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“Why physics at the-TeV/scale?™ >

+ What causes EWSB?

i.e. does the SM hold up to accessible energy scales?

+ What’s the origin of Flavor and CP violation?

+ What is Dark Matter?

+ Unification
+ |nflation
+ Dark Energy

+ Quantum gravity



"Why physics at-the-TeV//scale? >

4 )
+ What causes EWSB? ,
Clearly points to

i.e. does the SM hold up to accessible energy scales? few TeV scale

\ _/

+ What’s the origin of Flavor and CP violation?

+ What is Dark Matter?

+ Unification WIMP
+ Inflation Not clear if the solutiqn

lies at a scale accessible
+ Dark Energy by experiments, and/or

within particle physics...
+ Quantum gravity



The case for WII\/lPs

+ 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 = Mpwm ~ TeV /

+ WIMP miracle: simple explanation for the observed Dark Matter
abundance (QQom ~ 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

+ No EM charge: DM is the neutral component

+ DM needs to be stable: y" lightest state in the multiplet
+ Strong bounds from Direct Detection: no Z coupling @ tree-level

+ Calculable: the WIMP EFT (without other states) must not break down
when computing the relic abundance

= V n-plet, single parameter sets the DM abundance: mass Mpwm



Which WIMP?

+ Minimal scenario: real multiplet (n odd), Y =0 o= (oo

+ The neutral component )(O Is automatically the lightest state:

mass splitting induced at loop-level after EWSB

-
AM,) = SgwQ* = (167 MeV) O° ;5\ %

« No coupling to Z boson: (Tg)oo =0,Y=0.




Which WIMP?

+ Minimal scenario: real multiplet (n odd), Y =0 o= (oo

+ The neutral component )(O Is automatically the lightest state:

mass splitting induced at loop-level after EWSB

-
AM,, = 55w Q> ~ (167MeV) 0 ;5\ %

« No coupling to Z boson: (Tg)oo =0,Y=0.

+ Complex WIMPs, any n and Y # 0: non-minimal

0, = (7T*)(H'c"H)
to make )(0 the lightest state

> Inelastic splitting 0y = (7(T%*" x°) (H"'6"H)*" > Am. "¢ 4"
needed to suppress Z-mediated direct detection

(2x%) = (omX°)  agomates

ADM

!



WIMP stability

+ Plenty of other operators at the UV scale 1
T Auy
xH L Y\ rns A X
Ly D (H'H)" W7 - A5 ML
Uv uv and similar for scalars
\‘ (for triplet: yHL, yH'H are renormalizable) 1
... some can induce DM decay!
+ swm

can be accidentally stable
\ need large Ay for stability

g ~
n l i i i i i >
3 5 / 9 11 13
- y
Ay can be ~ Planck Landau pole gets closer —

In all other cases need to impose stability in UV theory



Computing the relic abundance

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

ar x (ov)(Y* = Y2)

|
3]

dx ( &
%‘10 == Oh?-
which cross-section? 2 ;
~_15 -
+ Tree-level EW cross-section... ~20; "
p 4
na;(2nt + 17n% — 19)
(o V>o — >
16g,M;
X
... Is inaccurate! Large non-perturbative, non-relativistic effects
» Sommerfeld enhancement /ﬂ
X X
» Bound state formation § § § § § §
8 X’ X3’



Bound state form'ation

+ Coupled Boltzmann eq. for DM and bound states:

dYpwm 28 e 2s e
z = — O‘annvrel> [YSM — (YD%/I)2] - T E :<O-ijrel> [YSM o (YDﬁ/I)QYGQI ’
By

—A
dz H H:z Y

dYBI L qu { <FBI,break> |:( YDQM YBI] + <FB1,ann> [1 o YBI] 4 Z <FBI—>BJ> [YBJ B YB[] }

dz ~ B H SRR

Z

BS breakup in annihilation

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



Bound state form'ation

+ Coupled Boltzmann eq. for DM and bound states:

dYpwm 28 e 2s e Yp
Z 1 — _ﬁ<0annvrel> [YSM - (YD(I%/I)z] o H_Z ;<031Urel> [YI%M - (YD§4>2Y_§(§] ’
I
ZdYBI = qu <FBI,break> |: YDQM . YBI] + <FBI,ann _ YBI]
dz ! H (Ypum)? Y3, H Yp!




