum con-
sisted only of the exclusive line, then it would simply be
given by 2�(E �mDM). Yet as emphasized, even though
we will use h�viline to parameterize our rate, it is not the
only final state we include. More generally, we have

dN�

dE
= 2�(E �mDM) +

dN ep
�

dE
+

dN ct
�

dE
, (5)

where the normalizations for the endpoint (ep) and con-
tinuum (ct) spectra are determined relative to the line
cross section. A more detailed discussion of this point,
and the detailed form the endpoint and continuum spec-
tra appearing in Eq. (5), can be found in [64].

As discussed above, in the case of the Wino we will use
the full analytic NLL calculation of the endpoint spec-
trum and h�viline provided in [65]. The continuum spec-
trum from production of gauge bosons and their subse-
quent decay is calculated as described in that work.

For the Higgsino, no endpoint contribution is in-
cluded, and the line and continuum cross sections are
estimated from a tree-level calculation including the non-
perturbative e↵ects of Sommerfeld enhancement. The
Sommerfeld-enhanced cross section for each final state
channel X is determined as:

(�vrel)�0�0!X = 2
X

jj0

s0j(�X)jj0s
⇤
0j0 , (6)

where �X is a channel-specific “annihilation matrix”, and
the s0j coe�cients describe the Sommerfeld vector ap-
propriate to the �0�0 initial state, derived by solving the
Schrödinger equation, as discussed in Ref. [30] (and fol-
lowing the notation in that work). The prefactor of 2
accounts for the fact that our initial state consists of two
identical DM particles. The potential matrix V (r) for
the Schrödinger equation is given by [54]:
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and for our fiducial model we choose one parameteriza-
tion of these observations, the Einasto profile [73]

⇢Einasto = ⇢0 exp
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where r is the Galactocentric radius. Our fiducial model
is defined by the following parameter for the Milky Way
Galaxy we take ↵ = 0.17 [74], rs = 20 kpc [75], and
⇢0 chosen so that ⇢DM(r�) = ⇢� = 0.39 GeV/cm3 [76],
where r� = 8.5 kpc is the estimated distance from the
Sun to the GC. These values are motivated by a com-
parison to earlier results, however we note that the exact
value for a number of these parameters are currently be-
ing refined. For example, more recent measurements have
found that r� = 8.127 kpc [77]. Improvement to our un-
derstanding of the local DM density are being pursued on
a number of fronts, see for example [78] for a review. We
emphasize that any change to ⇢� can be trivially propa-
gated to our results by rescaling the predicted signal by
a factor of [⇢�/(0.39 GeV/cm3)]2.

One systematic uncertainty associated with the GC
DM density that can have a significant impact on the
present analysis is the possibility that true density is re-
duced by to the presence of a core in the inner galaxy.
The incorporation of baryonic matter and its associated
feedback into N-body simulations have demonstrated
that these e↵ects can flatten out the DM density distri-
bution at small r, producing a constant-density “core”.
For Milky-Way-sized galaxies, the core radius can be of
order 1 kpc [79], or even larger; depending on the mod-
eling of baryonic physics, cores extending to ⇠ 5 kpc can
potentially be obtained [80].

At present, the exact size of such a core is highly
uncertain. To account for the uncertainty in the DM
distribution at small Galactocentric radii, and the possi-
bility of kpc-scale cores in the region of interest (ROI),
we study the gamma-ray signals associated with a cored
density profile. We empirically parameterize constant-
density cores by setting the density profile to ⇢Einasto(r)
for r > rc, and to ⇢DM(rc) = ⇢Einasto(rc) for r < rc. We
fix the normalization of the density profile at r = r�, i.e.
⇢DM(r�) = ⇢� in all cases.

