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The Case’ for WIMPs

+ Production in early Universe: thermal freeze-out of 2 — 2 scatterings
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+ For each value of the DM-SM coupling gx the DM mass is predicted.

Qg* ~gew = Mpm ~ TeV

i g — ——

+ WIMP miracle: simple explanation for the observed Dark Matter
abundance (Qpwm ~ 0.26) and a connection to naturalness of EW scale.

|deal target for nuclear recoils & colliders!



Are WIMPs almost dead_?
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+ Large fraction of the “standard” WIMP parameter space ruled out?
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+ Large fraction of the “standard” WIMP parameter space ruled out?

Not quite yet...



Which WIMP?

Consider generic EW multiplet: interacts w/ SM through W, Z

“Minimal Dark Matter”: Cirelli, Fornengo, Strumia 2005 X

+ DM is the neutral component

+ DM needs to be stable: y" lightest state
+ Strong bounds from Direct Detection: no Z coupling @ tree-level
» Real multiplet: Y =0, n odd

» Complex multiplet: Y # 0,
(mass splittings from higher-dimensional operators needed)

+ Single parameter sets the DM abundance: mass Mpwm



Which WIMP?

+ Consider generic EW multiplet: interacts w/ SM through W, Z

dY :
P (ov)(Y* = YZ) -5t
( “l"é—m:
which cross-section? 3 0
~-15
+ Tree-level EW cross-section... i S o T
P SN 7 S
na;(2n* + 17n° — 19)
(oV)o = 5
16g,M;
x * -
... is inaccurate! Large non-perturbative, non-relativistic effects
»  Sommerfeld enhancement /ﬂ
Xi X
» Bound state formation § § § § § §
6 X! X3’




Bound state formation

+ Coupled Boltzmann eq. for DM and bound states:

dYpum 28 e 2s e
VA — __<Uannvrel> [YDQM o (YD§A)2] . Z(UBI'Urel> YSM N (YD(R/I)2 °d
dz H YBI

VA

dYp, (T, break) [ Yium Yp (', .ann) Yp ('p,—~B,) |YB Yp
— Ye&d I _ I I 1 — I I J J I
dz BI{ H Vo2 vt +2

BS breakup in annihilation

thermal plasma decay into other BS
(negligible for
tight bound states)



Bound state formation

+ Coupled Boltzmann eq. for DM and bound states:
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Bound state formation

dYDM 28 e 2s
Z dz = _E<Uannvrel> [Y]%M — (YDE\I/I)2] — H_Z Z(JBIUI‘81>

dYBI _ yed <FBI,bl‘eak> YI%M YBI + <FBI,ann>
dz Bi H (Yoa)?  Yg!
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Thermal freeze-out masses

Bottaro, DB, Costa, Franceschini, Panci,

. Redigolo, Vittorio 2107.09688, 2205.04486
10 - I I I I I I I
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(and similar for scalars)

How do we probe these states?

EW n-plet| Mass [TeV]
30 2.86
S0 13.6
Majorana 70 48.8
fermion 9% 113
110 202
130 324.6
21/2 1.08
31 2.85
44/2 4.8
Dirac 91 9.9
fermion 61/2 31.8
81/2 82
1012 158
1212 253




Direct detection
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Colliders: missing energy searches

+ 2 — 2 production of invisible y pair + event tag, e.g. monophoton

q'

very difficult at hadron colliders: large backgrounds, and strong PDF
suppression at high partonic c.0.m. energies (large invariant masses)

> LHC sensitive to DM masses ~ O(100 GeV)

> even at 100 TeV can’t reach thermal freeze-out targets
Cirelli, Sala, Taoso 1407.7058
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Colliders: missing energy searches

+ 2 — 2 production of invisible y pair + event tag, e.g. monophoton

very difficult at hadron colliders: large backgrounds, and strong PDF
suppression at high partonic c.0.m. energies (large invariant masses)

> LHC sensitive to DM masses ~ O(100 GeV)

> even at 100 TeV can’t reach thermal freeze-out targets

Cirelli, Sala, Taoso 1407.7058

C
T ith a high-energy lepton collider! UON
ry with a high-energy lep i QMCOLUDER
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Missing mass searches at p collider

—Want to know more? —— —_—

2303.08533 2203.07964
2210.02591 2203.08033
2209.01318 2203.07224

2203.07256 &
2203.07261 iy, Ak
2103.14043

International
UON Collider
H\ 1901 06150 /Collaboroatlion
+ Mmany more...

