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WIMP Dark Matter (DM)

ΩDMh2 = 0.120 ± 0.001

Dark Matter Problem

WIMP approach

⟨σannv⟩ ∼ 3 × 10−26 cm3/s

Boltzmann eq.:
dnχ

dt
+ 3Hnχ = − ⟨σannv⟩(n2

χ − n2
χ,eq)

Current energy density:

[Planck 2018]
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Classical WIMP paradigm (1/2)

3

→ Cross section for Electroweak (EW) interaction

e.g. charged pion decay

EW int. Mediated by 

(  : EW scale )

Z, W±

mW = 80.4 GeV

c = 3 × 108 m/s
1 b = 10−24 cm2

?
New physics for ~EW scale?

DM particles

Z, W±
𝒪(100) GeV

⟨σannv⟩ ∼ 3 × 10−26 cm3/s ∼ 1 pb ⋅ c



Classical WIMP paradigm (2/2)

4

DM particles

Z, W±
𝒪(100) GeV

Typical spectrum of Classical WIMP → TeV-scale Dark Matter candidate

e.g. SUSY WIMP: Neutralino DM

• DM stability :  -parity


• Coupling     :  


• DM mass    :  

R

αEW(mZ) ∼ 0.033
𝒪(1) TeV

χ0, χ±, ⋯
𝒪(1) TeV

Z, W±
𝒪(100) GeV

?
New physics for ~EW scale?

⟨σannv⟩ ∼ α2
EW

m2DM

c = 3 × 108 m/s
1 b = 10−24 cm2

→ Cross section for Electroweak (EW) interaction⟨σannv⟩ ∼ 3 × 10−26 cm3/s ∼ 1 pb ⋅ c
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Figure 6. Median of expected 95% C.L. upper limits on the annihilation of DM into a pair of
gamma-ray photons (black) as well as the 5ω discovery potential (purple), as a function of the DM
mass mω. The green and yellow bands show the expected variance of the median upper limits,
as indicated, and data points summarize 95% C.L. limits previously obtained by Fermi LAT [21],
H.E.S.S. [115] and MAGIC [24]. (Note that a significant scatter between mass bins is expected for
a limit on actual data, as opposed to the median of limits derived from many MC realizations; the
treatment of systematic uncertainties, furthermore, partially di!ers from the analysis adopted in this
work). The limits projected for CTA are based on the assumption of an Einasto DM profile and
500 hours of observation of the inner GC, adopting our benchmark modelling of the background
component in the analysis (solid lines); for comparison, we also indicate (with dashed black lines) the
mean upper limits resulting from the more aggressive analysis method that relies on modelling the
astrophysical gamma-ray flux — rather than the total counts — as a power law.

6.1 Galactic Centre

In figure 6, we show the expected median 95% C.L. upper limits (black) and the 5ω discovery
potential (purple) of the DM line signature. While solid lines are the result of our default
analysis strategy (power-law background on the measured counts), dashed lines show the
alternative approach, where the power-law assumption is made on the gamma-ray fluxes
instead. As stressed in section 5.2, the default approach neglects our knowledge of the IRFs
and therefore results in more conservative estimates of the sensitivity. The inner (green)
and outer (yellow) bands show the 1 ω and 2 ω confidence level of our sensitivity estimate,
respectively, as derived from the Asimov dataset (for further discussion, see appendix A.3).
The lower DM mass threshold in this figure is set to 200 GeV, from the requirement of the
lower edge of the sliding energy window to not fall below 100 GeV. We prefer to not use the
lowest bins at this stage because the e!ective area of CTAO drops rapidly when going below
100 GeV, cf. figure 1, causing the current IRF estimate to be more uncertain.

As demonstrated in the figure, the projected CTA sensitivity to spectral line signatures
improves upon current limits by ground-based experiments (notably HESS [115]) by a factor
of →2 at 1 TeV, and by up to one order of magnitude in the multi-TeV range. Such an
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CTAO: New probe for TeV -rayγ
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CTAO-North

• Location         :  La Palma, Spain


• Energy range  :  20 GeV − 50 TeV

CTAO-South

• Location         :  Atacama desert, Chile


• Energy range  :  80 GeV − 300 TeV

[https://www.ctao.org/emission-to-discovery/array-sites/]

[S. Abe, et al. (2024) [CTAO]]

TeV line gamma-ray sensitivity  
→    @CTAO× 10 Einasto 500 hr

CTAO CG rendering [https://cta-observatory.jp/overview.html]

χ0 χ0 → γγ

CTAO Current Status 
by Ivana Batković



-ray annihilation?γ
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Loop suppressed?

52 4 Non-relativistic Effective Field Theory for Spin-1 DM
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Fig. 4.2 Ladder diagrams for annihilation processes into two photonsWe show a electron-positron
annihilation as an example of NRQED processes and b pair annihilation of an electroweak-
interacting DM, respectively

This estimation immediately implies that higher order loop correction may be
enhanced by a factor of αem/v in the NR limit, v ! αem. A ladder amplitude with
nth loop corrections scales as

iM ∼ αem ·
(αem

v

⎧n
. (4.20)

Therefore, we obtain the following condition where the perturbative expansion of
αem breaks down.

αem " v, (4.21)

which is known as a threshold singularity. In this region, we need to perform resum-
mation of the ladder diagrams in Fig. 4.2.

In the system of an electroweak-interactingDM,we have a similar situation as that
inNRQEDsystem.TheNRannihilationprocesses of the electroweak-interactingDM
are important to investigate in various contexts. The annihilation of DM multiplets
in the early universe is important to evaluate the thermal relic abundance. A DM
pair annihilation in the current universe is necessary to probe DM signatures through
astrophysical observation. Evaluating the annihilation cross sections in the NR limit
is, therefore, relevant for DM physics. We may construct the NR effective theory
for electroweak-interacting DM in the same procedures as those of NRQED. We
may find a similar power-counting regime and estimate the electroweak corrections.
In particular, we have to know the order of the propagator for both NR DM and
electroweak bosons to estimate the electroweak loop corrections shown in diagram
(b) of Fig. 4.2. The momentum p of this annihilation process is estimated as p =
mDMv ∼ mW , and thus the relative velocity is v ∼ mW/mDM . The kinetic energy K
is, therefore, estimated as K = mDMv

2 ∼ m2
W/mDM . Note that an initial DM pair

nearly satisfies the on-shell conditions, and the loopmomentum for DM is typically a
scale of DMmass,mDM . Therefore, the propagator of DM scales as ∼ 1/mDM .2 On

2 Interactions between spin-1 DM and electroweak bosons are derivative couplings where a deriva-
tive also scales as ∼ mDM , and thus the scaling is the same as the spin-1/2 DM case.
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This estimation immediately implies that higher order loop correction may be
enhanced by a factor of αem/v in the NR limit, v ! αem. A ladder amplitude with
nth loop corrections scales as

iM ∼ αem ·
(αem

v

⎧n
. (4.20)

Therefore, we obtain the following condition where the perturbative expansion of
αem breaks down.