Bound state formation

+ Coupled Boltzmann eq. for DM and bound states:

dYpwm 28 e 2s e
2 1 = —ﬁ<0annvrel> [YSM o (YD(I%/I)2] o H_Z Z<O'B1Urel> [YSM B (YDE\I/I)QY_B??] ’

Z

dz  ~Br H B

dYBI L qu <FBI,break> )/;]%ql\/[ Ygé 4+ <FBI,ann> 1 — YBI 4+ Z <FBI—>BJ> YBJ - YB]
(}/DM>2 YBI

~102+

+ Example:n=7

-2 x10%+
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Py, 25 1 I=1 1=3 . .1_5 I=7 9
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Thermal freeze-out masses ¢

Bottaro, DB, Costa, Franceschini, Panci,

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

How do we probe these states?

10

EW n-plet| Mass [TeV]

30 2,86

90 13,6

Majorana 70 48,8
fermion 9% 113
110 202

130 324,6

21/2 1,08

31 2,85
41/2 4,8
Dirac O 9,9
fermion 61/2 31,8
81/2 82

1012 158

12172 253




Thermal freeze-out masses +

[TeV]

How do we probe these states?

10

Bottaro, DB, Costa, Franceschini, Panci,

. Redigolo, Vittorio 2107.09688, 2205.04486
10° ¢
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EW n
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(and similar for scalars)
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Direct detection

,DM

Nucleus

Lo =X (fqmqéq +fGG,i’yG””’“>

8 .
+—- (Zi0'r x) O,

X
y)
Apw 2

f; = 3 (n-—1)
Mew

All WIMP candidates (except doublet!)

above the neutrino floor, but need
a very large exposure to be probed

11
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Indirect detection'

+ Searches for high-energy gamma-ray lines with Cherenkov telescopes
are a powerful constraint for high-mass WIMP DM

(Large multiplets are more easily probed due to increased annihilation cross-section)

DM, ‘AJj DM,
| ;; ;; = talk by Giulio

DM, DM,/

Series of y-lines: due to y-ray line: annihilation
bound-state formation Continuum: from into yy and yZ

A
2 42 W, Z decays ﬁ
YA, )

~ 100 GeV MpMm ko




Colliders: missing energy searches

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

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

1010 -
ﬁ gg, 100 TeV
10°
L qg, 13 TeV |
5 L qq, 100 TeV
T | |
J 105
s 10 gg, 13 TeV
10-10
0.1 1 10 100

13 M [TeV]



Colliders: missing energy searches

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

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

Cirelli, Sala Taoso 1407 7058

» |LHC sensitive to DM masses 6F o
) 3-plet: M 2.86 TeV 00T, 30

~ 0(1 00 GeV) 5: v D 100 Tev,3ab~!
B 4Tev,3ab!

1% syst

> 100 TeV collider needed to reach

Significance
(8]

thermal freeze-out targets for 2 N
triplet & doublet J

| ! I 1 | L I I 1 L I | L I ! L 1]
13 500 1000 1500 2000
M, [GeV]



Missing mass searches at p-collider

2 — 2 production of y pair r X
+ Full energy available g
in the center of mass: W X
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
+ becomes important at multi-TeV energies!

a
Sudakov factor - log* (E/my,) ~ 1 for E~ 10 TeV
T

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

> (Precise) resummation of double logs needed.