B. Annihilation Signal Spectrum

The total photon flux observed from DM annihilation,
in a given ROI, is given by

d��

dE
=

h�viline
8⇡m2

DM

dN�

dE
⇥ J , (2)

where the astrophysical factor, or J-factor, is given by

J =

Z

ROI

d⌦

Z
ds ⇢2DM . (3)

We emphasize at the outset that the use of h�viline

within Eq. (2) does not imply we are only considering
the annihilation of dark matter to two body final states
producing a photon at almost exactly mDM. There is an
inherent freedom to redefine what means in that equation
by h�vi and the cross section per annihilation, dN�/dE,
as long as the product is left unchanged. We have ex-
ploited this freedom to write the cross section in a conve-
nient form, as the cross section to produce two photons,

h�viline = h�vi��+�Z/2 . (4)

In detail �line corresponds to the cross section for
DMDM ! �� plus half the cross section for DMDM !

�Z, as there is only a single photon in the latter pro-
cess. This is a convenient choice, as this cross section is
traditionally how limits on the Wino and Higgsino are
presented. Using this definition, if the spectrum con-
sisted only of the exclusive line, then it would simply be
given by 2�(E �mDM). Yet as emphasized, even though
we will use h�viline to parameterize our rate, it is not the
only final state we include. More generally, we have

dN�

dE
= 2�(E �mDM) +

dN ep
�

dE
+

dN ct
�

dE
, (5)

where the normalizations for the endpoint (ep) and con-
tinuum (ct) spectra are determined relative to the line
cross section. A more detailed discussion of this point,
and the detailed form the endpoint and continuum spec-
tra appearing in Eq. (5), can be found in [64].

As discussed above, in the case of the Wino we will use
the full analytic NLL calculation of the endpoint spec-
trum and h�viline provided in [65]. The continuum spec-
trum from production of gauge bosons and their subse-
quent decay is calculated as described in that work.

For the Higgsino, no endpoint contribution is in-
cluded, and the line and continuum cross sections are
estimated from a tree-level calculation including the non-
perturbative e↵ects of Sommerfeld enhancement. The
Sommerfeld-enhanced cross section for each final state
channel X is determined as:

(�vrel)�0�0!X = 2
X

jj0

s0j(�X)jj0s
⇤
0j0 , (6)

where �X is a channel-specific “annihilation matrix”, and
the s0j coe�cients describe the Sommerfeld vector ap-
propriate to the �0�0 initial state, derived by solving the
Schrödinger equation, as discussed in Ref. [30] (and fol-
lowing the notation in that work). The prefactor of 2
accounts for the fact that our initial state consists of two
identical DM particles. The potential matrix V (r) for
the Schrödinger equation is given by [54]:
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and for our fiducial model we choose one parameteriza-
tion of these observations, the Einasto profile [73]

⇢Einasto = ⇢0 exp
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where r is the Galactocentric radius. Our fiducial model
is defined by the following parameter for the Milky Way
Galaxy we take ↵ = 0.17 [74], rs = 20 kpc [75], and
⇢0 chosen so that ⇢DM(r�) = ⇢� = 0.39 GeV/cm3 [76],
where r� = 8.5 kpc is the estimated distance from the
Sun to the GC. These values are motivated by a com-
parison to earlier results, however we note that the exact
value for a number of these parameters are currently be-
ing refined. For example, more recent measurements have
found that r� = 8.127 kpc [77]. Improvement to our un-
derstanding of the local DM density are being pursued on
a number of fronts, see for example [78] for a review. We
emphasize that any change to ⇢� can be trivially propa-
gated to our results by rescaling the predicted signal by
a factor of [⇢�/(0.39 GeV/cm3)]2.

One systematic uncertainty associated with the GC
DM density that can have a significant impact on the
present analysis is the possibility that true density is re-
duced by to the presence of a core in the inner galaxy.
The incorporation of baryonic matter and its associated
feedback into N-body simulations have demonstrated
that these e↵ects can flatten out the DM density distri-
bution at small r, producing a constant-density “core”.
For Milky-Way-sized galaxies, the core radius can be of
order 1 kpc [79], or even larger; depending on the mod-
eling of baryonic physics, cores extending to ⇠ 5 kpc can
potentially be obtained [80].

At present, the exact size of such a core is highly
uncertain. To account for the uncertainty in the DM
distribution at small Galactocentric radii, and the possi-
bility of kpc-scale cores in the region of interest (ROI),
we study the gamma-ray signals associated with a cored
density profile. We empirically parameterize constant-
density cores by setting the density profile to ⇢Einasto(r)
for r > rc, and to ⇢DM(rc) = ⇢Einasto(rc) for r < rc. We
fix the normalization of the density profile at r = r�, i.e.
⇢DM(r�) = ⇢� in all cases.