αem " v, (4.21)

which is known as a threshold singularity. In this region, we need to perform resum-
mation of the ladder diagrams in Fig. 4.2.

In the system of an electroweak-interactingDM,we have a similar situation as that
inNRQEDsystem.TheNRannihilationprocesses of the electroweak-interactingDM
are important to investigate in various contexts. The annihilation of DM multiplets
in the early universe is important to evaluate the thermal relic abundance. A DM
pair annihilation in the current universe is necessary to probe DM signatures through
astrophysical observation. Evaluating the annihilation cross sections in the NR limit
is, therefore, relevant for DM physics. We may construct the NR effective theory
for electroweak-interacting DM in the same procedures as those of NRQED. We
may find a similar power-counting regime and estimate the electroweak corrections.
In particular, we have to know the order of the propagator for both NR DM and
electroweak bosons to estimate the electroweak loop corrections shown in diagram
(b) of Fig. 4.2. The momentum p of this annihilation process is estimated as p =
mDMv ∼ mW , and thus the relative velocity is v ∼ mW/mDM . The kinetic energy K
is, therefore, estimated as K = mDMv

2 ∼ m2
W/mDM . Note that an initial DM pair

nearly satisfies the on-shell conditions, and the loopmomentum for DM is typically a
scale of DMmass,mDM . Therefore, the propagator of DM scales as ∼ 1/mDM .2 On

2 Interactions between spin-1 DM and electroweak bosons are derivative couplings where a deriva-
tive also scales as ∼ mDM , and thus the scaling is the same as the spin-1/2 DM case.

χ0, χ±, ⋯
𝒪(1) TeV

Z, W±
𝒪(100) GeV

Initial DM pair

(non-relativistic)



-ray annihilation w/ Sommerfeld effectγ

6

Spatial extent of DM wave func. v.s. EW Potential

→ Inclusion of potential effect by solving Schrödinger eq.

Seff = ∑
J,Jz,Q

∫ d4Rd3rΦJ,Jz†
Q (i∂R0 + ∇2

R

4mDM
+ ∇2

r

mDM
− ̂V(r)) ΦJ,Jz

Q
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(b) of Fig. 4.2. The momentum p of this annihilation process is estimated as p =
mDMv ∼ mW , and thus the relative velocity is v ∼ mW/mDM . The kinetic energy K
is, therefore, estimated as K = mDMv

2 ∼ m2
W/mDM . Note that an initial DM pair

nearly satisfies the on-shell conditions, and the loopmomentum for DM is typically a
scale of DMmass,mDM . Therefore, the propagator of DM scales as ∼ 1/mDM .2 On
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Figure 5: Annihilation cross sections (σv) to γγ and W+W→ when δm = 0.1, 1 GeV for

both the triplet and the doublet EWIMPs. Here, v/c = 10→3. The leading-order cross

sections in perturbation are also shown for δm = 0 (broken lines).

2χ̃0 and χ̃+χ̃→ have attractive and repulsive states, whose potential energies are

λ± = (V11 ±
√

V2
11 + 4V2

12)/2 with Vij (i, j = 1, 2) elements in V. The attractive

state is cos θ φN → sin θ φC with tan2 θ = →λ→/λ+.

By virtue of the approximation, the pair annihilation cross sections for the triplet

EWIMP are obtained analytically,

(σv)W+W− =
πα2

2

9m2

(

|d21|2 +
√
2#(d21d∗22) + 2|d22|2

)

, (σv)γγ =
2πα2

9m2
|d21|2 ,

d21 =







√
2

[

cos
(

pc
√

v2/v2c + 2
)

→ i

√

v2

v2 + 2v2c
sin
(

pc
√

v2/v2c + 2
)

]→1

→
√
2

[

cos
(

pc
√

v2/v2c → 1
)

→ i

√

v2

v2 → v2c
sin
(

pc
√

v2/v2c → 1
)

]→1






,

d22 =







[

cos
(

pc
√

v2/v2c + 2
)

→ i

√

v2

v2 + 2v2c
sin
(

pc
√

v2/v2c + 2
)

]→1

+2

[

cos
(

pc
√

v2/v2c → 1
)

→ i

√

v2

v2 → v2c
sin
(

pc
√

v2/v2c → 1
)

]→1






,

(56)

where pc and vc are defined by pc =
√

2α2m/mW and vc =
√

32α2mW/9m, respec-

tively.

If the kinetic energy of the EWIMP pair is much larger than the potential energy

(v $ vc) or the electroweak potential is point-like (pc % 1), the cross sections

23

[J. Hisano, S. Matsumoto, N. M. Mihoko, S. Saito (2005)]

Initial DM pair

(non-relativistic)

≫



Precision 1: Correction in EW potential

• e.g. Pure Wino [SU(2)L triplet, spin-1/2]


• Feature: thermal DM mass is around resonance


• Tree-level v.s. 1-loop  
→ DM mass for resonance: shifted by ~3%


• Cross section drastically changes around peak

[M. Beneke, R. Szafron, K. Urban (2020)]
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Figure 4: �v calculated with the LO (solid/blue) and the NLO (dash-dotted/red) po-
tential. The lower panel shows the ratio of the NLO to LO result with dark (light) grey
bands to visualize the range where the correction stays below 20% (40%).

the NLO e↵ect from the potential, we calculate the semi-inclusive �0�0 annihilation cross
section into � + X with the same tree-level approximation4

� = 2 ��� + ��Z =
2⇡↵2

2

m2
�

 
0 0

0 s2W

!
(11)

to the short-distance annihilation matrix.
In the upper panel of Figure 4 we show �v, the annihilation cross section times

velocity calculated with the LO (solid/blue) and the NLO (dash-dotted/red) potential
in the mass range m� = 0.5 . . . 20 TeV for the DM particle, which covers the onset of the
Sommerfeld enhancement at small masses and the first two resonances. We recall that
the observed relic density is achieved for a wino mass of 2.88 TeV [13]. That the NLO
correction is visible on a logarithmic plot already indicates that it is significant. The
location of the first two Sommerfeld resonances shifts from 2.283 (8.773) TeV at LO to

4See [16,17,22] for radiative corrections and Sudakov resummation of this annihilation rate.

