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Why are we interested in WIMPs?

e Upcoming experiments:
1. Direct Detection (LZ, DARWIN, XenonNT...)
2. Indirect Detection (CTA, LHAASO)
3. Muon collider (?)

e Minimal, predictive theoretical framework:
1. SM increased with a single EW multiplet
2. Three parameters (n, Y, M)
3. M determined by gauge interactions through freeze-out

e Not fully nor systematically explored
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Computing the DM Relic Abundance
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Computing the DM Relic Abundance
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16g, M f

Std. tree-level cross-section:  (owv)y =
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e Sommerfeld enhancement

e Bound states formation



Computing the DM Relic Abundance

_ dY s(x) r  dg. 2 2
; e I == Y<(x) =Y. (:
Boltzmann equation - :L'H(;TL'( NS ) (Y*(z) — Yq(x))

WHICH CROSS-SECTION?

rad(2nt + 17n? — 19)

Correct...
16, M2

Std. tree-level cross-section:  (owv)y =

... but inaccurate! Important physics is missing

e Sommerfeld enhancement

_ Large non-perturbative, non-relativistic effects!
e Bound states formation
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SE: Potentials deform the wave function of incoming particles
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SE: Potentials deform the wave function of incoming particles
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Sommerfeld Effect (SE) & Bound States (BS)

SE: Potentials deform the wave function of incoming particles
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BS: Particle-Antiparticle pair bind into a wimponium bound state emitting a gauge boson
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The pair in the bound state later annihilates into SM (annihilation enhancement)
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Direct Detection
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Muon collider

e Mono-X and Di-X searches (X=y, W, Z)

See also Han et al. 2009.11287

e Disappearing tracks (1DT, 2DT)

Recast of Capdevila et al.
2102.11292

e Resonant production of bound states

Bottaro et al. 2103.12766




Reach
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Complex WIMPs - Y#0 2205.04486
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Complex WIMPs - Y#0 2205.04486
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Surviving candidates:

e Y=, n<13 (perturbative unitarity bound)

e Y=1,n= 3, 5 (perturbativity of mass splitting)
e Y>1 are non-perturbative!
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Direct Detection

1-loop
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Direct Detection - Minimal Splitting
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Muon Collider - Minimal Splitting
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Conclusions

e \We computed the thermal mass of all perturbative WIMP candidates

e Real candidates can all be excluded by high exposure (> 200 ton x year)
Xenon experiments like DARWIN

e Complex candidates with Y# 0 and minimal splitting can also be excluded by
DARWIN, with the exception of n=2 and 5

e Future DD experiments can close most of the parameter space spanned by
mass splittings

e Collider can close the parameter space for light multiplets, while ID for the
heavier ones (future work)
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Direct Detection

1-loop 2-loop
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Real WIMPs

DM spin EW n-plet| M, (TeV) |(ov)iz"/(ov)iZ| ALandan/Mpa |Avv/Mpwm
3 2.53 + 0.01 — 2.4 x10%7 | 4 x 10%**
5 154+ 0.7 0.002 7 x 1036 3 %10
7 54.2 4+ 3.1 0.022 7.8 % 10 2 x 1034
Real scalar ; Wi
9 117.8 + 154 0.088 3 x 10" 2 x 10*
11 199 + 42 0.25 62 1 x10%
13 338 + 102 0.6 T2 2 x 10%4
3 2.86 + 0.01 = 2.4 x 10%7 | 2 x 1012*
5 13.6 + 0.8 0.003 5.5 x 1017 3 x 102
: : 7 48.8 + 3.3 0.019 1.2 x 10% 1 x 108
Majorana fermion ”
9 113+ 15 0.07 41 1 x 10
11 202 + 43 0.2 6 1 x 108
13 324.6 + 94 0.5 2.6 1 x 10®



DM spin

Complex WIMPs Y=0

e A[DM (Te\r) A"\Landau/A[DM (0’?-',);.]()_70/(0’?-");{uzulz
311.60+0.01 —2.4" > Mp, -
0 11.3 + 0.6 > Mp 0.003
: 7 47+ 3 2 x 10° 0.02
Complex scalar| ; s
9 1184+ 9 110 0.09
11 217+ 17 7§ 0.25
13 352 + 30 3 0.6
3 20+0.1 — 24" = 4'\Q[p] -
5 9.1+0.5 4 x 10° 0.002
; : . 7 45 1+ 3 80 0.02
Dirac fermion
9 1154+ 9 6 0.09
11 211 + 16 2.4 0.3
13 340 + 27 1.6 0.7