B. Annihilation Signal Spectrum

The total photon flux observed from DM annihilation,
in a given ROI, is given by

d��

dE
=

h�viline
8⇡m2

DM

dN�

dE
⇥ J , (2)

where the astrophysical factor, or J-factor, is given by

J =

Z

ROI

d⌦

Z
ds ⇢2DM . (3)

We emphasize at the outset that the use of h�viline

within Eq. (2) does not imply we are only considering
the annihilation of dark matter to two body final states
producing a photon at almost exactly mDM. There is an
inherent freedom to redefine what means in that equation
by h�vi and the cross section per annihilation, dN�/dE,
as long as the product is left unchanged. We have ex-
ploited this freedom to write the cross section in a conve-
nient form, as the cross section to produce two photons,

h�viline = h�vi��+�Z/2 . (4)

In detail �line corresponds to the cross section for
DMDM ! �� plus half the cross section for DMDM !

�Z, as there is only a single photon in the latter pro-
cess. This is a convenient choice, as this cross section is
traditionally how limits on the Wino and Higgsino are
presented. Using this definition, if the spectrum con-
sisted only of the exclusive line, then it would simply be
given by 2�(E �mDM). Yet as emphasized, even though
we will use h�viline to parameterize our rate, it is not the
only final state we include. More generally, we have

dN�

dE
= 2�(E �mDM) +

dN ep
�

dE
+

dN ct
�

dE
, (5)

where the normalizations for the endpoint (ep) and con-
tinuum (ct) spectra are determined relative to the line
cross section. A more detailed discussion of this point,
and the detailed form the endpoint and continuum spec-
tra appearing in Eq. (5), can be found in [64].

As discussed above, in the case of the Wino we will use
the full analytic NLL calculation of the endpoint spec-
trum and h�viline provided in [65]. The continuum spec-
trum from production of gauge bosons and their subse-
quent decay is calculated as described in that work.

For the Higgsino, no endpoint contribution is in-
cluded, and the line and continuum cross sections are
estimated from a tree-level calculation including the non-
perturbative e↵ects of Sommerfeld enhancement. The
Sommerfeld-enhanced cross section for each final state
channel X is determined as:

(�vrel)�0�0!X = 2
X

jj0

s0j(�X)jj0s
⇤
0j0 , (6)

where �X is a channel-specific “annihilation matrix”, and
the s0j coe�cients describe the Sommerfeld vector ap-
propriate to the �0�0 initial state, derived by solving the
Schrödinger equation, as discussed in Ref. [30] (and fol-
lowing the notation in that work). The prefactor of 2
accounts for the fact that our initial state consists of two
identical DM particles. The potential matrix V (r) for
the Schrödinger equation is given by [54]:

0

BB@

2�m+ �
↵
r �

↵W x2

4c2W

e�mZr

r �

p
2↵W e�mW r

4r �

p
2↵W e�mW r

4r

�

p
2↵W e�mW r

4r 2�mN �
↵W e�mZr

4c2W r

�

p
2↵W e�mW r

4r �
↵W e�mZr

4c2W r
0

1

CCA .

(7)

Gamma ray flux:

DM density profile around GC
Einasto profile : 

<latexit sha1_base64="2peym3EGuGxllDxu/LjaHtDa2Dc="></latexit>
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Figure 4. Expected upper limits at 95% C.L on the Wino annihilation cross section as a function of its mass for 500 h of CTA
observations towards the GC. The predicted NLL cross section is shown (solid gray line) and the thermal Wino DM mass is
marked (cyan solid line and bands). The only background considered here is the residual background. The full Wino spectrum
is included in the expected signal. Left panel: Mean expected upper limits at 2� (red solid line) for an Einasto profile are shown
together with the 1� (green band) and 2� (yellow band) containment bands. Mean expected upper limits at 5� (red dashed
line) are also shown. The H.E.S.S.-like 2� sensitivity extracted from Ref. [68] is shown as a blue solid line. Right panel: The
expected limits are shown for cored DM profiles of size from 300 pc to 5 kpc.

lower 1� expected limit. Accordingly, in Figs. 4 and 6,
we only show the lower 1� expected limit, as the actual
limit, by construction, cannot go below this. We also
compute the 5� mean expected upper limit on h�viline,
which corresponds to q ⇡ 23.7.