8

shifted >40%

←tree + 1-loop

Correction to Potential

M. Beneke et al. / Physics Letters B 800 (2020) 135112 3

Fig. 1. Feynman diagrams for the χ+χ− → χ+χ− scattering channel (excluding field renormalization, counterterm and tadpole diagrams). Arrows on propagators indicate 
charge flow. For the χ0χ0 → χ0χ0 channel, of the above diagrams only the box and crossed box with W -exchange exist and cancel against each other. In the χ0χ0 → χ+χ−

channel, the same topologies as above are possible (with different bosons such that charge flow is respected), except for the crossed box diagram.

Fig. 2. Ratio of the numerical Fourier transform of the potential correction to the 
fitting function in the variable x = mW r for the channel (00) → (+−) (blue/dashed) 
and (+−) → (+−) (red/dot-dashed). The relative difference is in the permille range.

vanishes, because the only two contributing one-loop diagrams, 
the box and the crossed box diagram, cancel each other.

Fitting function in the charged channel We use x = mW r, and define

δV fit
(+−)→(+−) =

δV r→∞
(+−)→(+−)

1 + 32
11 x− 22

9

+
δV r→0

(+−)→(+−)

1 + 7
59 x

61
29

+ α

r

[
− 1

30 + 4
135 ln x

1 + 58
79 x− 17

15 + 1
30 x

119
120 + 8

177 x
17
8

]

. (6)

The fitting function is constructed from the asymptotic behaviors

δV r→0
χ+χ−→χ+χ−(r) = α2

2

2πr

(
−β0,SU(2) ln(mW r) + 1960

433

)
, (7)

δV r→∞
χ+χ−→χ+χ−(r) = α2

2πr
(−β0,em) (γE + ln(mZ r)) (8)

at large and small distances and an interpolating term. The coeffi-
cients are rationalized to provide a compact expression, including 
the constant term 1960

433 in (7). β0,SU(2) = 19/6 and β0,em = −80/9
denote the leading-order coefficients of the beta-functions of the 
SU(2) and electromagnetic couplings, and γE = 0.577215 . . . is Eu-
ler’s constant. The fitting function approximates the result of the 
partially numerical Fourier transform to better than 0.1% over the 
entire distance region of interest, as shown in Fig. 2.

The rationalized coefficients of the numerical fitting func-
tion are given for the following parameters: the on-shell elec-
tromagnetic coupling α ≡ αOS(mZ ) = 1/128.943 at the Z -boson 

mass scale, and the gauge-boson masses mW = 80.385 GeV and 
mZ = 91.1876 GeV. The cosine of the Weinberg angle and the 
SU(2) coupling are then determined from cW = mW /mZ and 
α2 = αOS(mZ )/s2

W = 0.0347935. We also need the top quark 
and Higgs boson mass, for which we take the on-shell masses 
mt = 173.1 GeV and mh = 125 GeV. These parameters will also be 
used in the following discussion. For the calculation of the Som-
merfeld enhancement below, we need in addition the two-loop 
mass splitting δmχ = 164.1 MeV between the charged and the 
neutral component of the wino multiplet. The dependence of the 
results on the uncertainties in these parameters is small enough 
to be ignored, except for the top-quark mass, as will be briefly 
discussed below.

Fitting function in the off-diagonal (00) → (+−) channel Because 
the correction to the potential changes sign in this channel near 
x0 = mW r0 = 555

94 , we did not manage with a single fitting func-
tion. Instead we use the piecewise expression

δV fit
(00)→(+−) = 2595α2

2

πr

×






exp

[

−
79

(
L− 787

12

)(
L− 736

373

)(
L− 116

65

)(
L2− 286L

59 + 533
77

)

34
(

L− 512
19

)(
L− 339

176

)(
L− 501

281

)(
L2− 268L

61 + 38
7

)

]

,

x < x0

−exp

[

−
13267

(
L− 76

43

)(
L− 28

17

)(
L+ 37

30

)(
L2− 389L

88 + 676
129

)

5
(

L− 191
108

)(
L− 256

153

)(
L+ 8412

13

)(
L2− 457L

103 + 773
146

)

]

,

x > x0

(9)

with L = ln x = ln(mW r). Fig. 2 shows that the quality of the fit-
ting function is at the few permille level, slightly worse than in 
the charged channel. At small r, one can also use the asymptotic 
behavior δV r→0

χ0χ0→χ+χ− (r) = δV r→0
χ+χ−→χ+χ−(r).

3.2. Discussion

The following discussion of the one-loop corrected wino poten-
tial is based on the exact calculation and does not use the fitting 
functions from above.

The LO and NLO potential, and the NLO correction δV (r) are 
shown in Fig. 3 for the off-diagonal and charged wino-wino scat-
tering channel. At small distances, the one-loop correction is gov-
erned by the correction (7) to the Coulomb potential of the un-
broken SU(2) force, which amounts to about minus O(5–10%) for 
10−2 < mW r < 1 relative to the LO potential. At even smaller r, 
the logarithmic growth of the correction, see (7), can be absorbed 

Correction:  around resonance > 𝒪(10) %
7



Kinematics

8

Electroweak radiation

DM pair

n+ n− : reference axis for momentum 

ℓμpμ Unobserved XObserved γ

• Non-relativistic DM pair   :                  ||    


• Collinear EW boson         :            ||  


• Anti-collinear EW boson  :       ||  


• Soft EW radiation             :    ||  

qμ ∼ (2mDM, 0) q2 ∼ m2
DM ≡ Q2

pμ ∼ mDM(1,λ, λ,1) p2 ∼ Q2 × λ2

ℓμ ∼ mDM(1,λ, λ, − 1) ℓ2 ∼ Q2 × λ2

kμ ∼ mDM(λ2, λ2, λ2, λ2) k2 ∼ Q2 × λ4

Perturbative parameter: λ ∼ mW

2mDM

≫
≫

How to control uncertainty in estimating Scale in Multi-energy system?