Goal: % or %o precision y



Missing mass searches at p-collider

-1 .
Vs =14 TeV, £ = 20 ab™!, Majorana3-plet Vs =30TeV, £L=90ab™}, Majorana5-plet
mono—y S I L mono—y /7 v 7 JII | |
mono-W (incl.) . '20‘ mono-W (incl.) . '20
mono-W (lep.) o P50 | mono-W (lep.) é 50
mono-Z7. i mono-7 -
di-y 9 di-y E
di-W (SS) - di-W (SS) §
MIM (comb.) | MIM (comb.) =
3 4 5 6 7 5 10 15
M, reach [TeV] M, reach[TeV]
\/E = 6TeV, £ =4ab !, Dirac 212 \/E = 14 TeV, £ = 20 ab™!, Dirac 41/,
i | o s/ N
i | 20 ’ 20
D) ry v
mono —W (incl.) g // >9 mono —W (incl.) // i
MIM (comb.) MIM (comb .)
0.5 1.0 1.5 2.0 2.5 3.0 1 2 3 4 5 6 "/
M, reach [TeV] M, reach [TeV]

Bottaro, DB, Costa, Franceschini, Panci, Redigolo, Vittorio 2203.02309, 2205.04486
Han, Liu, Wang, Wang 2009.11287

*

shadings = different assumptions about systematic errors
typically low signal/background = requires good control of systematics 15



Composite WIMPs

+ Higgs hierarchy problem main motivation for TeV BSM physics!
Embed WIMP candidates in a model that addresses EW naturalness

+ Difficult to embed large SU(2) representations in a realistic model
(even worse with grand unification)

+ UV cut-off close-by for larger reps: strongly coupled UV completion

= Try to embed WIMPs in Composite Higgs models

16



Composite WIMPs

+ Higgs hierarchy problem main motivation for TeV BSM physics!
Embed WIMP candidates in a model that addresses EW naturalness

+ Difficult to embed large SU(2) representations in a realistic model
(even worse with grand unification)

+ UV cut-off close-by for larger reps: strongly coupled UV completion
= Try to embed WIMPs in Composite Higgs models

Several examples of composite Dark Matter in the literature:

+ QCD-like fundamental models

Antipitin et al. 1410.1817, 1503.08749 Contino et al. 1811.06975, 2008.10607

Mitridate et al. 1702.01141, 1707.05380 DB, Di Luzio, et al. 1907.11228, 1911.04502
+ Goldstone-boson Dark Matter in non-minimal Composite Higgs

Cheng et al. 2110.10691 Balkin et al. 1707.07685

= (Consider just the low-energy chiral Lagrangian + partial compositeness

16



Composite Higgs'

+ Higgs is a composite pseudo-Goldstone boson, analogous to QCD pion

2

EW scale dynamically

SM fermi
Srmions generated when g« — 41T

P

+ Strong dynamics spontaneously breaks a global symmetry G — H

AS)
|
K
<
—
LY
LY

= Natural separation between EW scale v and compositeness scale A ~ 4rxf

= QOther composite resonances with mass my ~ g«f < 41f SOO)

2
F = f—Tr[DMﬂD”ﬂ] T
4 SU@) x U(1)| :

+ Minimal realization (MCHM): SO(5) — SO(4),
4 Goldstone bosons of the Higgs doublet H = (¢, ---¢,)

17



Composite Higgs'

+ Higgs has non-zero mass and potential: arises from explicit breaking of
global symmetry G (like " C o

\ W) \ W) A\ W)

pion mass difference in QCD)
2 + + <O
2 8SM i )
mH ~

2
1672 T

I\
\

+ Partial compositeness: Yukawa couplings arise through linear mixings
between elementary fermions and composite states (they break the global
symmetry)

3mix — gstrong + g*@LH@R + /ILQL@L + /IRZTR@R

+ Different choices of O, p rep.s under G define different models

18



Composite Higgs'

Higgs has non-zero mass and potential: arises from explicit breaking of
global symmetry G (like " C o

\ W) \ W) A\ W)

pion mass difference in QCD)
2 + + <O
2 8SM i )
mH ~

2
1672 T

I\
\

Partial compositeness: Yukawa couplings arise through linear mixings
between elementary fermions and composite states (they break the global
symmetry)

gmix — gstrong + g*@LH@R + /ILQL@L + /IRZTR@R .....

+ Different choices of O, p rep.s under G define different models

If DM is a composite resonance: include @)( that excites a neutral state

Can also have partial compositeness: /l)( )Z@)( with y elementary
18



Make the DM stable again!

