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Dark matter

Unquestionable evidence of physics beyond the SM.
But only through gravitational effects.
Probably a particle.
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The dark matter particle landscape
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The Cold Dark Matter / WIMP paradigm

• Weak interactions with SM particles. Negligible self-interactions

• Initially in thermal equlibrium

χχ⇌ XX (X = W±, Z, q, l, γ, . . .)

• Due to the expansion of the the co-moving density nχa3 (or Y = nχ/s) becomes
constant at late times (“freeze-out”). Boltzmann equation

dnχ

dt
+ 3H(t)nχ = ⟨σv⟩ (neq

χ
2 − n2

χ)

Yeq
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• “Cold” – freeze-out occurs when the DM
particles are non-relativistic.

ΩDMh2
=

nχMχ

ρc/h2
≈

few pb

⟨σv⟩

• ΩDMh2 = 0.120 corresponds to a typical
electroweak annihilation cross section
∝ α2

EW/M2
χ for M ≈ 1 TeV.
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The minimal WIMP SM extension

Field SU(3) × SU(2) × U(1)Y

Qi (3, 2,+1/6)

Ui (3, 1,+2/3)

Di (3, 1,−1/3)

Li (1, 2,−1/2)

Ei (1, 1,−1)

Φ (1, 2,+1/2)

Fields + symmetries + charges

(+ relativity, locality)
=⇒ LSM(EFT)
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Qi (3, 2,+1/6)

Ui (3, 1,+2/3)

Di (3, 1,−1/3)

Li (1, 2,−1/2)

Ei (1, 1,−1)

Φ (1, 2,+1/2)

χ (1, N, Y)

Fields + symmetries + charges

(+ relativity, locality)
=⇒ LSM(EFT)+χ

Minimal extension:

• No new forces / interactions

• One extra multiplet wrt SM gauge
symmetrties
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Minimal models [Cirelli et al. (2007)]

SU(2) triplet – “Wino” (Y = 0, fermion)

χ0, χ±

Lχ =
1
2
χ̄(̸D − mχ)χ

Observed relic density for mχ ≈ 2.89 TeV

Radiative mass splitting δm0+ = 164.1 MeV [Ibe, Matsu-

moto, Sato, 2012]

No free parameters

SU(2) doublet – “Higgsino” (Y = 1
2 , fermi-

on)
χ0

1, χ
0
2, χ

±

Lχ = χ̄(̸D − mχ)χ+ Ldim−5

Observed relic density for mχ ≈ 1.1 TeV

Radiative mass splitting δm0+ = 355 MeV [Thomas,
Wells, 1998]

Ldim−5 =
c

Λ
(χ̄H)iγ5(H†

χ)

needed to split the neutral states δm12 > 200 keV

One free parameter

(The Minimal Supersymmetric Standard Model (MSSM) contains (a mixture) of both
and a singlet (“bino”))
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Large quantum (loop) effects at the TeV scale

(DM particle with SU(2) electroweak gauge interactions. )

Sommerfeld effect (non-relativistic scattering)

(
α2

mχ

mW

)n

O(1) changes of relic density, huge resonant O(103) effects for annihilation in the present Universe possible.

EW Sudakov double logarithms (soft-collinear radiation)

(
α2 ln

2 mχ

mW

)n

Only for exclusive final states. O(1) changes of the flux of cosmic rays.
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The return of the WIMP

Experiment pushes WIMP
mass scale to TeV

?

Electroweak Born computations break down for
mχ ≫ mW

Non-perturbative effects and all-order resummations
Highly non-trivial (effective) quantum field theory

?

Decorrelates relic density/freeze-out from annihilation in
present universe, even different astrophysical objects.

↪→ new signatures / phenomenology
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Sommerfeld effect / Non-relativistic
DM EFT

Coulomb attraction enhances small-velocity pair
annihilation [Sommerfeld, 1931 (QED)]

S(v) =
2πα

v
1

1 − e−2πα/v

v→0≈ 2πα
v
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Yukawa force

Nuclear force V(r) = −g2
πNNe−mπr

r

Heavy quark force V(r) = −αs

r
, αs ≪ 1

Dark matter force V(r) = −αEWe−mEWr

r
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(Potential) Non-relativistic dark matter EFT

LEW+χ(µ ∼ mχ) −→ LPNRDMEFT(µ ∼ mW)

• Unbroken SU(2) × U(1) gauge-theory on the left,
broken on the right, non-relativistic DM fields.