L

www.redbubble.com/people/muon-collider
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Missing mass searches at p collider

*

2 — 2 production of y pair

Full energy available

In the center of mass: r

ability to discover particles up to kinematical threshold \/3/2

Full event reconstruction: missing invariant mass (not just pT)
No QCD backgrounds: ideal for EW physics

EW radiation becomes important at multi-TeV energies!

a
Sudakov factor an log? (E/mW) ~ 1 forE~10TeV
/)

> mono-y, mono-W, mono-Z are all similar!

> multiple gauge boson emission



T \ \ [
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di—y 3 SN~ /77777777 =
£ | !
dioW (SS) dioW (SS) 7777777777777 7777. N
5
MIM (comb.) TI7777 7. MIM (comb.) T 7777777 7777777777777, 3 =
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M, reach [TeV] M, reach [TeV]
-1 . _ .
\/; =6 TeV, L=4ab y Dirac 21/2 \/; =14TeV, L =20 ab 1, Dirac 41/2
| o st sssssssssssssdd, | 'l 0
mono —y = mono —y
B | 20 -
. | S /50 /50
mono -W (incl.) -I o mono —W (incl.)
e
MIM (comb.) -] MIM (comb.)
0.5 1.0 1.5 2.0 2.5 3.0 1 2 3 4 5 6 7

\/E =14TeV, £ =20ab ™}, Majorana3-plet

\/7 =30TeV, £L=90ab !, Majorana5-plet

M, reach [TeV] M, reach [TeV]

* shadings = different assumptions about systematic errors
typically low signal/background = requires good control of systematics 12



Mass splittings and disappearing tracks - -

+ Dark Matter is part of a multiplet that includes also charged states

+ Look for the disappearing tracks

12

10

Significance
»

){n —_ ( ...,)(_,)(O,)('l', coe )

of the charged particles to isolate

the DM signal from the SM

background (mainly neutrinos)

om, [GeV]
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\ \ - \
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)(i decays into DM inside the detector

ATLAS Simulation Preliminary

Capdevilla, Meloni, Simoniello, Zurita 2102.11292

+ Real WIMPs (Y = 0): mass splitting
fixed by gauge interactions

T, & 50 cm/(n? — 1)

+ Complex WIMps: additional splitting
needed to make DM stable 13
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Pa

=6TeV, £ =4ab™!, Dirac 212

\/E =14TeV, £ =20ab}, Majorana3-plet
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Indirect effects at collide_rs

+ All EW multiplets contribute to high-energy 2 — 2 fermion scattering:
effects that grow with energy, can be tested at p collider or FCC-hh

Di Luzio, Grober, Panico 1810.10993

y)
Wa 1077 x <1TeV> n3 « 1/n?

15



Indirect effects at colliders

+ All EW multiplets contribute to high-energy 2 — 2 fermion scattering:
effects that grow with energy, can be tested at p collider or FCC-hh

Di Luzio, Grober, Panico 1810.10993

1 TeV
Mpwm
1 TeV
Mpwy

y)
VAVle_7><< ) n3 « 1/n?

2
Y~ 1077 x < ) Y « 1/n*

+ Complex multiplets need mass splittings from higher dim. operators
» Charged-neutral splitting (to make DM stable): (¥T%) (H'6"H)

» Inelastic splitting (suppress Z-induced scattering):  (#(T9*' x°) (H™“c“H )2Y

R . [1Tev M . . . M \?
S~ 1077 x n, T~ 107 x n
M, 10 GeV 10 GeV

can be tested at FCC-ee

Di Luzio, Gréber, Kamenik, Nardecchia 1505.00359 1o



Indirect detection

+ Searches for high-energy gamma-ray lines with Cherenkov telescopes

are a powerful constraint for high-mass WIMP DM

y-raylineat £, ~ M,

to be included:
» continuum

» bound-state contribution
» EW radiation

+ Large multiplets are easily
probed due to increased
annihilation cross-section

16
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direct detection

high-energy
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Results: real WIMPs

DM Spin EW n'plet MX (TeV) (U’U)tJoTO/(UU)r{ES ALandau/]\lDM AUV/]\4DM
3 2.53 +0.01 - 2.4 x 1037 | 4 x 10%**
5 15.4 + 0.7 0.002 7 x 1036 3 x 10%*
7 54.2 + 3.1 0.022 7.8 x 1016 2 x 10%
Real scalar A o4
9 117.8 + 8.8 0.088 3 x 10 2 % 10
11 199 + 14 0.25 62 1 x 104
13 338 + 24 0.6 7.2 2 x 10%*
3 2.86 + 0.01 - 2.4 x 10%7 | 2 x 10'%*
5 13.6 +0.8 0.003 5.5 x 107 | 3 x 102
, , 7 48.8 + 2.7 0.019 1.2 x 10* 1 x 108
Majorana fermion
9 113+ 9 0.07 41 1 x 108
11 202 + 14 0.2 6 1 x 108
13 324.6 + 23 0.5 2.6 1 % 108
o) SO - (s) vy O
Zs D nl—4X(hﬁH)T + 3_4quyW“”(HTH)T +ooe Tt n—4X(VVM:/VVW)T + _XXBHTH,
AUV 10A% AUV Auy
o s W s (f) cy)
LD o (xHL)Y(H'H) z + 2= (xo" HLW,(H'H) = +- + ——=(XHL) (W, W*) T + *x*HL,
AUV uv AUV AUV