Precision 2: Log correction (1/3)

CTAO CG rendering [https://cta-observatory.jp/overview.html]

v.s.

χ0, χ±, ⋯
𝒪(1) TeV

Z, W±
𝒪(100) GeV

≫

Amplitude: ⊃ # log ( q2, p2, ℓ2, k2

μ2 ) + # log ( q2, p2, ℓ2, k2

μ2 )
2

+ ⋯



iℳ = (complicated func . of {Q2, P2, L2, Λ2
s})

Factorization of energy scale in amplitude 
(Strategy of region + dim. reg.)

hard anti-collinear softcollinear

Full theory

Matching

SCET

• Hierarchical energy scales: hard, collinear, anti-collinear, soft

Soft Collinear Effective Theory (SCET)

Factorize interaction effects @each energy scale by neglecting power-suppressed correction

(system w/ 4 different energy scales)  (single energy system) ⇐ matching ⇒ × 4
suppress log correction systematically 

9

Precision 2: Log correction (2/3)

= C(Q2, μ) × J(P2, μ) × J̄(L2, μ) × S(Λ2
s , μ)
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[Beneke, et al. (2018)]
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Figure 2. Integrated photon energy spectrum within Eγ
res from the endpoint mχ in the tree

(Sommerfeld only) and LL, NLL, NLL′ resummed approximations. The energy resolution is set to
Eγ

res = mW and the mass splittings are δm = 355MeV and δmN = 20MeV. The shaded/hatched
bands show the scale variation of the respective approximation. For the NLL′ result the theoretical
uncertainty is given by the thickness of the red line.

the negative interference term from Γ(11)(+−) and the Sudakov suppression of Γ(+−)(+−),

resulting in an enhanced annihilation rate at masses below 1TeV.

The resummed predictions are shown with theoretical uncertainty bands computed

from a parameter scan over the scales, with simultaneous variations of a factor of two

of all scales (see also [23]). In the large-mass region the scale dependence decreases as

higher orders are successively added from LL to NLL to NLL′, but in the low-mass re-

gion the error band of the NLL prediction exceeds the error of the LL result and is very

large in absolute terms. For small masses the inclusion of the non-logarithmic one-loop

corrections to the hard, jet and soft functions is therefore necessary to gain control over

the scale uncertainty, as is done in the NLL′ approximation. We then find that the resid-
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Fig. 4. Integrated photon energy spectrum within Eγ
res from the endpoint mχ

in the tree (Sommerfeld only) and LL, NLL, NLL’ resummed approximation. The 
shaded/hatched bands show the scale variation of the respective approximation as 
described in the text. For the NLL’ result the theoretical uncertainty is given by the 
thickness of the red line.

(black-dotted) and the successive LL (magenta-dashed), NLL (blue-
dashed) and NLL’ (red-solid) resummed expressions for the same 
quantities with the latter representing the best approximation.

The importance of resummation of electroweak Sudakov loga-
rithms becomes more apparent by normalizing to the Sommerfeld-
only result (lower panel). As expected and already seen in previ-
ous LL and NLL calculations [5–9] of related exclusive and semi-
inclusive final states, resummation reduces the annihilation rate 
and increasingly so at larger DM mass. In the interesting mass 
range around 3 TeV where wino DM accounts for the observed 
relic density, the rate is suppressed by about a factor of two.

The resummed predictions are shown with theoretical un-
certainty bands computed from the separate variations of the 
scales µh , ν j in the interval [mχ , 4mχ ] and the scales µW , νs
in [mW /2, 2mW ], added in quadrature. We find that at the NLL’ 
order the residual theoretical uncertainty from scale dependence 
is negligible – in the figure it is given by the width of the red 
line. Our result can be compared most directly with the recent 
work by Baumgart et al. [11] who considered the same γ + X
final state at larger resolution Eγ

res ! mW with LL accuracy. We 
observe that the inclusion of one-loop corrections to the hard, 
soft and jet functions in our NLL’ computation has the main ef-
fect of eliminating the theoretical uncertainty of resummation 
by reducing the scale dependence from 24% (LL) to 3% (NLL) to 
0.3% at NLL’ at mχ = 2 TeV. A similar reduction of scale depen-
dence was already observed in the NLL’ calculation of the exclusive 
γ γ , γ Z final state [9]. In numbers we find that at mχ = 2 TeV 
(10 TeV), the ratio of the resummed to the Sommerfeld-only rate 
is 0.513+0.128

−0.120 (0.268+0.101
−0.082) at LL, 0.585+0.032

−0.004 (0.323+0.017
−0.002) at NLL 

and 0.575+0.003
−0.000 (0.316+0.002

−0.000) at NLL’. The central values are evalu-
ated at the central scales of the intervals above. We also varied all 
four scales simultaneously within these intervals and determined 
the maximal variation. The scale dependence at NLL’ with this 
more conservative procedure increases by about a factor of two, 
which does not change the general picture.

In conclusion, we computed the γ + X spectrum near maximal 
photon energy from electroweak triplet (‘wino’) DM annihilation 
including the resummation of the Sommerfeld effect and elec-
troweak Sudakov logarithms in the NLL’ order. The inclusion of 
the electroweak one-loop corrections at NLL’ renders the theoret-
ical uncertainty of resummation negligible. It is plausible that the 
dominant theoretical uncertainty now arises from the fact that the 
non-relativistic EFT is only employed at leading order in the com-
putation of the Sommerfeld enhancement, and from O(mW /mχ )
power corrections. In a subsequent paper we shall present an ex-
tension of this work to the case of wider photon resolution, further 
details on the EFT framework, the derivation of the factorization 
formula, and a comparison with expected experimental limits. The 
computations performed here are presently restricted to simple 
DM models, which add to the SM a single electroweak multiplet. 
It would be of interest to extend them to more complex models 
such as the MSSM, which would put the analysis of indirect detec-
tion constraints for mixed DM models [23] on the same theoretical 
footing as for minimal models.
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the negative interference term from Γ(11)(+−) and the Sudakov suppression of Γ(+−)(+−),

resulting in an enhanced annihilation rate at masses below 1TeV.

