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Die Rotverschiebung von extragalaktischen Nebeln
von F. Zwicky.
(16. TI. 33.)

Um, wie beobachtet, einen mittleren Dopplereffekt von 1000
km/sek oder mehr zu erhalten, mi also die mittlere Dichte
im Comasystem mindestens 400 mal grésser sein als die auf Grund
von Beobachtungen an leuchtender Materie abgeleitete?). Falls
sich dies bewahrheiten sollte, wiirde sich also das iiberraschende
Resultat ergeben, dass dunkle Materie in sehr viel grasserer Dichte
vorhanden ist als leuchtende Materie,
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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

e Weak interactions with SM particles. Negligible self-interactions

e Initially in thermal equlibrium
Xx=XX (X=Ww*2q,1l~,...)

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

dny 2 5
—X 4 3H()ny = (ov) (097 —n
P Dy = (ov) (192 — i)

Y(X)
e “Cold” - freeze-out occurs when the DM 10
particles are non-relativistic. 0.1
5 ny My few pb 0.001
Qpuh® = <
pe/h? (ov) 10°° large <o v>
2 : 107 \
e Qpmh® = 0.120 corresponds to a typical Yeq \
e . . -9 =
electroweak annihilation cross section 07— T 10 20 50 MU

63 oéW/Mf< for M =~ 1 TeV.
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The minimal WIMP SM extension

Field  SU(3) x SU(2) x U(l)y

Qi (3,2, +1/6)

U; 3,1,+2/3 Fields + symmetries + charges

D:' 23, 1: 71;3; (+ relativity, locality) = Lsmi(err)
L (1,2,—-1/2)

Ej (1,1, —1)

® (1,2,+1/2)

Quarks

Leptons
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The minimal WIMP SM extension

Field  SU(3) x SU(2) x U(1)y

Qi (3,2, +1/6)
U; 3,1,42/3 Fields + symmetries + charges
' ( 73 . ) e LsM(EFT)+x
D; (3,1,—1/3) (+ relativity, locality)
L (1,2,-1/2)
Ei (1,1, =1)
¢ (1,2,+1/2)
X (1,N,Y)

Minimal extension:

e No new forces / interactions

e One extra multiplet wrt SM gauge
symmetrties
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Minimal models (ci

tal. (2007)]

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

X xE

1
Ly = 5)_(([) — my)x

Observed relic density for m,, ~

~ 2.89 TeV

Radiative mass splitting mq
moto, Sato, 2012]

164.1 MeV [Ibe, Matsu-

No free parameters
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Minimal models (cirelii et al. 2007)]

SU(2) triplet — “Wino” (Y = 0, fermion)
X xt

1
Ly = 5)_(([) — my)x

Observed relic density for m, & 2.89 TeV
Radiative mass splitting 6mo+ = 164.1 MeV [Ibe, Matsu-
moto, Sato, 2012]

No free parameters

SU(2) doublet — “Higgsino™” (Y = %, fermi-
on)
X0 xE

Ly =X(P — my)x + Liim—s

Observed relic density for my, = 1.1 TeV

Radiative mass splitting émo. = 355 MeV [Thomas,
Wells, 1998]

c
Laim—5 = X(iﬂ)i’vs(HTX)
needed to split the neutral states dmp > 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)
m n
an—=
mwy

O(1) changes of relic density, huge resonant (9(103 ) effects for annihilation in the present Universe possible.
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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)
m n
an—=
mwy

O(1) changes of relic density, huge resonant (9(103 ) effects for annihilation in the present Universe possible.

EW Sudakov double logarithms (soft-collinear radiation)

n
m
ap In? =X
my

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
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The return of the WIMP

Experiment pushes WIMP
mass scale to TeV

!

Electroweak Born computations break down for
My > my
Non-perturbative effects and all-order resummations
Highly non-trivial (effective) quantum field theory
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The return of the WIMP

Experiment pushes WIMP
mass scale to TeV

!

Electroweak Born computations break down for
My > my
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

VT~ e NV

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

2o 1 v—0 27TQ
v T—emal © Ty

S(v) =
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Yukawa force

mer

e
Nuclear force Ad V(r) = — SnNN® T
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Yukawa force

N
Nuclear force

N

Q
Heavy quark force

Q
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Q
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Yukawa force

N
Nuclear force

N

Q
Heavy quark force

0

X
Dark matter force

X
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(Potential) Non-relativistic dark matter EFT

Lew+x(p~my) —>  LpNrROMEFT(K ~ mw)

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

e Weak coupling, but leading-order theory is not free but interacting (Yukawa-potential not a perturbation — all-order
summation in aegw )
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(Potential) Non-relativistic dark matter EFT

Lew+x(p~my) —>  LpNrROMEFT(K ~ mw)

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

e Weak coupling, but leading-order theory is not free but interacting (Yukawa-potential not a perturbation — all-order
summation in aegw )

Summing ladder graphs = Solving Schrodinger equation [x = my ar, €, = v/(2a)]

T 00+ 1
e Mt

—uy (x) + [* 5 ug(x) = efug(x) €p = Mg/ (myar)

X

for scattering states:

ov = (av)Bom X [1h¢(0)*(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 myy .