+ How can we make the DM candidate stable in this model?

In the UV theory, accidental symmetries like baryon number can give stable particles

+ Global symmetry of the strong sector: SO(5) X U(1)y, = SO4) X U(1)y
U(1)y unbroken, needed to reproduce hypercharges of SM fermions:

Y=T,+X

+ For suitable U(1) charges, can have accidental Z, that stabilize DM

Example:

e™y =%y forXinteger defines a Z,

Scalar

DM

Fermion

7
ZZ

/
ZZ

see also Frigerio et al. 2212.11918

19



Make the DM stable again!

+ An example that doesn’t work: hypercharge

Field | U(1)y 12Y | Zo CcUQ)y
L | —1/2 —6 +
e —1 —12 +
a | 1/6 | "TL [ 2 +
ur | 2/3 8 +
dp | —1/3 —4 +
H 1/2 6 +
Y 1/n 3 -

(similarly, have accidental Z,when Y, = 1/6n)

But Q = Y + T?, i.e. y can’t be electrically neutral for n # k/2

+ U(1)y charges can do the job in various models

20



Models ’ | | NA S

DOUBLET MODEL

Field SU(2)L xSU(2r X Z>
QL (2,1) 1/6 -
an | (2 1 -
Lloen e -
T B/ R
H @2 0 o+
x| ey o o+

+ Resonances are 4-plets of SO(5)

<+

doublets of SU(2)Lr) are coupled to
LH (RH) fermions

X-charge corresponds to (B - L)/2:
conserved by all SM interactions!

RH mixings break custodial symmetry:
strong bounds from Z properties

ApN/II%

[(Z — bb) ~ A} ~ y?/ 22

+ This model could still be viable for compositeness scale > few TeV, as
predicted by thermal WIMP masses — fine-tuning

21



Models ’ | | NA S

BI-DOUBLET MODEL

Field SU(2)L x SU(2r X Z>
Q (2,2) 2/3 +
u | an e 4
D | ) 1B+
L | @y 4+
E | a1+
H | e 0+
- 2 -

+

Resonances are 5-plets of SO(9)
I Xsp3
0 (3 v
{ b X5 }
LH mixings break custodial symmetry:
[(Z - bb) ~ Ap ~ A}

ok if A; small

fr can be fully composite state of strong
sector, since singlet of SO(5)

+ U(1)x is explicitly broken by down-quark Yukawa couplings.

Z 5 is however accidentally conserved, DM is stable at all orders.

22



Models J | | NA

TRIPLET MODEL

Field SU@QLxSU@QRr X  Z»
Q 2,2) 2/3  +
| 13 23+
L 22 PR
e | 13 PR
Ho| 22 o 4
x| G2 12 -

*

Resonances transform in 10 of SO(5)

T X
{Q=<B XZZ) T = (Xs53, U, D)}

LH mixings break custodial symmetry:
[(Z - bb) ~ Ap ~ A}

ok if A; small

U(1)x unbroken (~ combination of B, L)

23



Interactions with the composité Higgs

+ y Is part of the strong sector, interacts with the composite Higgs
2 operators SO(4)-invariant: O, = Tr[jy|Tr[H H]
O, = Tr[ )Zt“)(tb]Tr[H e H]

+ These interactions contribute to DM annihilation

i
<
I

2
~ 2
Oann ~ (e)(g*/m*>

/

€, K 1 explicit breaking of SO(5)
(shift symmetry of the Goldstone)

24



Interactions with the composité Higgs

+ y Is part of the strong sector, interacts with the composite Higgs

2 operators SO(4)-invariant: O, = Tr[jy|Tr[H H]
O, = Tr[ )Zt“)(tb]Tr[H e H]

+ These interactions contribute to DM annihilation For large g, strong
interaction dominates
){ : \ A ,' ‘ \ ‘ ‘ ‘ \ ‘ ‘ ‘ \ ‘ ‘ ‘ :
R VH 25+ 2, effect of BS not included -
'l B Q q :
N i // ’ L y |
‘ss 20 B \I' e\ - %4
i 4 e” |

i
<
I

2
~ 2
Oann ~ (e)(g*/m*>

€, K 1 explicit breaking of SO(5)
(shift symmetry of the Goldstone) o+ + o~ o~ o+ + o .«