The resummed predictions are shown with theoretical uncertainty bands computed

from a parameter scan over the scales, with simultaneous variations of a factor of two

of all scales (see also [23]). In the large-mass region the scale dependence decreases as

higher orders are successively added from LL to NLL to NLL′, but in the low-mass re-

gion the error band of the NLL prediction exceeds the error of the LL result and is very

large in absolute terms. For small masses the inclusion of the non-logarithmic one-loop

corrections to the hard, jet and soft functions is therefore necessary to gain control over

the scale uncertainty, as is done in the NLL′ approximation. We then find that the resid-
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3 TeV

Match w/ tree-level

Matched w/ tree-level

1.1 TeV
Wino [SU(2)L triplet, spin-1/2] Higgsino [SU(2)L doublet, spin-1/2] [Beneke, et al. (2020)]

Annihilation rate

vs. tree prediction

NLL+1-loop

Precision 2: Log correction (3/3)

LST-1 result [3&5plet] 
by Shotaro Abe



Higgsino: Current Status 
Inelastic scattering
• Higgsino spectrum: slightly heavier mode 
→ Inelastic scat. for low mass splitting: 


• Pure Higgsino DM → 

δ

1.1 TeV
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We demonstrate that higgsino dark matter (DM) could be discovered within the next few years
using the Cherenkov Telescope Array Observatory’s soon-to-be-operational northern site (CTAO-
North). A 1.1TeV thermal higgsino is a highly motivated yet untested model of DM. Despite its
strong theoretical motivation in supersymmetry and beyond, the higgsino is notoriously di!cult to
detect; it lies deep within the neutrino fog of direct detection experiments and could pose a challenge
even for a future muon collider. We show that, in contrast, higgsino detection could be possible
within this decade with CTAO-North in La Palma, Spain. The Galactic Center is the region where
the dominant DM annihilation signature emerges, but it only barely rises above the horizon at the
CTAO-North site. However, we project that this challenge can be overcome with large-zenith-angle
observations at the northern site, enabling the conclusive detection of a higgsino signal by 2030 for
a range of DM density profiles in the inner Galaxy.

The higgsino may be the last chances for nature to
realize a minimal weakly interacting massive particle
(WIMP) as the dark matter (DM) of our Universe. A
nearly pure higgsino commonly emerges as the lightest
supersymmetric particle in supersymmetric extensions of
the Standard Model [1–7]. Realizing the WIMP mira-
cle, the higgsino can be produced as a thermal relic of
the early Universe with the correct DM abundance when
mω → 1.1TeV [8]; we define the higgsino with this mass
as the thermal higgsino. With other WIMP candidates
such as the wino facing increasingly strong tension from
null indirect detection searches [9–12], the higgsino is ar-
guably the last path to a strongly motivated realization
of the minimal DM paradigm [13].

Higgsino DM is a key science driver of many next gen-
eration experiments in particle physics, ranging from fu-
ture DM direct detection e!orts [14, 15] to next gen-
eration colliders [16–30] to precision experiments such
as those searching for an electron electric dipole mo-
ment [31–33]. Nonetheless, thermal higgsino DM is noto-
riously di”cult to probe with terrestrial experiments. In
its most minimal form the direct detection cross-section
is well below the neutrino floor and thus out of reach of
any planned near- or mid-term e!ort [34–38], though if
the higgsino strongly mixes with other neutralino states
it could be more detectable [39, 40]. As an example
of the di”culty of higgsino detection, the thermal hig-
gsino is only just within reach of proposed future 10TeV
muon colliders and the Future-Circular Collider (FCC)-
hh; accounting roughly for the full expected luminosity
of these colliders the thermal higgsino may be detected
with around ↑5ω significance [17, 41]. The thermal hig-
gsino is well out of reach of the Large Hadron Collider
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FIG. 1. The expected discovery test statistic (TS) for the
1.1TeV higgsino DM model, including both the line and con-
tinuum contributions, at CTAO-North (assumed to start mid
2026–labeled “North LSTs on”) and CTAO-South in the Al-
pha Configuration (assumed start mid 2031) as a function of
time. No intermediate-array configurations for CTAO-South
are considered. For CTAO-North we show sensitivity from
the four LSTs alone (orange) as well as four LSTs + nine
MSTs starting in 2028 (lightly shaded orange). We assume
a data collection rate of 100 hrs/year in the Galactic Cen-
ter region around 60→ in zenith angle. We illustrate the dis-
covery prospects across a wide span of underlying DM pro-
file possibilities, displaying the median case from the Auriga
and FIRE-2 hydro simulations, along with the DM-only-based
Einasto profile.

(LHC), including in all proposed future runs of the LHC
such as high luminosity and high energy runs.

In contrast to terrestrial searches, indirect searches for
thermal higgsino annihilation appear more promising in
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Figure 2. Integrated photon energy spectrum within Eγ
res from the endpoint mχ in the tree

(Sommerfeld only) and LL, NLL, NLL′ resummed approximations. The energy resolution is set to
Eγ

res = mW and the mass splittings are δm = 355MeV and δmN = 20MeV. The shaded/hatched
bands show the scale variation of the respective approximation. For the NLL′ result the theoretical
uncertainty is given by the thickness of the red line.

the negative interference term from Γ(11)(+−) and the Sudakov suppression of Γ(+−)(+−),

resulting in an enhanced annihilation rate at masses below 1TeV.

