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OPEN (QUESTIONS OF PARTICLE PHYSICS

A persistent, fundamental question in physics:
What 1s dark matter?
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A persistent, fundamental question in physics:
What 1s dark matter?
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OPEN (QUESTIONS OF PARTICLE PHYSICS

Many scales over which DM could appear
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OPEN (QUESTIONS OF PARTICLE PHYSICS

Many scales over which DM could appear

Accessible by colliders™

N

ULTRA LIGHT DM LicaT DM WIMP CoMPOSITE DM. PBH
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DARK MATTER AT COLLIDERS

DM

DM

esarotty



DARK MATTER AT COLLIDERS

M Indirect detection via cosmic rays

QM DM subject to big uncertainties

SM DM
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Direct

SM

SM

DARK MATTER AT COLLIDERS

Indirect
e

DM

Direct detection suflers because low p'T

transter — high background
DM
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DARK MATTER AT COLLIDERS

Indirect
e

DM
/ ...And different future colliders

are complements to each other
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Knergy

DARK MATTER AT FUTURE COLLIDERS

(Future Circular Colliders)
Energy Frontier

FCC-hh (SPPQ)
E ~ 6(100 TeV)

FCC-ee (CEPC)
E ~ 6(100 — 350 GeV)

Precision Frontier
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Knergy

DARK MATTER AT FUTURE COLLIDERS

(Future Circular Colliders)
Energy Frontier

FCC-hh (SPPC)
E ~ 6(100 TeV) MuC

E~ O3 — 10 TeV)

FCC-ee (CEPC)
E ~ 6(100 — 350 GeV)

Precision Frontier
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DARK MATTER AT FUTURE COLLIDERS
(Future Circular Colliders)

- (Clean Environment
- Indirect effect sensitivity
- /-pole run for flavor couplings

FCC-ee (CEPC)
E ~ 6(100 — 350 GeV)

Precision Frontier
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DARK MATTER AT FUTURE COLLIDERS

(Future Circular Colliders)
Energy Frontier

FCC-hh (SPPC)
E ~ 6(100 TeV) MuC

E~ O3 — 10 TeV)

- High energy to probe heavy states
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Knergy

DARK MATTER AT FUTURE COLLIDERS

(Future Circular Colliders)
Energy Frontier

MuC
E~ O3 —10 TeV)

- High energy to probe heavy states
- Primarily EW interactions
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COMPARISON OF COLLIDERS
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MODELS OF DARK MATTER

Which are most motivated for colliders?

ULTRA LIGHT DM LicaT DM WIMP COMPOSITE DM PBH

N s

107 eV keV GeV 100 TeV M, M

WIMP Scenario
Higgs Portal

Thermal DM
Dark Sector
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MODELS OF DARK MATTER

Which are most motivated for colliders?

ULTRA LIGHT DM LicHT DM WIMP COMPOSITE DM PBH

10722 eV keV GeV 100 TeV M
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WIMP DARK MATTER

WIMP

—mm——e e
GeV 100 TeV

Relic Abundance TeV-scale DM naturally freezes out with

ey 2 03\" weak-interaction couplings
Qh2~0.2><( ) x( ' )

TeV g’
EW phenomena at 100 GeV - TeV scale
10 GeV < m, < 100 TeV contalns many open questions
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WIMP DARK MATTER

WIMP

e e ———————————
GeV 100 TeV

; Motivated reason to

- search 1n collider reach

Q2 ~02x | 2L ) <=
TeV

Relic Abund

lly freezes out with

on couplings

EW phenomena at 100 GeV - TeV scale
10 GeV < m, < 100 TeV contalns many open questions
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EW n-plet | Mass [TeV]

WIMP DARK MATTER

30 2.860

(AT HIGH-ENERGY COLLIDERS) 4o 48

90 13.6

n-plet Electroweak Multiplets M B

Can arise in SUSY scenarios oo e

. | Predicted at ~ TeV scale L gm b woneis s ﬁ

x| Am ~ 6(100) GeV e o

;(O DM candidate : ' g
. Thermal Mass

11 13 15 17

9
T~ plet Cesarotti



oM

oM

WIMP DARK MATTER

Consider detection strategies (at high-energy future colliders)

Mono-X
M= xx+X

DM

W,Z,y
DM
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WIMP DARK MATTER

Consider detection strategies (at high-energy future colliders)

Mono-X
Wf—xx+X e g
Kinematic cuts
DM j ;
Disappearing T'rack

(,l W*
W.2Z,y ~( PPV AN
DM “‘

p "
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SM

WIMP DARK MATTER

Consider detection strategies (at high-energy future colliders)