• Weak coupling, but leading-order theory is not free but interacting (Yukawa-potential not a perturbation → all-order
summation in αEW)

Summing ladder graphs = Solving Schrödinger equation [x = mχαr, ϵv = v/(2α)]

−u′′ℓ (x) +
[
− e−ϵϕx

x
+
ℓ(ℓ+ 1)

x2

]
uℓ(x) = ϵ2

vuℓ(x) ϵϕ = mϕ/(mχα)

for scattering states:

σv = (σv)Born × |ψℓ(0)|2(v)
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(WIMP) Onium in the Sky with Loops

For TeV WIMP the electroweak interaction is similar to the strong interaction for heavy
quarks, with the QCD confinment scale replaced by mW .

Quarkonium WIMP

SU(3) broken SU(2)×U(1)

single channel/state coupled channel problem, I = χ0χ0, χ+χ−, . . .
(numerically challenging)

bound state scattering state (primarily)

Coulomb potential (T = 0) Yukawa-Coulomb

|ψ(0)|2 depends on αs |ψIJ(0)|2 a matrix, depends on α1,2,mW , v, δmIJ

WIMP EFT more complex than QCD but can be completely calculated from first princip-
les (weak coupling)
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Sommerfeld effect for the Yukawa force

Sℓ = |ψℓ(0)|2(v)

��	

∝ 1/v2

ϵv = v/(2α)

• Saturation at v ≪ mW/mχ

• Stronger 1/v2 growth than Coulomb 1/v near isolated mass values

M. Beneke (TU München), Return of the WIMP Edinburgh, May 08, 2026 13



Resonance effect for the Yukawa potential

V(r) = −αe−mϕr

r

Range r ∼ 1/mϕ cuts off Rydberg states
[rRyd ∼ n2/(mχα)]

Finite number of bound states

n2 <∼
mχα2

mϕ
, ϵϕ = mϕ/(mχα)

Increasing mχ adds levels from above. Zero-
energy bound states for certain mχ.

Non-relativistic quantum mechanics: lar-
ge enhancement of scattering cross section
when a zero energy bound states exists due
to infinite scattering length, S ∝∼ 1

v2 .

For fixed mϕ = mW = 80 GeV and α = αSU(2) ≈ 1/30, resonant enhancement at certain
values of dark matter mass mχ starting in TeV range.
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Wino and Higgsino [Hisano et al., 2004]

Decisive impact on DM pheno-
menology of WIMPs and dark
sectors since 2008.
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MSSM: Relic density of the mixed wino-Higgsino
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[MB, Bharucha, Dighera, Hellmann, Hryczuk, Recksiegel, Ruiz-

Femenia, 1601.04718, + Lederer, in preparation]

• Correct relic density for a wide range of wino-like LSP masses
2.0 . . . 3.3 TeV. Regions around resonance are excluded by
indirect non-detection. [MB, Bharucha, Hryczuk, Recksiegel,
Ruiz-Femenia, 1611.00804]
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Velocity spectrum peaks in higher-partial waves [2403.07108]

Sℓ = |ψℓ(0)|2(v)
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Quasi-bound/metastable state resonance effects

[MB, Lederer, Urban, 2209.14343, MB, Binder, De Ros, Garny, 2403.07108]

χ

χ
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The Yukawa force can generate the resonance dynamically through a metastable χχ state, but
not for S-wave annihilation.

For partial waves ℓ ≥ 1, the centrifugal force generates a barrier that can sustain metstable states → super-resonant enhance-
ment: spike in velocity-dependence superimposed on the Sommerfeld enhancement.

Sℓ =
[(2ℓ + 1)!!]2 Pnℓ

(2ℓ + 1)ϵ2ℓ+1
nℓ Tnℓ

×
γnℓ/2

(ϵ2
v − ϵ2

nℓ)
2 + (γnℓ/2)2

(WKB)

(For wino at mχ = 11.005 TeV.)
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Quasi-bound/metastable state resonance effects
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Resonance in velocity dependence when Ekin = EQBS > 0.
Different astrophysical sources can exhibit very different annihilation cross sections.
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Bound-state effects

[von Harling, Petraki (2014); An, Wise, Zhang (2016); Asadi et al. (2016), Cirelli et al. (2016), Mitridate et al. (2017), Urban

(2017), . . . ]

Electroweak force generates a “WIMPonium” bound-state spectrum.
Annihilation via capture into bound-state

χχ→ B(χχ) [→ SM] + γ(W, Z)

[Bottaro et al. 2103.12766]

• In minimal models importance grows with mass and
EW representation.