The resummed predictions are shown with theoretical uncertainty bands computed

from a parameter scan over the scales, with simultaneous variations of a factor of two

of all scales (see also [23]). In the large-mass region the scale dependence decreases as

higher orders are successively added from LL to NLL to NLL′, but in the low-mass re-

gion the error band of the NLL prediction exceeds the error of the LL result and is very

large in absolute terms. For small masses the inclusion of the non-logarithmic one-loop

corrections to the hard, jet and soft functions is therefore necessary to gain control over

the scale uncertainty, as is done in the NLL′ approximation. We then find that the resid-
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[Beneke, et al. (2020)]
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Neutrons

The dominant neutron component comes from (ω,n) reactions in detector materials. Spontaneous fission neutrons
are included in the statistical inference although the rate is up to two orders of magnitude lower than (ω,n): the
high neutron and ε-ray multiplicity of spontaneous fission leads to a high probability of multiple interactions in the
LZ detectors [41]. As a cross-check, multiple scatter neutrons were analyzed to provide a secondary estimate for the
number of SS neutrons in the WS ROI, predicting 0.02±0.02.

Muon-induced cascades can produce neutrons of up to GeV energies that are likely to be aligned with the muon
direction. Simulations of 2.1→109 atmospheric muon events were generated using MUSUN [64], equivalent to 1200
years of LZ exposure, with no signal-like deposits seen. The muon simulations are validated against GEANT4 and
FLUKA neutron yields [65, 66], with an estimated uncertainty of a factor of 2. Additional simulations of neutrons
with energies ranging from 50 MeV – 1 GeV produced in rock were carried out to evaluate the tagging e!ciency of
the veto system for the case when neither a muon nor any other secondary particle trigger any detector. This tagging
e!ciency was found to be 80.0 ± 4.0%. We set a 90% confidence level upper limit on the number of predicted SS
events of any energy from muon-induced neutrons of 4.6→ 10→4, and we do not include muon-induced neutrons in the
background model.

Interpretation of O1 as a cross-section

This analysis was performed in the isoscalar and isovector basis. To enable comparison to SI cross-sections, the
constraints set on O

s
1 can be recast through

(cs1 →m2
ω)

2 = ϑN
SI

ϖ ·m4
ω

µ2
, (6)

where mω is the Higgs vacuum expectation value and µ is the reduced mass of the WIMP-nucleon system. Figure S7
shows the recasting of O

s
1 assuming scalar coupling. These limits can additionally be converted to limits on the

cross-section for vector coupling by multiplying by a factor (A/((A↑ Z)↑ (1↑ 4 sin2 ϱw)Z))2 ↓ 3.2 (for Xe).

FIG. S7. Two-sided 90% confidence-level intervals (solid-black) on inelastic DM-nucleon scattering cross sections assuming
scalar normalization. The black dotted line is the median sensitivity, and the green and yellow bands contain 68% and 95% of
expected upper limits given the best-fit background model. Previous limits are shown for CRESST-II (orange) [25, 67], PICO
(red) [68], Xenon-1T (green) [69], PandaX-4T (blue) [70], and LZ (violet) [29]. Limits with a star indicate the limit was derived
by the PICO collaboration [68].
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Typical value (Projected)

[D.S. Akerib, et al, (2026) LZ] [Plenary by Sam Eriksen]

χ0, χ0′ 

1.1 TeV

Z, W±

Higgsino interpretation (arXiv on 2/9/2026):  
[2609.01504] [2609.01583] [2609.01590]

CTAO could test Hggsino -ray within decadeγ

# 100 hrs/year obs.

   GC around 60°

LZ high energy scatt. 
by Sam Eriksen

[S. Abe, et al. (2026)]

https://lz.lbl.gov/wp-content/uploads/sites/6/2026/08/LZ_Preprint_260901_Dark_Matter_EFT_Nuclear_Recoil_Search_at_Higher_Energies.pdf


Power of Effective Theory
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 (DM)V0 , V±

𝒪(1) TeV

Z, W±
𝒪(100) GeV

Z′ , W′ ±

SCET formalism → largely common for SU(2)L charge & DM spin

• Motivation: Extra dimensional DM candidate [T. Flacke, et al. (2017)] 
→ SU(2)L triplet Spin-1 DM, stabilized by KK-parity


• Setup : Renormalizable simplified model  [T. Abe, MF, J. Hisano, K. Matsushita (2020)]

•Key1  : DM-spin dependence lives in hard physics 

•Key2  : Spin-dependence decouples from non-relativistic DM annihilation

SCET approach SU(2)L odd SU(2)L even

Spin-0 　　　　　　

Spin-1/2

Spin-1

M. Beneke, et al. (2019) [triplet]
G. Ovanesyan, et al. (2018) [triplet] M. Beneke, et al. (2020) [doublet]

M. Baumgart, et al. (2024) [quintuplet]

MF, M. Vollmann (2025) [triplet]

Generalization to Neutralino DM 
M. Beneke, et al. (2022) [public code]

M. Beneke, S. Lederer, C. Peset (2023)M. Baumgart, et al. (2026) [<13plet]

Framework completed 
M. Bauer, et al. (2015) [triplet]

https://arxiv.org/abs/2309.11562
https://arxiv.org/abs/2507.15937
https://arxiv.org/abs/1409.7392
https://arxiv.org/abs/2203.01692
https://arxiv.org/pdf/2211.14341
https://arxiv.org/abs/1903.08702
https://arxiv.org/abs/1912.02034
https://arxiv.org/abs/1612.04814
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Spin-1 analysis
[MF, M. Vollmann (2025)]  [T. Abe, MF, J. Hisano (2026)]
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Figure 2: Upper: Full gamma-ray spectrum for our benchmark 5 TeV vector-DM model
including instrument-resolution e!ects (the plotted d(ωv)/dE

meas.

ω
is obtained using Eqs.

(4.64)- (4.65) where d(ωv)/dE
true

ω
at the endpoint is given by (3.36)).

This feature is a distinctive aspect of our model and is not present in the wino case.

4.3 Theoretical uncertainties and the full spectrum

In Fig. 2 we show a benchmark example in which our formula is valid. In this model, the
DM mass is of 5 TeV while the Z

→ boson has a 9 TeV mass. The Z
→-line energy amounts

to approximately 0.95 TeV in this setup (see the figure).
The width of the two gamma-ray lines in Fig. 2 is not the natural one6, but rather

we model the instrument response function as a Gaussian distribution with an energy-
dependent width, so that the measured spectrum is given by

!meas.(Eω) =
∫

dE
true

ω
G!(Eω, E

true

ω
)!true(Etrue

ω
) , (4.64)

6If instrumental e!ects were negligible (ideal detector situation), the Z → line should be treated as a
Breit-Wigner resonance with a natural width given by the Z → boson’s decay rate. [MF: If you want, we
also derived Z’ width in previous paper (2004.00884). Does this help you to enhance the analysis?] →
MF will try to conclude the theoretical uncertainty is negligible within interesting parameters!
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Recently considered scenarios 

Mass for Dark Matter?