Identity DM with kinematics and energetic X

Mono-X
=+ X At Vectors (Wa Z, }/)7 th, nggS, etc.
DM Significance: ;
S+ B+ e(B? + §?)
/
W.Z.y Backgrounds are large.
DM

Cuts: p%( > 100 GeV, ¢T ~ m,, MIM; etc.
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WIMP DARK MATTER

Identity DM with kinematics and energetic X
Need efficient detectors & ID

Mono-X
f—=xi+X

DM

DM

W,Z,y

Backgrounds are SM processes with

v or missing particle reconstruction

(Ex: MuC)
mono-vy bkg:
mono-Z bkg:
mono-W bkg:

{70 = vy,
(Ye~ = Zvw,

0 > W-

v + £

“(lost)
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WIMP DARK MATTER

Additional background mitigation can be done with DT

Disappearing T'rack

_|_ —_
—=>x"x
+ 0+
X X7
J q
P N q
~ W
o X1
‘::““ ~ ()
p 4 ¢

Highly dependent on detector performance

ATLAS simulation

| \

Difficult for inner tracker resolution &

FCC-hh: Pile-up effects
MuC: BIB mitigation

Cesarotti



WIMP DARK MATTER

Disappearing I'rack

FCC-hh: Pile-up effects

FCC-hh, s =100 TeV, 30 ab™
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m, [GeV]

FCC-hh, Vs = 100 TeV, 30 ab™
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R. Capdevilla, F. Meloni, R. Simoniello, J. Zurita 23
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WIMP DARK MATTER

Disappearing I'rack
FCC-hh: Pile-up effects MuC: BIB mitigation

20FCC—hh (5= 100 Tev, 30 " 5o PO (3= 100 Tev, 30 ab” Background hits overlay in [-360, 360] ps range s =10 TeV
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10F =
8 E
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WIMP DARK MATTER

Ezxample: Wino

Direct detection projection ' B 2.004 |

Indirect detection

FCC-hh
Muon Collider 3 TeV

Muon Collider 10 TeV

| | Wino

3.493

CLIC 3 TeV 149 5 11.677 |
|
CLIC 1.5 TeV |
|
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- B 5o, disappearing track
FCC-ee 0-175_ kinematic limit ~/s/2
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WIMP DARK MATTER

mono-y

Ezxample: Wino

Direct detection projection 2004
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MODELS OF DARK MATTER

Which are most motivated for colliders

ULTRA LIGHT DM LicaT DM WIMP COMPOSITE DM PBH

N s

107 eV keV GeV 100 TeV M, M

Thermal DM
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[LEPTOPHILIC DARK MATTER

(AT LEPTON COLLIDERS)

Consider other paradigms beyond the WIMP that could be both
(thermal) dark matter and discoverable at colliders

For example, a model with a scalar portal that couples leptophilically

(proportional to Yukawa couplings)

5

gint:)_
2

oxr—o ), gl 81 =8

[=e,u,t
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EX: LEPTOPHILIC DARK MATTER

g){ — .
L iy 2 SR Z gill )(. s DM
I=e .1 @ 1s portal
0 —— —TT T TTTT] .
Observed relic abundance Q)( sets
5 relations between parameters
o
[
i) freeze out -
§_10 h--‘T‘__-' Qxhz
= T
15
‘_YI:Q
—&04 10 107 103
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EX: LEPTOPHILIC DARK MATTER

8y _ .
1s DM
Lt D — oY@ Z gill )(.
I=e .1 @ 1s portal
0 — T T TTTTT]
-5
?
%_10 freeze out %o __ > 0.1 Solve Boltzmann Equation
T
. — 2 (,,C0\2
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0 2.2 22 4
“y oV = STy x g2g? T L
o IQ Zaddd 8n(m2 — 4m2)> 4 4 m, | m2
—0q i 108 Tre
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EX: LEPTOPHILIC DARK MATTER
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[LEPTOPHILIC DARK MATTER

For FCCee, sensitivity is going to light, weakly coupled states

Tera-2 g
era-/ Run P 5= 8

wxr—o ), 8l
Strongest bound set by to Z — 77 2 Z l

[=e,u,t

Bound set by uncertainty in BR

Allows access to 3rd gen particles
Improves bounds from LEP

Cesarotts



[LEPTOPHILIC DARK MATTER

For FCCee, sensitivity is going to light, weakly coupled states

lera-Z Run g _
LD ——=or—9 ), gl
Strongest bound set by to Z — 7z 2

[=e,u,t

Bound set by uncertainty in BR

Previous LEP: (1.7 x 107 Z’s)