• Not relevant for wino and Higgsino.

• Interesting effects in other DM models. Interesting
signatures (radiative lines)

• Perturbative unitarity violation in radiative capture
rates for Rydberg bound states in non-abelian
interactions [MB, Binder, De Ros, Garny, Lederer,
2411.08737]

[Bottaro et al. 2107.09688]
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The quantum electroweak static potential

• “Casimir” scaling in unbroken SU(N) gauge theory up to 2-loop order
(violated beyond [Anzai, Kiyo, Sumino, 1004.1562])

V(r) = −
αSU(N)(r)

r
f (αSU(N)(r))︸ ︷︷ ︸

independent of rep R of source

TA
R ⊗ TA

R up to O(α3)

• Holds in broken SU(N) (at least at one-loop, [MB, Szafron, Urban, 1909.04584, 2009.00640; Urban,

2108.07285])

• SM broken SU(2)×U(1), generators TA and hypercharge Y: four universal functions

V(r) = VW(r)(T+ ⊗ T− + T− ⊗ T+) + VZ,γ(r) T3 ⊗ T3

+VT3Y(r)
(

T3 ⊗ Y + Y ⊗ T3
)
+ VYY(r) Y ⊗ Y

Analytic results in momentum space, partly numerical Fourier transformation to coordinate-space potential. Simple

analytic fitting functions available.

↪→ One-loop Sommerfeld effect for all “minimal” models available.
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One-loop electroweak potential between static SU(2)×U(1) charges

��	

χ0χ0 → χ+χ−

HHHY
χ+χ− → χ+χ−

Example: Pure wino model

V(2)
even L+S(r) =

 0 −
√

2 α2
e−MW r

r

−
√

2 α2
e−MW r

r −αem
r − α2 c2

W
e−MZ r

r

 + O(α
2
2,em)

V(2)
odd L+S(r) =

(
0 0

0 −αem
r − α2 c2

W
e−MZ r

r

)
+ O(α

2
2,em)

χ0χ0 cannot be in a state with odd L+S.

χ−

χ+χ+

χ−

γ/Z γ/Z

χ−

χ+χ+

χ−

W W

χ−

χ+χ+

χ−

γ/Z γ/Z

χ+

χ− χ−

χ+

γ/Z

γ/Z

W

χ+

χ− χ−

χ+

γ/Z

W

γ/Z

γ/Z

χ+

χ− χ−

χ+
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Wino potential VW [χ0χ0 → χ+χ−]
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Wino potential VW [χ0χ0 → χ+χ−]
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Wino annihilation to γγ + 1
2γZ and freeze-out abundance at NLO

[1909.04584, 2009.00640]

10−27

10−26

10−25

10−24

[σ
v

][
cm

3 /
s]

VLO(r)

VLO(r) + δV (r)

1 5 10
mχ [TeV]

0.5
0.6

0.8

1.0
1.2
1.4

2.0

[σ
v

] N
L

O
/[
σ
v

] L
O

0.0

0.05

0.1

0.15

0.2

0.25

Ω
D

M
h

2

Born only

LO potential

NLO potential

Planck ’18

0.5 1.0 1.5 2.0 2.5 3 3.5
mχ [TeV]

0.9

1.0

1.1
R

at
io

NLO vs. LO

Resonances shift by 8% from 2.283 (8.773) TeV to 2.419 (9.355) TeV.
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Prospects for TeV scale electro-
weak WIMP detection

Scattering, annihilation
Production requires 100 TeV pp or multi-TeV lepton collider
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TeV WIMP direct detection

Pure wino and Higgsino do not have tree-level scattering with nuclei (quarks and gluons).

Loop-induced, independent of DM mass
EFT treatment [Hill, Solon, 1309.4092]

Cancellation of spin-0 and spin-2 contributions

for Higgsino

[Fig. from Hisano, DMNet 2022]
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TeV WIMP direct detection

σwino = 1.3+1.2+0.4
−0.5−0.3 × 10−47 cm2

σHiggsino < 10−49 . . . 10−48 cm2

=⇒

[Fig. from Kazama, DMNet 2021]

⋆

⋆

Thermal Wino: Best limit LZ (2025) factor 4 away, wino should certainly be seen in next-
generation DD experiments (DARWIN, XLZD)
Higgsino well below neutrino “floor”.
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TeV WIMP indirect detection

High-energy γ’s from the Galactic Center and dwarf galaxies

χ0χ0 → γγ, γZ, γ + X

produces an almost mono-chromatic TeV energy photon excess cosmic rays with Eγ ≈ mχ.