Quarkonium WIMP
SU@3) broken SU(2)x U(1)
single channel/state coupled channel problem, I = x°x%, xx—, ...

(numerically challenging)
bound state scattering state (primarily)
Coulomb potential (T = 0)  Yukawa-Coulomb

|4(0)|? depends on [417(0)|? a matrix, depends on vy 2, mw, v, dmyy

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

Se = |1e(0)*(v)

o 1/v?

8
10 y 3 T *
E — e N (e W/(=0

YA LIRSS

o 10f
n e =v/(2a)
C\IWQ 102
100 3
10—2 | | L
1074 1073 1072 1071 10°
e’ll

e Saturation at v < my /my

e Stronger 1/v? growth than Coulomb 1 /v near isolated mass values
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Resonance effect for the Yukawa potential
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A V)
.
o rd
==
V(r) = —ae

Range r ~ 1/mg cuts off Rydberg states
[rRya ~ n?/(mya)]

Finite number of bound states

my
1‘12 N —Xe €p = mg/(mya)

Mg

Increasing m, adds levels from above. Zero-

energy bound states for certain m.
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Resonance effect for the Yukawa potential

A

Vo)

r

V() = —e< "0

Range r ~ 1/mg cuts off Rydberg states
[rRya ~ n?/(mya)]

Finite number of bound states
My Qi
1714)

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

1‘12 N €p = mg/(mya)

Non-relativistic quantum mechanics: lar-
ge enhancement of scattering cross section
when a zero energy bound states exists due
to infinite scattering length, S o<~ %2

For fixed my = mwy = 80GeV and o = agy) = 1/30, resonant enhancement at certain
values of dark matter mass m,, starting in TeV range.
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Wino and Hig

gSan [Hisano et al., 2004]
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MSSM: Relic density of the mixed wino-Higgsino

M=12 TeV, Mi=2M>, M4=10 TeV; tang=15

M=12 TeV, M=2M,, M4=10 TeV; tanf=15
; T
] 4007 i
Sommerfeld
enhanced
1 3001 )
z z ;
() L2 I
) S !
= 034 4 = 200¢ 0.04
X / B !
r”
1 100F /
A . ( A ety ,
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M, [GeV] M, [GeV]
[MB, Bharucha, Dighera, Hellmann, Hryczuk, Recksiegel, Ruiz- My=12 TeV. M;=2M>. M=10 TeV: tang=15
Femenia, 1601.04718, + Lederer, in preparation] { E

p-M;[GeV]

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]

M [GeV)
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Velocity spectrum peaks in higher-partial waves (2403.0710s)

Se = [e(0)[*(v)

€, close to n = 3, ¢ = 0 bound-state threshold
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Velocity spectrum peaks in higher-partial waves (2403.0710s)

Se = [e(0)[*(v)

€, close to n = 3, ¢ = 0 bound-state threshold
108 ‘ : ‘
E — e N\ (€))ne W/=01
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108

10*

> St

20
v

g2
€, close to n = 3, = 2 bound-state threshold

10 :

. ‘ ‘ ‘ 1012 — e\ () m/(=0

10 107 1072 107! 1001

10°F

10° e S MEST
€ . 10 mo-2}

Sl b R b

\a.u.‘

107! 10°

M. Beneke (TU Miinchen), Return of the WIMP Edinburgh, May 08, 2026 17



Quasi-bound/metastable state resonance effects

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

localized

Reduced wave function, u

3
0.1 1 10 100 1000 10

z

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

For partial waves ¢ > 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.

204+ DN Py, e /2
5‘7[( + D! ¢ Yne/ (WKE)

) =
@+ 1D)EFIT,, T (2 =€)+ (1ue/2)?