['(Z = 77) = 84.08 £ 0.22 MeV

Allows access to 3rd gen particles
Improves bounds from LEP
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[LEPTOPHILIC DARK MATTER

For FCCee, sensitivity is going to light, weakly coupled states

Tera-2 g
era-/ Run Z 5= 8

wxr—o ), 8l
Strongest bound set by to Z — 77 2 Z l

[=e,u,t

Bound set by uncertainty in BR

Previous LEP: (1.7 x 107 Z’s)
I'(Z — 7r) = 84.08 £ 0.22 MeV

FCCee Tera-Z: (10'% Z's)
Allows access to 3rd gen particles AT X /N, gp/Niec

Improves bounds from LEP

Assume primary improvements come from statistics
Cesarotti



[LEPTOPHILIC DARK MATTER

For MuC, sensitivity is going to be to heavy states

g )
LD =00 =0 Y, &l
Mono-X Search I=e .7 X
L—X
P,
o > / « ;L"'
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[LEPTOPHILIC DARK MATTER

For MuC, sensitivity is going to be to heavy states

g _
LD =00 =0 Y, &l
Mono-X Search I=e .7 X
\/E = 3, 10 TeV X
o = 3% LA
#=1,10 ab™! U —— —a— pt

|77 "

Primary Background:
prpT - vy
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LLEPTOPHILIC DARK MATTER

FCCee & MuC probe camplementary regions

1071
107 E

y = e“ay(my/my)"
—_
=
=

CC, Krnjaic 24

10712 Vi

—
W

-

Unitarity

1073

1072

101
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LEPTOPHILIC DARK MATTER
FCCee & MuC probe camplementary regions
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MODELS OF DARK MATTER

Which are most motivated for colliders

ULTRA LIGHT DM LicaT DM WIMP COMPOSITE DM PBH

N s

107 eV keV GeV 100 TeV M, M

Dark Sector Portals

T < 1s from BBN constraints

Can be prompt, DV, or stable

Dark Sector

Cesarotti
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€y / 1] [TeV™']

DARK SECTOR PORTALS

SN1987a

— U(1)y _
— SU(2)L
Cosmology —
1076¢
1077 107° 1073 10°
m, [GeV]

M. Bauer, M. Heiles, M. Neubert, A. Thamm ’18

ICHI/A[TeVT]

(THESE AND MANY MORE)

ALP at FCC-ee

ete” - 7Z  Utilizing Tera-Z run

/Z — ay a— yy
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DARK SECTOR PORTALS

(THESE AND MANY MORE)
Dark Photon Z" at MuC beam dump

10-2;

| Lead Target brer =5.0 M . . 7
10-3 g = 5 TeV Ly =10.0 m Life time of Z

| Lec =100.0 m E, 1

| 9771(1:1? N 10—2 lNP = Y70 ~ X 5
10~4; mnNp  gMNPpP

: N, = 10‘22

| g Ly giy o MNP )‘2

N = 102 ~ | — ) X |—— X X 100
1075 i (TeV) (10—6) (10 MeV =
| _ 1'\"/1 — 10]'\'
10-6
Use as an auxiliary experiment
10~7
Higher energy — larger y — smaller €
10-8
o - -

199602 10 i 10! 102

m [GeV]
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CONCLUSIONS

WIMPs are motivated models for known unknowns accessible at colliders —

we can probe only with hAigh-enerqy machines

Detector design has influence on physics reach Why theoretical studies

Theory informs physics of interest should be done now

Different tuture colliders are complements
to each other
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HIGGS POTENTIAL

[0kl [72)

Towards a Muon Collider 23
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EX: GENERIC DIRECT PRODUCTION

L~ i x E2
107, Buttazzo, Franceschini, Wulzer ‘20 bunch
10° /’l N P
p NP
103§
10° -

Sensitivity is maintained up to
kinematic thresholds
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MUON COLLIDER TIMESCALES

2020 2025 2030 2035 2040 2045 2050
Q\nyl R 1|a 'Irechnical | - | .
& nitial Desigl Design | acl 1ty. : )
Facility Design :COIIStHlCthIll = ].O TGV RUH .
| |
| | | : -
H O 'Demonstrator | | aw
O X3 . |
O &° I[))estlggl & ' Construction | | | >
HOLOLY PE | Running Demonstrator : ﬁ
| | | |
2 Design & | | | am
S Modeling | | Production }
Prototypes | i |
| | | |
COST ESTIMATION TRUC : Technically Limited
CONSTRUCTION y

Timeline*



COMPARISON OF COLLIDERS

-+  — 4+ —

PP U U ere

Composite Fundamental

Vi</s T V3~ s
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COMPARISON OF COLLIDERS