CTA experiment sensitivity forecast, Galactic Center [Rinchuiso et al., 2008.00692, Rodd et al. 2405.13104]

Thermal wino should be seen by CTA even under conservative assumptions on the galactic
DM distribution. Higgsino observation less certain. [See, however, Safdi et al., 2506.08084, 2507.15934].
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Electroweak Sudakov logarithms
and the photon “line” signal
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The photon “line” signal

Cosmic rays – Look for photons from DM annihilation in DM-rich
targets: Galactic Center, dwarf-spheroidal satellite galaxies

Φ(Ei) =
1

8πm2
χ

∫
∆Ω

dΩ
∫

l.o.s.
ds ρ2

DM(r(s))
d

dEi
[σv]χχ→i+X

χ0χ0 → γγ, γZ produces a mono-chromatic photon excess in (here TeV energy) cosmic rays
with Eγ ≈ mχ.

���

continuum

��	

line

Not quite true, though: For Eγ ne-
ar the endpoint, the unobserved final
state is a “jet”.
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with Eγ ≈ mχ.

���

continuum

��	

line

Not quite true, though: For Eγ ne-
ar the endpoint, the unobserved final
state is a “jet”.
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The photon “line” signal

The true observable is the single-inclusive photon-
energy spectrum in χ0χ0 → γ + X with an unob-
served jet-like final state X, smeared over the energy
resolution Eγ

res of the instrument.

Electroweak perturbation theory develops large double logarithms ln mχ

mW
× ln

mχ

Eγ
res

.
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Origin of EW double (Sudakov) logs

Analogous to QCD jets: “inhibited radiation”

• Soft and collinear radiation (incomplete
cancellation of real and virtual effects)

I ∝
g2

16π2

∫ mχ

Eγres

dω

ω

∫
d cos θ

E(⃗p)√
m2

W + p⃗ 2 − |⃗p| cos θ
∝

α

4π
ln

mχ

Eγ
res

ln
mχ

mW

• Resummation of large logs L = ln(4m2
χ/m2

W)

σv ∝ (1 + C1α̂2 + . . .) exp [L f0(α̂2L) + f1(α̂2L) + α̂2f2(α̂2L) . . .]

• Large logs depend on energy resolution

→ Eγ
res ∼ 0, “line”, [Bauer et al. 1409.7392, Ovanesyan et al. 1409.8294, 1612.04814, NLL’]

→ Eγ
res ∼ m2

W/mχ , “narrow”, [MB, Broggio, Hasner, Vollmann, 1805.03767, NLL’]
→ Eγ

res ∼ mW , “intermediate”, [MB, Broggio, Hasner, Urban, Vollmann, 1903.08702, NLL’]

→ Eγ
res ∼ mχ(1 − z) ≫ mW , “wide”, [Baumgart et al. 1712.07656 (LL), 1808.08956 (NLL), 1409.4415,

1412.8698]
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Breakdown of electroweak perturbation theory

Minimal triplet (“wino”) model
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mχ[TeV]
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v
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/〈
σ
v
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e

Eγ
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full

NLO

NNLO

1 10
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v
〉 T

re
e

Eγ
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full
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NNLO

NLO (dotted), NNLO (dashed), resummed (solid) after Sommerfeld resummation (“tree”)
Left: narrow, right: intermediate resolution
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Factorization (NREFT+SCET)

• Non-relativistic and soft-collinear effective field theory to separate the scales mχ, √mχmW ,
mW , Eγ

res.

Lann =
1

2mχ

∑
i

∫
dsdt Ĉi(s, t, µ)Oi

• Short-distance annihilation into a pair of EW gauge bosons

O1 = ζ
c†
v Γ

µν
ηv AB

⊥c,µ(sn+)AB
⊥c̄,ν(tn−)