(For wino at m, = 11.005 TeV.)
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Quasi-bound/metastable state resonance effects

€, close to first p-wave threshold

10° T T
B ' 3 — a=02
10° b : g ]
" < = a=005
4 9] o
10" - " 4
. e % |
, '
S0tk i s ]
® SN =z LW
10° £ .
100 .
10°
107° 107

Resonance in velocity dependence when Ey;, = Eqps > 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

Isospin J of the bound state

xx — B(xx) [ SM] +~(W, Z)

Binding energy in GeV

[Bottaro et al. 2103.12766]

107 -

M, [TeV]

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

Unitarity Bound

e Not relevant for wino and Higgsino.

s [Bottaro et al. 2107.09688] _ ° Ipleresling effe_cls_ in glher DM models. Interesting
1 | i | | signatures (radiative lines)

3 5 7 9 1 13 15 17
n - plet e Perturbative unitarity violation in radiative capture
rates for Rydberg bound states in non-abelian
interactions [MB, Binder, De Ros, Garny, Lederer,
2411.08737]
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The quantum electroweak static potential

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

V(r) = —

Mﬂaw)(m TR @7Tp  upto O(a?)
r

independent of rep R of source

e Holds in broken SU(N) (at least at one-loop, [MB, Szafron, Urban, 1909.04584, 2009.00640; Urban,
2108.07285])

e SM broken SU(2) x U(1), generators 74 and hypercharge Y: four universal functions
Vi) = VW Tt T + T T + VA TP o 1
+VT3Y(r)<T3 QY+ Y®T3> VY Yey

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) xU(1) charges

Example: Pure wino model X% = xTx™
—Myr

) _ 0 —V2ay ¢ 2
v (r = _ T + 003 o)

even L+S Myr Mzr 2,em

ven “VZast — 70(;:“17052‘%‘/%

0 0 TxT = xtx~

) _ 2 X X X X

Voad L+S<r) = 0 —Qem _ g, L'%V e—Mzr + O(a3 em)
r r

x"x? cannot be in a state with odd L+S.

L/
F-- 4
b
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Wino potential VW [x"x? — xTx 7]

0.10 — e —

1073 E
<100} E
S LO e
- V(oo)auq(’“) =—Qz -

1077 -

...... Vio
10—5) n Lo 1 L L PR
107! 10 10
myr
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Wino potential VW [x"x? — xTx 7]

0.10 ———rrrr —
1073t 1
=100 i
L LO e
- Vi) (+—) (1) = —a2 -
1077 g
...... Vio
10—5) i L1 L L1 L L
107! 10 10
myr
0.10 —
1073 1
B e W T =
’ AN t,
w 1 A i, -5
=~ 107 :
Q — i e
W \ 1l &
. . . ATy . 1
Wo—L— N — 10°7F— oV (r) only q
—— Vpo+dV(r)
....... Vio
—9 1 Lo 1 11 111 1
10 107! 10 10!

myr
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Wino annihilation to vy + % yZ and freeze-out abundance at NLO

— Vio(r)
== Vio(r)+dV(r)

[ov] [em® /5]

—— Bom only ’
++ LO potential /

0.2r

£ T 3 —— NLO potential ,
o F E I R Planck 18 e
S14F ] o 0.15F e q
£12 E s
= \ g
310 & -
2 01f - E
=038 -
=0 1 0.05¢ L 3

09 i 10 P et . . . .

5
my [TeV]

11k T T T T —_— \"Ll)n I.l)_
[1909.04584, 2009.00640]

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).

[Fig. from Hisano, DMNet 2022]

1047
Loop-induced, independent of DM mass 1078
=
EFT treatment [Hill, Solon, 1309.4092] 8 1049
7
Cancellation of spin-0 and spin-2 contributions ° 10-50
for Higgsino
10-51

110 115 120 125 13
mp (GeV)
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TeV WIMP direct detection

_ g at+l2404 47 2
owino = 1.375'5 3 X 10 cm

—49 —48 2
OHiggsino <10 ... 10 cm I [Fig. from Kazama, DMNet 2021]

T —T—TTTT T3

: ]

& ol i

g E E

2 E ]

= L ]

S 104 =

=} E E

o) E 3

3 E E

Q [ B

20 3

= ]

= i Higgsino 1

Z 109 N& =

E Billard 2013, newtrino discovery limit E

10-50 Lol el M| M
10! 10% 10°

WIMP mass [GeV/c?]

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 ~’s from the Galactic Center and dwarf galaxies

XX" = 1,72,y + X

produces an almost mono-chromatic TeV energy photon excess cosmic rays with Ey = my.

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

Forecast Wino limits

| |
/ )i
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TeV WIMP indirect detection

High-energy ~’s from the Galactic Center and dwarf galaxies
XX" = 1,72,y + X

produces an almost mono-chromatic TeV energy photon excess cosmic rays with Ey = my.