PP a7 ete”
Composite Fundamental
Vi</s ™ VS ~ /s
o (2]
m
P,/P,~ 107

O(1 —1007?7) TeV O(100 — 300) GeV
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COMPARISON OF COLLIDERS

PP T ete”
Composite Fundamental
Vi</s ™ VS ~ /s
O(1 —100?7) TeV (100 — 300) GeV
Electroweak

—,

sarotti



- FUTURE COLLIDER TIMESCALES

10 TeV 10 TeV MuC
3 TeV MuC
1 TeV Run 3 HL-LHC

e
Lin. e+e- @ Higg

100 GeV

2020 2030 2040 2050 2060 2070 2030



10° — 107+
Higgs Produced

W ‘_‘\.

/

Consider precision in

K framework

1905.03764 2308.02633 o
k-0 |HL-LHC|  ILC CLIC  |CEPC|FCC-ce [FCC-ee/| ut i o f’f R’f“’*”fof lj[’ f"’”‘p““b"m’j 2308.02633
fit 250 500 1000 | 380 1500 3000 240 365| eh/hh |10000 W10 TeV i @ 10/ab

ew (%] 1.7 | 1.8 0.29 0.24|0.86 0.16 0.11] 1.3 |1.3 0.43] 0.14 | 0.06 IOP W HL-LHC

kz (%] 15 [0.290.23 0.22| 0.5 0.26 0.23] 0.14 [0.200.17| 0.12 | 0.23 250 GeV e

ko (%] 23 |23097066]25 1.3 09| 1.5 [1.7 1.0] 049 | 0.15 s 7

iy (%] | 19 (6.7 34 1.9 (08« 50 22| 3.7 |47 39| 029 [ 0.64 S

kzo %] 10, | 99% 86x 85x [120% 15 6.9 | 8.2 [81x 75x| 0.69 | 1.0 g

ke %] - |25 1.3 09 (43 18 14| 22 [1.8 13| 095 | 0.89 ™ 0.50¢

ke [%] 33 | - 69 16| - — 27| — |- — ] 10 | 60 P

kp (%) | 3.6 [ 1.8 058 048[1.9 0.46 0.37| 1.2 [ 1.3 0.67| 0.43 | 0.16 0.10!

ko (%) 46 |15 94 6.2 [320« 13 58| 89 [10 89| 041 | 2.0 0.05.

ke (%] 1.9 [ 1.9 0.70 0.57| 3.0 1.3 0.88| 1.3 |14 0.73| 0.44 | 0.31 R

Scenario BRiny
kappa-0 fixed at0

Meade & Forslund




HIGGS POTENTIAL

E [TeV] Z [ab ] Nrec OK3
3 5 170 ~10%
10 10 620 ~ 4%
14 20 1340 ~2.5%
30 90 6'300 ~1.2%
Central region to cut out BiB
N —— S

Events |a.u.]

[0k3 = 10%] x 12

Jet polar angle 6,

Buttazzo, Franceschini, Wulzer 2012.11555,

0 30° 60 © 90 ¢ 120° 150 ¢ 180°©

Han et al. 2008.12204, Costantini et al. 2005.10289
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Slide Credit: D Buttazzo
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BX EW PH¥SICS WITH HIGGS

—
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Benchmark mbdel New Smglet S mixes with I

h = hycosy+ Ssiny pp Collider Production

¢ = Scosy — hysiny i? ¢ i ?<
Sin 7y COS 7y

[T]~ Collider Production

S1n y

Buttazzo, Redigolo, Sala, Tesi 1807.04743



EW PH¥SICS WITH HIGGS
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EX: LEPTOPHILIC DARK MATTER

Type 111 2HDM Hy ~ (1,2)
Hy ~(1,2)_yp

< > AH Qi+ 4,0H'Qd + A,H,Le

V(H,H,,5)=3S§ (/411H1TH1 + ppH Hy + i H H, + ﬂ22H§H2> +35 ~ (1,1),
Fach get vev vy, v, Diagonalize into SM Higgs h and heavy Higgs H

.
Work in regime of parameters, esp tan ff = = > 1
Vi
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10—14

10—15

1072

107

102 1071 10 10° 102

m, |GeV]

g, ]
LD ——=or—9 ), gl

2

[=e,u,t

Direct Detection

DAMIC-M 2302.02372
XENON-IT 2112.12116

CC, Krnjaic 24 (to come)



10—10 I
10—11
10712
1071
10—14

10—15

Z gll

[=e,u,t
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Belle 11

B Factories

ete” = pTuT g

4

(Dimuon + missing energy)

m¢/mx —3 ay, = 0.5

1073

Belle II Collaboration 2212.03066

My [GeV] CC, Krnjaic 24 (to come)
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Muon g-2