The above prescription outlines how to determine the
limit for a given dataset m�,ijk, which could be either ob-
tained from real observations or via Monte Carlo simu-
lations.

Before CTA’s first light, we can estimate the expected
sensitivity by generating a large number of Monte Carlo
datasets and determining the mean expected limit and
associated containment bands. An alternative to this ap-
proach, which we will use in this work, is to instead deter-
mine all of these quantities using the Asimov formalism of
Ref. [116]. Under the Asimov approach, instead of taking
many realizations of the model, calculating the limit each
time, and then determining the mean of those values, we
instead take the mean dataset, which is exactly given
by the model. The model, when used as the dataset, is
then referred to as the Asimov dataset. Of course, as
the model is not strictly an integer, this requires analyt-
ically continuing the Poisson distribution to non-integer
values, which can be accomplished using the � function.
The Asimov approach can also be used to determine the
confidence intervals. In detail, to determine the N -sigma
containment band, instead of evaluating q = 2.71, we

calculate

q =
�
��1(0.95)±N

�2
. (19)

Here � is the cumulative distribution function for the
standard normal, which has µ = 0 and � = 1. Accord-
ingly ��1(0.95) ⇡ 1.64, so that the above result contains
the mean limit as a special case at N = 0.

In the idealized scenario we consider here of data
drawn from a background model known exactly, the
above procedure for calculating limits is su�cient. We
emphasize, however, that when considering the actual
CTA data, our models will be inevitably imperfect. One
consequence of this is that the coverage of our limits, and
the validity of discovery thresholds can deviate from the
simple asymptotic estimates used above, and may need
to be validated and potentially tuned using datasets that
contain an injected signal.

V. RESULTS AND PROSPECTS

A. Sensitivity to Wino DM and impact of the
endpoint contribution

The CTA sensitivity forecast for Wino DM, expressed
as the mean expected upper limit at 95% C.L. on h�viline
as a function of the Wino mass, is shown in the left panel
of Fig. 4, together with the expected containment bands

(Rinchiuso, Slatyer, et al (20))

The precise evaluabon of thermal relic abondance is important since 
the x secbon to line gamma is quite sensibve to wino mass.

(Resummation of Sudalov double log, continuum emission, endpoint photons, energy 
resolution of CTA are included.) 
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Figure 6. 95% C.L. expected upper limits on the line Higgsino annihilation cross section as a function of its mass for the
Einasto profile (red solid line) and cores of size from 300 pc to 5 kpc. The theoretical cross section is printed in gray. Top
left panel: Limits computed assuming mass splittings �mN = 200 keV and �m+ = 350 MeV. The mean expected limits are
shown at 2� (red solid line) and 5� (red dashed line), respectively. Top right panel: Limits computed assuming mass splittings
�mN = 2 GeV and �m+ = 480 MeV. Bottom panels: 95% C.L. expected mean upper limits for CTA on the Higgsino annihilation
cross section as a function of its mass, for an Einasto DM profile and 500 hour homogeneous exposure in a 10�-side squared
region centered at the GC region. The expected limits (red solid line) are shown together with the 1� (green band) and 2�
(yellow band) containment band obtained from the Asimov dataset. Only the residual background is considered here. The
predicted LO cross section is shown (solid gray line) and the thermal Higgsino DM mass is marked (cyan solid line and bands).
The sensitivity is computed for the mass splittings �mN = 200 keV and �m+ = 350 MeV (bottom left panel) and �mN = 2 GeV
and �m+ = 480 MeV (bottom right panel). The line-only constraints are shown as red dotted lines.

perimental systematic uncertainties arising, for instance,
from instrumental and observational conditions. System-
atic uncertainties will likely dominate the statistical un-
certainties, given the large amount of data expected in
the GC region. For estimates of the impact of the sys-
tematic uncertainties on the sensitivity, see, for instance,