Complex WIMPs Y#0

DM spin ny |Mpwm (TeV) Avandau/MbMm (ov);’j“ /(ov J=0 " smy [MeV] AUV /Mbpwm dmgq,, [MeV]
215 | 1.08 £ 0.02 > Mp = 0.22 - 2 x 107 107 4.8 - 101
31 |2.85+0.14 > Mp - 0.22 - 40 60 312 - 1.6 x10*
4172 | 4.8+03 ~ Mp 0.001 0.21 -3 x10* 5 x10° 20 - 1.9 x10*
5. | 9.9+0.7 3 x 10° 0.003 0213 25 10° — 2 x 10°
Dirac fermion | 6,,, | 31.8 + 5.2 2 x 10* 0.01 0.5-2x10* 4x10° 100 - 2 x 10*
81,2 8248 15 0.05 0.84 - 10* 10° 440 - 10*
101/2| 158 4 12 3 0.16 1.2-8 x 10° 6 x10* 1.1 x 10*>-9 x 10°
124/2| 253 + 20 2 0.45 1.6-6 x 10> 4 x10* 2.3 x10%-7 x 10°
2172 | 0.58 £ 0.01 > Mp % 49-14 x 10* - 427 % 10°
31 2.1+0.1 > Mp - 3.7 - 500 120 75 ~-1.3:5¢10°
415 | 4.98 £0.25 > Mp 0.001 49 -3 x 10* & 17 - 2 x10*
5, | 11.5+0.8 > Mp 0.004 3.7-10 20 650 - 3 x10°
Complex scalar| 6, , | 32.7+5.3 =~ 6x 10" 0.01 4.9 - 8x10* - 50 - 5 x 10%
81/2| 84+8 2 x 10* 0.05 4.9 -6 x10* = 150 - 6 x 10*
101/2| 162413 20 0.16 4.9 - 4 x 10* - 430 - 4 x 10°
121/2| 263 + 22 4 0.4 4.9 -3 x 10* - 10° - 3 x 10*




Lumi vs Energy (Mono-\W)
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Lumi vs Energy (Disappearing tracks)
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Bound states at muon colliders 2103.12766
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Bound states at muon colliders

Beam energy resolution op/E

0.001

5.x104}

1.x104]

0.6 1 5 10

50 100

Integrated luminosity in fb~!

2103.12766

10y

Statistical signiﬁcanoe n o

observation Q7@

L’XCl usion

1

5 10 50 100 500 1000

Integrated luminosity n fb_l



Indirect Detection
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Complex WIMPs - Y#0 2205.04486

BBN (Y = 1/2, Scalar)
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Reach Disappearing Tracks
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Reach Disappearing Tracks

Dirac 4, DT reach Dirac 5, DT reach
UL S B PR IIELES S SORLE S Eok e e 1 T T T Tl T -
Vs =14 Tev i . 3 V5 =30 Tev - DI X =X 3
T e = - - T o i !
105 L Charged Teacks K \ oo A
f c '
— - — = 1
E 102 " E 107 ;
,:' Max cr x* ' ': E Max cr y E
= Min cr v == fLesCC- © L P
P2t S - ™ - -
10! cazfiusEsian="t 101 Minerx™_ __.23BRsi]C--
afopge=s - e = Y S Y f
sagszio=="" . LT 2
& - Pt s g s Resdarsare kegsenisusirnte
0 ' Ig " ' '§
10 : E 10 'E
ig E 'E
' 5 C .3
10_1 1 P n 1 !ﬁl. PR W [ S S T N | lO-l'| [ I OISR W . | . !IE-.. PR | R S |
2 3 4 5 6 7 4 6 8 10 12 14

M, [TeV] M, [TeV]



Reach

mono —y

mono -W (incl.)

MIM (comb .)

1DT

2DT

\s =10 TeV, £ = 10 ab ,Dirac3,

(zzzzz2 2022272

|20
N /% 50

freeze—out

M, reach [TeV]

mono —y

mono - W (incl.)

MIM (comb .)

1DT

2DT

Vs =14 TeV, £ = 20 ab"}, Dirac 4in

LSS

M, reach [TeV]



Lumi vs Energy Dirac 2, ,

100F . o
[ Dirac 2, — Mono—y

501
20

10}

Energy [TeV]

Luminosity [ab™!]

Energy [TeV]

Luminosity [ab™!]
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