• DM stability → New symmetry to address BSM issue


•Baryon asymmetry            → Accidental symmetry (cf. asymmetric DM: ~5 GeV DM)

•Neutrino mass generation → Global symmetry to control tiny mass


• Coupling     → 


• DM mass    → 

αBSM = ???
mDM = ???

14

cf. [J. L Feng, et al. (2008)]

Classical WIMP
𝒪(1) TeV

GeV
∼∼

MeV
light DM

• DM stability :  -parity


• Coupling     :  


• DM mass    :  

R

αEW(mZ) ∼ 0.033
𝒪(1) TeV ⟨σannv⟩ ∼ α2

EW
m2DM

  ⟨σannv⟩ ∼ α2
BSM

m2DM

Recap: Origin of TeV scale (cf. Neutralino DM)

Broader possibility for DM mass … but what about search network?

(for 2 → 2)



e.g. Direct detection
[J. Aalbars, et al. (2025)]

124Xe QLL
y =Qβ

y, bounded between 0.65 and 0.87.
Parameters characterizing 222Rn and 220Rn daughter back-
grounds, tritium, and 14C are independent in the high- and
low-mixing state exposures. The sixth sample in the like-
lihood represents WS2022, containing the data and models
from the first, 60 live-day WIMP search result [8]. The full
WS2024 dataset is shown in the top panel of Fig. 3. All six
samples can be seen in Fig. S1 of Supplemental
Material [22], where we also report their exposures.
The best-fit number of WIMPs at all masses tested

(between 9 GeV=c2 and 100 TeV=c2) for the combined
WS2024þWS2022 analysis is zero. The goodness of fit of
the background-onlymodel is assessed in binned one-dimen-
sional (1D) projections of the data and model into S1c,
log10ðS2cÞ, reconstructed energy, distance from the ER band
median, as well as the 2D space of fS1c; log10ðS2cÞg. All
samples show excellent model-data agreement, passing a
Holm-Bonferroni test [31] with a significance level of 0.05.
Figure 4 shows the WS2024 data and model in the 1D
projection along the ER bandmedian, illustrating the level of
agreement through the tails of the distribution with the
inclusion of the modified 124Xe response. The fitted values
of the radon tagging efficiency and the 124Xe QLL

y =Qβ
y are

consistent across all masses, at 62$ 3% and 0.70$ 0.04,
respectively, in agreement with the prefit expectations.

Figure 5 shows the 90% confidence level (CL) upper
limit on the spin-independent WIMP-nucleon cross sec-
tion as a function of mass following inference performed
with a two-sided, unbinned profile likelihood ratio test
statistic [32]. The limit is power constrained at all WIMP
masses to 1σ below the median expectation following the
recommendation in Ref. [33]. The fluctuation, and there-
fore the size of the constraint, is largest between 20 and
50 GeV=c2. This is a consequence of the inclusion of the
WS2022 data from Ref. [8], which exhibit an underfluc-
tuation in this region. The limit for the WS2024 data alone
can be found in Supplemental Material [22], with an
approximate −1σ fluctuation across the entire mass range,
primarily attributed to an underfluctuation of the acciden-
tal coincidence background in the region of largest over-
lap with expected WIMP distributions. The minimum of
the limit curve is 2.2 × 10−48 cm2 at 40 GeV=c2 while that
of the median expected limit is 5.1 × 10−48 cm2 at
40 GeV=c2. The best median 3σ observation potential is
1.1 × 10−47 cm2 at 40 GeV=c2. Results of searching for
evidence of spin-dependent WIMP-nucleon couplings are
discussed in the Appendix.
In summary, LZ has achieved limits on SI WIMP-

nucleon interactions that surpass previous best exclusions
by a factor of four or more for WIMP masses > 9 GeV=c2.
A radon tag to target the dominant ER background from
214Pb decays has been demonstrated, with potential for
optimization that will allow it to have greater impact on the
sensitivities of future searches, particularly for physics with
potential ER signals. The enhanced electron-ion recombi-
nation of 124Xe LL-shell DEC events was noted for the first
time and will be further investigated in future analyses. The
experiment continues to take salted data toward a target
1000-day live time that will enable more sensitive searches
for WIMP interactions and other new phenomena.
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FIG. 5. Upper limits (90% CL) on the spin-independent WIMP-
nucleon cross section as a function of WIMP mass from the
combined WS2024þWS2022 analysis (280.0 live days) are
shown with a solid black line, with a −1σ power constraint
applied. The gray dot-dashed line shows the limits without the
power constraint; green and yellow regions show the range of
expected upper limits from 68% and 95% of background-only
experiments, while the dashed black line indicates the median
expectation, obtained with postfit background estimates. The
median 3σ observation potential from the postfit model is shown
as a dotted black line. Also shown are limits from WS2022 only
[8], PandaX-4T [10], LUX [34], all power constrained to −1σ;
XENONnT [9], reinterpreted with a −1σ power constraint;
XENON1T [35], and DEAP-3600 [36].
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mDM ≳ 10 GeV

Condition to detect WIMP recoil: 

Eth < Erecoil ∼ (mDMv)2

mT

!