Refs. [113, 114, 117].
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Figure 6. 95% C.L. expected upper limits on the line Higgsino annihilation cross section as a function of its mass for the
Einasto profile (red solid line) and cores of size from 300 pc to 5 kpc. The theoretical cross section is printed in gray. Top
left panel: Limits computed assuming mass splittings �mN = 200 keV and �m+ = 350 MeV. The mean expected limits are
shown at 2� (red solid line) and 5� (red dashed line), respectively. Top right panel: Limits computed assuming mass splittings
�mN = 2 GeV and �m+ = 480 MeV. Bottom panels: 95% C.L. expected mean upper limits for CTA on the Higgsino annihilation
cross section as a function of its mass, for an Einasto DM profile and 500 hour homogeneous exposure in a 10�-side squared
region centered at the GC region. The expected limits (red solid line) are shown together with the 1� (green band) and 2�
(yellow band) containment band obtained from the Asimov dataset. Only the residual background is considered here. The
predicted LO cross section is shown (solid gray line) and the thermal Higgsino DM mass is marked (cyan solid line and bands).
The sensitivity is computed for the mass splittings �mN = 200 keV and �m+ = 350 MeV (bottom left panel) and �mN = 2 GeV
and �m+ = 480 MeV (bottom right panel). The line-only constraints are shown as red dotted lines.

perimental systematic uncertainties arising, for instance,
from instrumental and observational conditions. System-
atic uncertainties will likely dominate the statistical un-
certainties, given the large amount of data expected in
the GC region. For estimates of the impact of the sys-
tematic uncertainties on the sensitivity, see, for instance,

Refs. [113, 114, 117].
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Higgsino DM would be also testable, depending on the core size.

(Resummation of Sudalov double log is not included. The O(1) correction is missing.) 
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Direct Detection of Wino/Higgsino

Experiments are 
sensitive to Spin-
indep. DM-nucleon 
elastic scattering.

In near future, 
experiments will 
reach close to 
neutrino BG.

<latexit sha1_base64="n87lNSWqz7TwmC1fV9nPFXSw51M="></latexit>
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LZCurrent Status & Future Prospects on the WIMP/ALPs Searches 5

• XENON1T is currently leading the searches both in 
low & high mass regions 

• DARWIN sensitivity (200 t・yr) will reach “ν-floor”

Kamioka Observatory, ICRR, The University of Tokyo, Masaki Yamashita

Generation3: 2026-
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Wino, Higgsino :
 J. Hisano et al. Eur.Phys.J. C78 (2018)

 LZ,
1802.06039
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PRL 121, 111302 (2018) 

PandaX-4 
Nature 2017

1 neutrino event line is well above „ν-floor“ 
ν-floor = „WIMP discovery limit“

• Both XENONnT & LZ can fully confirm or exclude 
1T excess with higher sensitivity

Low-ER excess

ν BG

(Figure from Kazama-san’s presenta@on in DMNet symp. (21))
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Direct Detection of Wino/Higgsino
Spin-independent DM-nucleon elastic scattering (scalar coupling)

�̃
0 q

q�̃
0

h

�̃
0

�̃
0

g

g

! Higgs

h

Q

�̃
0 q

q�̃
0

Z

! axial-tree

Figure 1: Diagrams via tree-level �̃0-�̃0-Higgs/Z interaction in elastic �̃
0-nucleon scat-

tering. “Higgs” contribution and “axial-tree” contribution are defined in Eqs. (21) and
(24).

are induced via the W/Z boson loop diagrams [26], we obtain

fq = f
H

q
+ f

EWIMP
q

, (14)

fG = f
H

G
+ f

EWIMP
G

, (15)

with

f
H

q
=

g
2
2s

h

4mWm
2
h

, (16)

f
H

G
= �

↵s

12⇡

X

Q=c,b,t

cQf
H

Q
, (17)

where mW and mh are the masses for W boson and Higgs boson, respectively. The
coupling of the neutralino with the Higgs boson is denoted by s

h in the above expression,
which is given as

s
h = (Z12 � Z11 tan ✓W )(Z13 cos � � Z14 sin �). (18)