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

Forecast Higgsino limits - splitting 1

ggsino DM

— Full spectrum, 26\

Einasto 1, =03kpc 5

—Full spectrum, 56 o oskec fe1kec ]

102 o= o= -
o 5000 lht:)amji —r, - 2kpc —1,=5kpc E

isto, [J2c ban F —Lo prediction 1

—LO cross section Residual background only

1 30 1 L
06 1 2 3456 10 2030 100 197071 2 3456 10 20 30 100
My (TeV)

My [TeV]

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

1 g d
P(E;) = dQ/ ds pAag (r(s)) — [ov i
) = o Joa®@ [, s ol iix
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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

1 g d
d(E;) = dQ/ ds 2 r(s)) —|[ov i
) = o /An [P (it

X% — 47, vZ produces a mono-chromatic photon excess in (here TeV energy) cosmic rays

with Ey =~ my.
@ » djov]
\r& aE, line

continuum

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

The true observable is the single-inclusive photon-
energy spectrum in x’x? — ~ + X with an unob-
served jet-like final state X, smeared over the energy
resolution Eg. of the instrument.

es
Ec € ['"X‘EV LA

L 2
Hm, BEF << My

Endpoint / spectral “line”

~N

flux

7

“Continuum”

energy

Electroweak perturbation theory develops large double logarithms In 'YZ—:/ X In ZWX .
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Origin of EW double (Sudakov) logs

Analogous to QCD jets: “inhibited radiation” Bt

E~my

Pl my

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

2

g my dw E(p) « 2% My
I — — [ dcos) ——— x — In 5 In —
lom? JEYL, w /m%‘/ + 752 — |p| cos 6 47 Erés my

e Resummation of large logs L = 1n(4m§< Jm?,)

oV X (1 + Ciap + .. ) exp [Lf()(dzL) + £ (552L) —+ dzfz(dzL) .. ]
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Origin of EW double (Sudakov) logs

Analogous to QCD jets: “inhibited radiation”

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

gz my dw E(p) « Moy my
77-/ — [ dcos) ——— x — In = In —
167> JE

o) - = Y
1;235 w \/m%V +p2 - || cos 6 4m Eres nmyy

e Resummation of large logs L = 1n(4m§< Jm?,)

oV X (1 + Ciap + .. ) exp [Lf()(dzL) + £ (552L) —+ dzfz(dzL) .. ]

e Large logs depend on energy resolution

— EZJ ~ 0, “line”, [Bauer et al. 1409.7392, Ovanesyan et al. 1409.8294, 1612.04814, NLL’]

res
— EJ ~ m%,v/mX , “narrow”, [MB, Broggio, Hasner, Vollmann, 1805.03767, NLL"]

—  EJ, ~ my, “intermediate”, [MB, Broggio, Hasner, Urban, Vollmann, 1903.08702, NLL’]
s

EY, ~ my (1 —2) > my, “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

T T T T T T T T T T T T T T T TTT

El. = (150 GeV)*/m, Bl =my

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

e Non-relativistic and soft-collinear effective field theory to separate the scales my, /mymw,

my, Erls-
Lann = 7Z/dsdlcl S t, ;,L)O

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

o = T AL Gnp) Al ()

1 - .
0, = 5gj*r““{r’f,T‘}mA'iw(m+),41w(m_)
etc.

—— IL
© NLL
— NLU'

A L A e 0. L
0.010 0.100 1.000 0010 0100 1.000
juf2my 11/2my
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Factorization (II)

d(oveer) i
TE, ZSIJ Ty(Ey) = ZSIJ > GG (1) Vi (Eysp)

1,J i,j=1,2
\ , final state
Sommerfeld short distance annihilation
X
Y
DM A
. 1 1 2
ij _ 33
E~, = — - — 2V V) Z SV
Vi (B s 1) V3 3 7y inc (1, v) 23 (15 v)
(anti—) collinear
DM
x /dw T (s (my, — By — w0/2), ) Wi (w0, 1, 1) v
— ——
hard —collinear soft
i 112
Yy (Eyy ) = oy 1 p— Vl\r\\f(Hv”)Z 3 (1, v)

3
x D) 33 (1, U)[)‘//J}(V" V) (4 (my — E~ )y i, v)