• Energy threshold  :  

• Average velocity  :  

• Target mass         :  

Eth ∼ keV
v ∼ 10−3

mT ∼ 100 GeV

Ordinary setup: 

Sub-GeV: less constrained # same for indirect detection  
   & collider (  SM background)∵
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Search DM w/ X-ray ~ -ray 
by Elena Pinetti
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Figure 2: Excluded regions for the spin-independent DM-proton cross section
from XENONnT (red region), CRESST (green region), MiniBooNE (blue re-
gion) as well as the projected sensitivities for DARWIN (dashed red line) and
DUNE (dashed blue line). We assume a cross-section for the semi-annihilation
→ω2↑1v↓ = 10↔26 cm3 s↔1 and a NFW halo profile. For comparison, we also
include the constraints from XENON1T and CRESST assuming the Standard
Halo Model, as well as the constraints from cosmic ray boosted DM (CRDM)
[14], CMB observations [38], Lyman-ε [39] and gas cloud cooling [40].

that of Cosmic Ray boosted DM. In contrast, the sensitivity
of the XENONnT experiment is up to five orders of mag-
nitude better. It is also apparent from the Figure the exis-
tence for each experiment of a minimum detectable DM mass
from the semi-annihilation, given in Eq. (16), and which is
mmin
ϑ ↗ 20 MeV for the XENONnT experiment, mmin

ϑ ↗ 2 MeV
for the CRESST experiment (corresponding to scattering with
oxygen), and mmin

ϑ ↗ 200 MeV for MiniBooNE. The upcom-
ing DARWIN experiment can reach cross-sections as low as
ωp ↘ 10↔38 cm2 for mϑ ↘ 30 MeV and DUNE as low as
ωp ↘ 10↔37 cm2 for mϑ ↘ 300 MeV.

The plot also reflects the loss of sensitivity of these experi-
ments for a very large cross-section, due to the attenuation of
the DM flux by interactions with the rock when DM particles
traverse the Earth’s crust. The rate of energy loss of a DM par-
ticle as it traverses a distance z in a medium filled with targets
T with constant number density nT reads:

dTϑ
dz
= ↔
∑

T
nT
∫ T max

T

0
dTT TT

dωϑT
dTT

(Tϑ,TT ), (18)

where T max
T and dωϑT /dTT are given in Eqs.(10) and (7) re-

spectively. For mϑ ≃ mT , the rate of energy loss can be con-
servatively bounded by [14]

dTϑ
dz

↭ ↔
T 2
ϑ + 2mϑTϑ

2mϑϖ
, (19)

which corresponds to the approximation that all targets are

point-like, and where ϖ is a characteristic length given by

ϖ↔1 = ωp

∑

T
2nTA2

T

(
mϑ
mT

) (
1 +

mϑ
mp

)2 (
1 +

mϑ
mT

)↔4

⇐ ωpV↔1,

(20)

withV a calculable constant with units of volume. The solution
to Eq. (19) reads:

Tϑ(z) =
2mϑTϑ(0)e↔z/ϖ

2mϑ + Tϑ(0) ↔ Tϑ(0)e↔z/ϖ

↭ Tϑ(0)e↔z/ϖ
[
1 ↔ Tϑ(0)

2mϑ

(
1 ↔ e↔z/ϖ

)]
⇒ Tϑ(0)e↔z/ϖ,(21)

where in the approximation in the last step we have used that
Tϑ(0) = mϑ/4. The DM particles will be unobservable at the
detector if the kinetic energy of the recoiling nucleus TT pro-
duced by a DM particle after traversing a depth zexp (corre-
sponding to the location of the experiment) is smaller than the
threshold of the experiment Tth, for all targets in the detector.
This translates into the condition for the DM kinetic energy
Tϑ(zexp) < minT {T min

ϑ,T (T th)} ⇐ T min
ϑ where T min

ϑ,T (TT ) is given
in Eq. (6). In turn, this condition implies an upper limit on the
DM-proton cross-section

ωp ↭ V
zexp

ln



mϑ
4T min
ϑ


 , (22)

above which DM particles become undetectable in the corre-
sponding underground experiment. One should note that the
column density traversed by DM particles is time-dependent,
as the galactic center moves in the sky as viewed at the experi-
mental location. For instance, at the Gran Sasso National Lab-
oratory, where the XENON and CRESST experiments are lo-
cated, the altitude of the Galactic Center varies between ↔76.5⇑
and 18.5⇑, which amounts to a path of 12400 km and 1.4 km
through Earth. Since we are interested in deriving conservative
lower limits on the cross-section we will adopt the shortest dis-
tance, zexp = 1.4 km, and a constant density ϱ = 2.71 g/cm3

of rock composed of 48% of oxygen, 30% of calcium, 12% of
carbon and 5.6% of magnesium (as well as traces of other el-
ements) [41]; for MiniBooNE, we adopt zexp = 6 m, and for
DUNE, zexp = 1.5 km.

The lower limits on the cross-section from the XENONnT,
CRESST and MiniBooNE are shown in Fig. 2, and were ob-
tained by solving numerically Eq. (18), without further approx-
imations, and imposing Tϑ(zexp) < T min

ϑ . In our analysis, we
have found that the inclusion of the incoherent effects in the
scattering modifies significantly the lower limits on the cross-
section for GeV mass DM. Our limits could be refined taking
into account the motion of the Galactic Center in the sky relative
to the location of the experiment, as well as the non-constant
density of the Earth, which would translate into a larger ex-
cluded region. These enlarged excluded regions are neverthe-
less excluded already by other experiments, and therefore we
will not pursue here this improved approach.

4

Semi-annihilation Boosted DM
Boost by particle process

• (Initial DM #) > (Final DM #) → Kinematical accerelation


•  : Semi-relativistic DM flux 


• Symmetry behind semi-annihilation? →  symmetry

•BSM scenario: Radiative -mass model [MF, Toma (2026)]

χχ → χν (Ekin ∼ mχ /4)
Z3

ν
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χ
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χ
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(1) Boosted DM flux
χ

p p

χ

(2) Signature at earth

[Betancourt-Kaminetskaia, MF, Ibarra, Toma (2025)]

Boosted DM + Radiative -mass  
by Takashi Toma
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• TeV scale DM w/ EW interaction (e.g. SUSY neutralino)


•Theory         : Sommerfeld effect in  channel


•Observation : TeV -ray search


• Precision frontiers → Common framework for various scenarios!


•Correction in Potential


•Log correction

γγ
γ

Summary 

Exp./Obs.

Precision

Theory

Let’s continue to explore WIMP landscape!

Higgsino 
(Doublet, spin-1/2)

Wino 
(Triplet, spin-1/2)

Extra dim. 
(Triplet, spin-1)

✔ Resonance condition 
✔ Log resummation

Classical WIMP Paradigm

Beyond Classical WIMP

• Candidates exist but we need to extend search network


•Development of new probe, analysis & scenario
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