Here ✓W is the weak mixing angle and we take the decoupling limit since the heavier Higgs
bosons have masses much larger than the weak scale. In addition, when M2, |µ| & mW ,
the coupling s

h is approximated as

s
h
'

mW

M
2
2 � µ2

(M2 + µ sin 2�), (19)

in the Wino-like neutralino case and

s
h
' �

1

2


mW

M2 � |µ|
+

mW tan2
✓W

M1 � |µ|

�
(1± sin 2�), (20)

in the Higgsino-like neutralino case. Here the plus (minus) sign in front of sin 2� is for
µ > 0 (µ < 0).6

6
There is an sign error in Eq. (24) of Ref. [36] for µ < 0 case. In addition, for heavy Higgs coupling,

the correct expression is ±
1
2

h
mW

M2�|µ| +
mW tan2 ✓W

M1�|µ|

i
cos 2�.
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Figure 2: Diagrams which are induced by electroweak interaction in elastic �̃
0-nucleon

scattering. “scalar”, “twist-2”, “gluon” and “axial-loop” correspond to each term in the
e↵ective couplings. Their definitions are given in Eqs. (21) and (24). A complete set of
diagrams is given in Ref. [26].

As it is seen in Eqs. (19) and (20), in the case where one mass parameter is much larger
than the other (i.e., M2 ⌧ |µ| or |µ| ⌧ M2), the lightest neutralino becomes almost pure
Wino or Higgsino state. Then the tree-level �̃0-�̃0-Higgs interaction, as well as �̃0-�̃0-Z
interaction which is relevant for the SD scattering, is suppressed. Thus the loop-level pro-
cesses become important. The loop-level e↵ective couplings are calculated in the previous
work [26], where the elastic scattering cross section for generic electroweak-interacting DM
particles (i.e., n-tuplet of SU(2)L with hypercharge Y of U(1)Y ) is evaluated. Pure Wino
corresponds to n = 3 and Y = 0, while pure Higgsino corresponds to n = 2 with Y = 1/2.
The previous results have revealed that the loop-level contributions are sizable when the
DM-particle mass is much larger than those of weak bosons. (See also Ref. [36].) Further,
it has been found that the SI cross section tends to be suppressed with the 125 GeV Higgs
boson mass due to an accidental cancellation. (See Fig. 5 of Ref. [26].) These observations
indicate that both the tree-level and the loop-level contributions are significant in a wide
range of parameter space. Taking the above discussion into account, we calculate the
scattering cross section of the neutralino with nucleon including all the possibly dominant
contributions.

For later discussion, we refer to each term in Eq. (3) as,
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Figure 2: Diagrams which are induced by electroweak interaction in elastic �̃
0-nucleon

scattering. “scalar”, “twist-2”, “gluon” and “axial-loop” correspond to each term in the
e↵ective couplings. Their definitions are given in Eqs. (21) and (24). A complete set of
diagrams is given in Ref. [26].

As it is seen in Eqs. (19) and (20), in the case where one mass parameter is much larger
than the other (i.e., M2 ⌧ |µ| or |µ| ⌧ M2), the lightest neutralino becomes almost pure
Wino or Higgsino state. Then the tree-level �̃0-�̃0-Higgs interaction, as well as �̃0-�̃0-Z
interaction which is relevant for the SD scattering, is suppressed. Thus the loop-level pro-
cesses become important. The loop-level e↵ective couplings are calculated in the previous
work [26], where the elastic scattering cross section for generic electroweak-interacting DM
particles (i.e., n-tuplet of SU(2)L with hypercharge Y of U(1)Y ) is evaluated. Pure Wino
corresponds to n = 3 and Y = 0, while pure Higgsino corresponds to n = 2 with Y = 1/2.
The previous results have revealed that the loop-level contributions are sizable when the
DM-particle mass is much larger than those of weak bosons. (See also Ref. [36].) Further,
it has been found that the SI cross section tends to be suppressed with the 125 GeV Higgs
boson mass due to an accidental cancellation. (See Fig. 5 of Ref. [26].) These observations
indicate that both the tree-level and the loop-level contributions are significant in a wide
range of parameter space. Taking the above discussion into account, we calculate the
scattering cross section of the neutralino with nucleon including all the possibly dominant
contributions.