Muon g-2 2311.08282
CC, Krnjaic '24 (to come)



BOUNDS FROM FCCEE

Tera-Z run at FCCee can also set significant bounds from rare Z decays

5

ginta_
2

oxe—¢ ), gll

[=e,u,t

Strongest bound set by couplings to Z — 71

Bound set by uncertainty in BR




BOUNDS FROM FCCEE

Tera-Z run at FCCee can also set significant bounds from rare Z decays

g, _
- P~ D &l
[=e,u,t

gintD_

Strongest bound set by couplings to Z — 7

Previous LEP: (1.7 x 107 Z’s)
Bound set by uncertainty in BR I'(Z - 77) = 84.08 = 0.22 MeV

FCCee Tera-Z: (10'% Z’s)

Assume primary improvements come from statistics
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Tera-Z run at FCCee can also set significant bounds from rare Z decays
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20 In AI'(Z — 17)

Yy

Preliminary
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my [GeV] CC, Krnjaic 24 (to come)



oM

= —EX: WIMP DARK MATT'
T rk matter gmdels couplmg tb’ E\Mb

MuC is an ideal place for searches

W

DM

DM

Electroweak

n-plet

Mass fixed by freeze-out abundance

EW n-plet [Mass [TeV]
21/2 1.08
30 2.86
4172 4.8
S0 13.6
51 9.9
61/2 31.8
7o 48.8
9o 113

Bottaro, Buttazzo, Costa, Franceschini, Panci, Redigolo, Vittorio 2107.09688, 2205.04486
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EFT APPROACH FOR ENERGY PN PRECISION

g2
P D20+
A2

SAY YOU CAN MEASURE SOMETHING TO 1% PRECISION

AO E? E ~ 10 TeV

A~ 100 TeV

CAN STILL BE PROBING NEW PHYSICS AT MUCH HIGHER
SCALES!



PHYSTCS REACH OF MUC
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1: de Blas et al 1910.14012 ' 1
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MU@N/PHILIC - _OR:CES

Loy D y,H TLzz/f’ + kyu’ + (M, + y'S)ywr + he

-'l

New vector-like fermion

E +WN (191)1

Y

gint D yS/’t/Z

CC, Kahn, Krnjaic, Rocha, Spitz '23
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\\ \ 3

B t\>“£\§3<:a£;1;; -
Ly D Y H Ly + kyp + (M, + 'Sy + he

New vector-like fermion

E E < Mw e (L1),

V'V K
—V;SH TL/AI% + hc (SSB)

L D
I i
Ml// gint D yS/’t/’t

CC, Kahn, Krnjaic, Rocha, Spitz '23



DEMONSTRATORS & BEAM DUMPS

Beam Dump

Uncooled Muons q 1.5%
ﬁ

Cooling

Protons from

Booster I

100%

Beam Dump

0.15%

Iniector Muon Collider Accelerator
— 10TV Cobe Ring & Accelerator
| y
4
y Beam Dump

4 GeV Target, wDecay p Cooling  Low Energy
: Proton & pBunching Channel  pAcceleration
s Source Channel '

.
---------------------------------------------------------------------

<0.1%
1018 — 10%Y 4 on target



SIGNATURES WITH PROTON BEAM-ON-TARGET
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N_ | INI / MICROBO\ONE

MiniBooNE

T — UU

T — UU

Fermalab q Target ||z = uv

8 GeV LA
T — Uv

Mineral O1l

Booster Detector

500 m (Upgrade to Micro)
~ SBND

CC, Kahn, Krnjaic, Rocha, Spitz '23



WNI / MICROB o\oNE

MiniBooNE

T — UU

T — UU

Fermilab _> Target ||z — uv

8 GeV T— pu

Mineral O1l

Booster Detector

T — UU
AR Y 500 m (Upgrade to Micro)
RECAST s -----< |# ~ SBND
ANAAN Y
detector

decay pipe

o = N JR T T
p 'IKZ:{I." S p S

Chen, Pospelov, Zhong ‘17 CC, Kahn, Krnjaic, Rocha, Spitz ’23
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1011

1015 -

S from 7

mg = 24 MeV

y=1

J-L‘ S from K+

1

2 3 4
Kinetic Energy [GeV]

D

Immediate recast is possible because the BooNFEs
measured neutrino induced NC 7° production,
with m,, reported

Y

v,N — I/ﬂNJZ'O(ﬂ'O — YY)

We have our data set and our background!

CC, Kahn, Krnjaic, Rocha, Spitz '23