Results: complex WIMPs

DM spin ny |Mpm (TeV) Apandan/Mbpm (00)igc/(00) e 6mo [MeV] AP /Mpm dme,, [MeV]
21,2 | 1.08 £ 0.02 > Mp - 0.22 - 2 x 10° 10" 4.8 - 10°
31 |2.85+0.14 > Mp) - 0.22 - 40 60 312 - 1.6 x10*
4y, | 4.840.3 ~ Mp) 0.001 0.21-3x 10* 5x10° 20 - 1.9 x10*
51 | 9.940.7 3 x 10° 0.003 0.21 -3 25 10° — 2 x 10°
Dirac fermion | 6,,, | 31.8 +5.2 2 x 10 0.01 05-2x 10" 4x10° 100 - 2 x 10*
81,2 | 82+8 15 0.05 0.84 - 10* 10° 440 - 10"
10y2| 158 £12 3 0.16 1.2-8 x 10° 6 x10* 1.1 x 10° -9 x 10°
121 ,5| 253 + 20 2 0.45 1.6-6 x 10° 4 x10* 2.3 x 10° - 7 x 10°
21,2 | 0.58 +0.01 > Mp) - 4.9 - 1.4 x 10° - 4.2 -7 x 10°
31 | 2.1+0.1 > Mp - 3.7 - 500 120 75 - 1.3 x10*
41,5 | 4.98+0.25 > Mp 0.001 4.9 - 3 x 10* - 17 - 2 x10*
51 | 11.54+0.8 > Mp) 0.004 3.7-10 20 650 - 3 x10°
Complex scalar| 6, , | 32.74+5.3 ~6x 10" 0.01 4.9 - 8x10* - 50 - 5 x 10?
80| 8448 2 x 10* 0.05 4.9 - 6 x10* - 150 - 6 x 10*
10y /5| 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*

gD:Y(ip—MX)X-l-ALlY IOO_I—

0. +he.,
UV AUV "

1 2Y
2(4}/), ( (Ta)2Y c) [(HCT) 5 H] ’

O, = —yTaXHT%H |

Op =

19



Bound state contribution to annihilation cross-section
10— — e

— 13F|
— 11f
— 95 |

B
<0-ef% Vrel)/ <0-te%tf Vrel)

— Tr |

— 5p

5000 10*

(Ueffvrel> = Sann(z) + Z SBJ(Z)

B, S, = Z o 270 RJ/\ branching ratio
Vrel into SM
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Muon collider physics: energy AND precision

+ Pair-production of EW particles up to threshold

10TeV pt ™, Ly = 10ab™!
107

-
’/

=
=
o=
-’
-
= -

Colored physics

events

Delahaye et al. 2019

M [TeV]

+ Precision physics: Higgs boson physics comparable to Higgs factories

+ High-energy probes: probe new physics at 100 TeV

21



Muon collider: possible timeline
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Reach at muon colliders_

mono-W searches

Majorana 3-plet (Wino) Majorana 5 plet MDM
100 -_I T T LA L AL L | T T T T v ' 1] 100 T T
50| 50}
20} 20}
Z z
= 10 = 10
) ! m [
5t 5k
2F 2L
l_l 1 . e 1 1 1 e 1] l_l 1 . el 1 1 .
1 2 5 10 20 50 100 1 2 5 10 20 50 100
[ab~'] [ab™']
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Reach at muon colliders_

100f

E [TeV]

Disappearing track searches (mono-y)

Majorana 3-plet (Wino)

5oL

10

0 20 50 100

E [TeV]

100}

Majorana 5-plet (MDM)

i 10

~

N
Therma] mass
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Scalar WIMPs

+ Scalars have lower cross-sections

\/E =30TeV, £ =90ab ™}, scalar 5-plet

mono—y
mono-W (incl.)
mono-W (lep.)
mono-7

di—y

di-W (SS)

MIM (comb.)

1DT

I I I | I I I I |

freeze—out

20
/P50

M, reach[TeV]

+ Higgs portal coupling
-> direct detection
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mono—y
mono-W (incl.)
mono-W (lep.)
mono-Z

di—y
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MIM (comb.)
1DT

2DT

freeze—out

\/E — 14 TeV, £ = 20ab™}, scalar 3—plet
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