For later discussion, we refer to each term in Eq. (3) as,
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Spin-independent DM-nucleon elastic scattering (scalar coupling)
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Figure 2: Diagrams which are induced by electroweak interaction in elastic �̃
0-nucleon

scattering. “scalar”, “twist-2”, “gluon” and “axial-loop” correspond to each term in the
e↵ective couplings. Their definitions are given in Eqs. (21) and (24). A complete set of
diagrams is given in Ref. [26].

As it is seen in Eqs. (19) and (20), in the case where one mass parameter is much larger
than the other (i.e., M2 ⌧ |µ| or |µ| ⌧ M2), the lightest neutralino becomes almost pure
Wino or Higgsino state. Then the tree-level �̃0-�̃0-Higgs interaction, as well as �̃0-�̃0-Z
interaction which is relevant for the SD scattering, is suppressed. Thus the loop-level pro-
cesses become important. The loop-level e↵ective couplings are calculated in the previous
work [26], where the elastic scattering cross section for generic electroweak-interacting DM
particles (i.e., n-tuplet of SU(2)L with hypercharge Y of U(1)Y ) is evaluated. Pure Wino
corresponds to n = 3 and Y = 0, while pure Higgsino corresponds to n = 2 with Y = 1/2.
The previous results have revealed that the loop-level contributions are sizable when the
DM-particle mass is much larger than those of weak bosons. (See also Ref. [36].) Further,
it has been found that the SI cross section tends to be suppressed with the 125 GeV Higgs
boson mass due to an accidental cancellation. (See Fig. 5 of Ref. [26].) These observations
indicate that both the tree-level and the loop-level contributions are significant in a wide
range of parameter space. Taking the above discussion into account, we calculate the
scattering cross section of the neutralino with nucleon including all the possibly dominant
contributions.

For later discussion, we refer to each term in Eq. (3) as,
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Wino
Higgino

Quintet fermion

(JH, Ishiwata, Nagata (15))

X section of wino is above the neutrino BG, and wino DM can be tested.
The determination of abundance is important to test wino DM again. 

LOOP

(QCD correction is included)
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Direct Detection of Wino/Higgsino
Spin-independent DM-nucleon elastic scattering (scalar coupling)
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Figure 9: Contour of the SI cross section in cm2 unit. Upper panels are in the case
where µ < 0 and tan � = 1.1 (left), 2 (middle), and 10 (right) are taken, respectively.
In the lower panels µ is set to be positive. We take mh = 125 GeV. Results from full
calculation and the only Higgs contribution are given in purple solid and green dashed
lines, respectively. Lines are shown for the cross section larger than 10�48 cm2. Here we
also show the exclusion regions by XENON100 [37] in dark shade. Blue dot-dashed lines
and light-shaded regions correspond to future prospects of experiments with sensitivities
to cross section 10�47 cm2 and smaller than 10�48 cm2 at a DM-particle mass of ⇠ 60 GeV,
respectively.
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Electroweakly-interacting vector DM

• Extra-dimensional models predict vector DM,
i.e., Kaluza-Klain gauge bosons.

• Renorm. model for EWly-interacting vector DM,

Symmetry for                               predicts stable 
massive EW triplet vectors.  
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The model has rich phenomenology
• Thermal relic abundance (perturbative calculation)

• Direct detection comes from            mixing, and the XENONnT will 
cover almost of allowed region.
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(Abe, JH, Matsushita, Fujiwara (21))

(Please visit Fujiwara-san’s poster presentation.)

Electroweakly-interacting vector DM
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Summary
Electroweakly-interacting dark matter is fit with the current 
experimental results, and it will be tested in near future experiments, 
such as CTA and XENONnT/LZ/Darwin. 

The dark matter mass is one of important parameters to test the models. 
The thermal relic abundance is desirable  to be precisely evaluated.

We do not discuss future prospects of 
• Electron EDM
• Long-lived particle searches at LHC/future colliders
They are also important to test the models.
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FIN.
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JSPS core-to-core program “DMNet” 