Hard-matching in the unbroken SU(2) X 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 p, v.
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Resummation by RG equations

e NLL accuracy n
e One-loop electroweak corrections in every nn 4 hard function H ()
function l
4 jet function Jing (1)
|
1
‘ i
! ! : " ' w soft function photon jet
' vt ‘ T wew Zy(,v)
I
L + + v
Vg Vh

int (upper) and narrow (lower) resolution

it W W u

217, vz
OMQWO Iz hard function H(y)

e Renormalization group evolution in virtuality z
and rapidity v sums logarithms at NLL
(one-loop anomalous dimensions + two-loop
cusp) e jet functions

i =) — Jffw(@"%

e Convolutional matrix evolution for the soft ; ; v
functions (use Laplace transforms). vs vh
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The resummed / matched gamma energy spectrum [ms, Usban, Vollmann, 2203.01692]

L4 1 s s e i e e e
Narrow wino — my = 2TeV& Varo(r)
—:— Intermediate

= PPPCADM
— - Merged

= -23L ;
Bl >ﬁf
O N
1[)7245 >€{f7 5 N I
- e ~.__J
—250 ] P
107 1074 1073 102 10~ 1
(1 _ w) without resummation
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Resummed endpoint bin rate (wino) (1903.08702,
Urban’s thesis, 2021]

et Tree - Varo NE
LL- Vato

===+ NLL- Vxro
— NLL - Varo

Tree - Vio

updated plots including NLO Sommerfeld potential from K.

‘ \ Ejos = myy

s tree - Vio | ‘ \

1 10
my[TeV]

M. Beneke (TU Miinchen), Return of the WIMP

e = [ a2

Y
my — E;és dE Y

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

Edinburgh, May 08, 2026
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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)

W56 0 2030
My (181

TeV mass WIMPs are theoretically rich and complex

o QCD-like non-relativistic and jet physics

e Spectacular resonance effects due to
electroweak Yukawa force

e 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.

0 i
oo s w0 0 o s
M GeV]
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Back-up slides

M. Beneke (TU Miinchen), Return of the WIMP Edinburgh, May 08, 2026 40



TeV WIMP at future colliders [Low, Wang, 2014, Cirelli, Sala, Taoso, 2014, ...]

Disappearing tracks most promising: x — x° + soft 7
Less sensitive for Higgsino (larger mass splitting, shorter lifetime)

[Fig. from Belyaev et al., 2020]

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

3

6

SI5B

@100Tev

SI5B

@100 Tev

@4 Tev

Disappearing Tracks

Disappearing Tracks | -

3000 4000

1000

5000
m; [GeV]

rr;[GeVl
[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.

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

41



v+ X signal in the MSSM [MB, Lederer, Peset, 2211.14341]

model | mysp (oS et
o i L L (CeV]_(Gev) | fems )
10-25Le W BW-2520 | W-nhg pure modely
o BW - H[1L6 11124] Ls0-10% 052
S W |28005 28106 | 804.10° 0.60
e BH BW-nnz O 2o doubly mized
7 10261 ¢ HW HES.S. (NEW), L
=~ 107 i — BI [ 10654 10695 | 7.58-10 2 116
g e BHW . = A (cokd) BW |2141.7 21438 | 1.46.10°% 0.64
S =cleo=c= = A (cored
L - 1 BWe | 18257 18305 | L76.10°% 0.67
t o027k /2520 | 25164 25168 | 157-10% 0.61
% 1027 BW BW 2
S I & R RSty BW-enh2 | 20540 2056.1| 1.80.10°% 0.64
= n BHW-mi2 & gwen CTA (NEW) Hw 25311 | 260.10% 058
o -t 4 oo HW.nh2 2124 | L2 10% 055
28| -e-nl
1028, 4, BHW-mix Jully mized
BH I 19161 10220] Lld-10= 0.04 211
BHW-nh2 50 19713 = .
*BHmeass 1966.0 1971.3 16610 0.64 234
1020 L L L L 16211 16324 | 166107 0.70 1.39
1000 1500 2000 2500 3000 BHW-nh2 | 1707.1 18085 | 3.02.10° 0.66 164
my [GeV] additional
B[ 20449 09975] 436-10%° 221.10° | L0l
‘BW-coan | 21449 21476 | 2:63.10° 0.64 L7
*H+ 11114 11122 1.53-102 081 158
H2 | 12366 12389 1.05.107% 0.78 1.50
- . : i i H Bilundet | 12061 13160 | 331-10% 0586 L1
Rule of thumb: multiply ~ line-like signal
BW-nfw | 20736 20757 | 3.70.10% 0.64 107
by 0.6 ... 0.65 to account for electroweak BW-ce 857 0T o6 152
. BW-2670 2664.0 107 058 548
resummation BW-nh2 21367 1072 0.62 113
BW-ce-nh2 21611 10777 0.03 043
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