O2 =
1

2
ζ

c†
v Γ

µν{TB
, TC}ηv AB

⊥c,µ(sn+)AC
⊥c̄,ν(tn−)

etc.
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e[
C

1]
/ĝ

2 2
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χ
)
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Factorization (II)

d(σvrel)

dEγ
=

∑
I,J

SIJ︸ ︷︷ ︸
Sommerfeld

ΓIJ(Eγ) =
∑
I,J

SIJ
∑

i,j=1,2

Ci(µ)C∗
j (µ)︸ ︷︷ ︸

short distance annihilation

γij
IJ(Eγ , µ)︸ ︷︷ ︸
final state

γ
ij
IJ(Eγ , µ) =

1

(
√

2)nid

1

4

2

πmχ
Vint(µ, ν) Z33

γ (µ, ν)︸ ︷︷ ︸
(anti−) collinear

×
∫

dω Jint(4mχ(mχ − Eγ − ω/2), µ)︸ ︷︷ ︸
hard−collinear

W ij
IJ(ω, µ, ν)︸ ︷︷ ︸

soft

γ
ij
IJ(Eγ , µ) =

1

(
√

2)nid

1

4

2

πmχ
Vnrw(µ, ν) Z33

γ (µ, ν)

× Di
I,33(µ, ν)Dj ∗

J,33(µ, ν)J33
nrw(4mχ(mχ − Eγ), µ, ν)

Hard-matching in the unbroken SU(2)×U(1) theory, factorization into jet and soft function requires rapidity renormalization and

evolution. Soft functions defined in broken theory with non-zero SM particle masses. Resummation by solving a renormalization-

group equation in µ, ν.
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Resummation by RG equations

hard function H(µ)

jet function Jint(µ)

soft function

W (µ, ν)

photon jet

Zγ(µ, ν)

µh

µj

µs

νs νh

µ

ν

int (upper) and narrow (lower) resolution

hard function H(µ)

soft coeff.

D(µ, ν)

jet functions

Zγ(µ, ν)

Jnrw(µ, ν)

µh

µs

νs νh

µ

ν

• NLL’ accuracy

• One-loop electroweak corrections in every
function

• Renormalization group evolution in virtuality µ
and rapidity ν sums logarithms at NLL
(one-loop anomalous dimensions + two-loop
cusp)

• Convolutional matrix evolution for the soft
functions (use Laplace transforms).

v v

vv

n−

n+ n+

n−

W+

W−

γ/Z

W+

W−

γ/Z

W+

W−

γ/Z γ/Z
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The resummed / matched gamma energy spectrum [MB, Urban, Vollmann, 2203.01692]
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Resummed endpoint bin rate (wino) [1903.08702, updated plots including NLO Sommerfeld potential from K.

Urban’s thesis, 2021]
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NLL’ vs. tree - VLO

⟨σv⟩(Eγ
res) =

∫ mχ

mχ−Eγ
res

dEγ
d(σv)
dEγ

Factor 2 flux reduction from quan-
tum corrections

NLL’ eliminates theoretical uncer-
tainty for all practical purposes (re-
sidual < 1%)

Similar results for the Higgsino and the MSSM
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Summary

TeV WIMPs, especially minimal ones, are not yet ex-
cluded. Wino will be 2030-2035 (ID, DD), Higgsino
maybe (ID)

TeV mass WIMPs are theoretically rich and complex

• QCD-like non-relativistic and jet physics

• Spectacular resonance effects due to
electroweak Yukawa force

• Large electroweak loop effects

TeV mass WIMPs are phenomenologically rich – relic
density, cosmic ray and direction signals are less cor-
related than was believed, even not for different astro-
physical targets.
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Back-up slides
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TeV WIMP at future colliders [Low, Wang, 2014, Cirelli, Sala, Taoso, 2014, ...]

[Fig. from Belyaev et al., 2020]

Disappearing tracks most promising: χ+ → χ0 + soft π
Less sensitive for Higgsino (larger mass splitting, shorter lifetime)

Sensitivity at LHC high-luminosity 14 TeV 3000 fb−1 only up to 500-600 GeV, less for Higgsino
Lepton collider: CLIC or muon collider, leaves 100 TeV pp

[Figs. from Low, Wang, 2014]

With more realistic track reconstruction and pile-up simulation [Saito, Sawada, Terashi, 1901.02987]: Thermal
wino might be discovered at a 100 TeV hadron collider, Higgsino most likely.
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γ + X signal in the MSSM [MB, Lederer, Peset, 2211.14341]

1000 1500 2000 2500 3000
10-29

10-28

10-27

10-26

10-25

H, H+

H2

W

BW

HW

BH
BHW-mix

BHW-mass

BHW-mix2 BW-nfw

BW-e

BW-ce

BW-2520

BW-2670

HW-nh2

BW-nh2

BW-ce-nh2

BW-e-nh2

BHW-nh2

Rule of thumb: multiply γ line-like signal
by 0.6 ... 0.65 to account for electroweak
resummation
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