For small g, annihilation into
X (e,/0.1
SM gauge bosons (WIMP) 8x X ( X )



Interactions with the composité Higgs

+ y Is part of the strong sector, interacts with the composite Higgs
2 operators SO(4)-invariant: O, = Tr[jy|Tr[H H]
O, =Trljyt} )(tIg]Tr[H TtgHtl,lg]

+ After EWSB, 0, also contributes to splittings inside the multiplet:
e.g. for a complex Higgsino ~ (2,2) 6,= 0, + 0,

\

“Inelastic” splitting

6 1 Am p2
i — ~ € X_

m £ f2

effects of splittings on relic
abundance are negligible,
given suppression from v/f

~ triplet

\ ! ! ! \ ! ! ! \ ! ! ! \ ! ! ! \
0.02 0.04 0.06 0.08 0.10
Am/m

25



Interactions with the composité Higgs

+ y Is part of the strong sector, interacts with the composite Higgs
2 operators SO(4)-invariant: O, = Tr[jy|Tr[H H]
O, =Trljyt} )(tg]Tr[H TtgHtl,lg]

+ After EWSB, 0, also contributes to splittings inside the multiplet:
e.g. for a complex Higgsino ~ (2,2)

+ SO(4)-breaking operators are also possible, '\
give contributions to EWPT

o 4

I
+ SO(5)-preserving (derivative) interactions of higher dimension
Tr[yy* ) Tr[H'D H] Tr[ 71 Tr[D,H D"H]

effects are suppressed by 7/m, in the non-rel. limit ﬁ

WORK IN PROGRESS

A. Di Lecce

26



Indirect effects at' colliders ¢

+ All EW multiplets contribute to high-energy 2 — 2 fermion scattering:

effects that grow with energy, can be tested at colliders

+ 2
v ,, n 1 TeV
X W= 1077 x n’ « 1/n°
\ 2
\ R 7 1 TeV 5 4
Mpm
k Di Luzio, Grober, Panico 1810.10993
100 -
cé r
0.10¢ right of blue line: can be tested indirectly
0.01: o - left of blue line: can be tested directly
“Franceschini, Zhao 2212.11900 1\:
5 10 50 100

Eem [TeV]
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Indirect effects at' colliders ¢

+ All EW multiplets contribute to high-energy 2 — 2 fermion scattering:

effects that grow with energy, can be tested at colliders

2
) 1 TeV
Wz10‘7><< - ) n’ « 1/n°
Mpwm
2
. 1 TeV
7 Yz10‘7><< © ) Y21 o 1/n
MDM

+ |If WIMPs are composite, usual probes
of compositeness in Higgs couplings,

EWPT and high-energy scattering.

The scale m_is related to the DM mass,

set by thermal freeze-out.




Summary

+ Thermal, weakly interacting Dark Matter points to multi-TeV scales

+ Not probed yet, but in reach of future (futuristic) experiments

+ (Can be related to models of EWSB at TeV scale:

not only SUSY, but also composite Higgs.

+ There is a set of models where the symmetries of Composite Higgs
can provide a stable Dark Matter candidate.

Interesting interplay of Higgs and DM phenomenology.

29



Calculability: the unitarity botind

+ Cut-off scale Ay must be high enough to not affect 2, calculation

+ Upper bound on cut-off scale from running of 1
SU(2) gauge coupling 1L Ayy
AUV < ALandau
Actually, iImpose partial-wave unitarity of 2 — 2 scattering: 4 v
4r(2J + 1
(GeffV)J S T[( 2+ ) -
Mzv T+ SM

» Real WIMPs: n< 13

n<12forY =1/2

» Complex WIMPs: Y < 1
n<o5forY=1 30



High—energy probes

+ NP effects are more important at high energies

Events

Precision

SM measurements

+ As simple as this:

1 1/
Z = 3SM+FZCi@i 1 /£

a2 ¥
ANp ~ ONpETT AL,

= e e 1 1

K 1 2 3 4 5
< Energy [TeV] <« >

Ac(E) E?
X
osm(E) A]%SM

 EFT description
4 breaks down here

High energy (indirect) probes

>
direct searches

10°%, E ~ 100GeV
1072, E~10TeV

+ Effective at LHC, FCC-hh, CLIC: “energy helps accuracy”...

Farina et al. 1609.08157, Franceschini et al. 1712.01310, ...

... taken to the extreme at a y-collider with 10’s of TeV!
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Example: high-energy di-bosens

+ Longitudinal 2 — 2 scattering amplitudes at high energy:

‘ VVH £ — WZ wp related with Z-pole observables
£~ > ZH "
s~~ L Sf: mW(CW + CB)
{Z \‘/’H 100.
50.
“high-energy primary effects”
20.
— 10..
Determined by two dim. 6 operators Z F
(in flavor-universal theories): % SR
.
R a2l

_ig Ta<_>,u VIXSQ
Ow = -, ( H'o"D'H | D"W},

33x10%5 - 0003

zg S ) 0.5 3
Op = b} H'DVYH | 0"B 0 0.001
TN 20 510, 20 7 100

L [ab™!

LEP: 1073, FCC: few 107>, MuC: 107° ab~]

precision of measurement 30



H'igh—energy orobes: radiation

0.0075 | B, Franceschini, Wulzer 2012.11555 Chen, Glioti, Rattazzi, Ricci, Wulzer 2202.10509
0.0050- differential WW
0.0025
Y 0.0000
o
~ —0.0025
g ©
O —0.0050{ " =
) total ZH x
~0.00751 "~ o
—0.01001 -
_0.0125 i _0-0—40.04 —0.03 —O.OZCB.—(%Q)Vlz 0.00 0.01 '1 O TeV
—0.010 —0.005 o.zooo 0.005  elnsive
CB - TeV | — With radiation
Gauge boson radiation important: -1 —05 0 0.5 1

soft W emission allows to access

charged processes £v —» W*Z, W*H | o |
+ contains new physical information!

u
+ need to properly define inclusive

— independent observables, resummation of logs, ...
measurement of Cw

a W “effective neutrino approximation”
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Results: real WIMPs & \ ¢

DM spin EW n-plet | M, (TeV) (UU)t]o:O (U’U)iﬁg Avandan/Mpwm | Avuv/Mpwm
3 2.53 4+ 0.01 2.4 x 10°7 | 4 x 10%**
5 15.4 + 0.7 0.002 7 % 10%° 3 % 10%*
7 54.2 + 3.1 0.022 7.8 x 10'° 2 % 10%
Real scalar ) 9
9 117.8 + 8.8 0.088 3 x 10’ 2 x 10*
11 199 + 14 0.25 62 1 x 10%
13 338 + 24 0.6 7.2 2 % 10%4
3 2.86 4+ 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 x 10%
¥ o C( s) s C(s) és) |
LD oX(HTH) = + =% 4><WWW“”(HTH) SRR v 4x<WWWW> + X*H'H
ALY AP, AP, Auv
(f) (f) - (f) C(f)
Cl TIr\—— C LV T n->s v 3x .3
%D A (YHL)(H'H)*Z + 2 (xo" HL)W,,(H'H)"Z + .-+ “2 (YHL)(W,, W" )T + 15 XCHL,
AUV uv uv uv




Results: complex WIMPs - ¢ ‘ \ ¢

DM spin ny |Mpwm (TeV) Apandan/MbpMm (o0 /(ov) iy dmo MeV] AUV /Mpwm omgq,, [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*
41,9 | 4.8+0.3 ~ Mp) 0.001 0.21-3x 10* 5 x 10° 20 - 1.9 x10*
51 | 9.9+0.7 3 x 10° 0.003 0.21-3 25 10° — 2 x 10°
Dirac fermion | 6,5 | 31.8 £5.2 2 x 10 0.01 0.5-2x10"  4x10° 100 - 2 x 10*
81,2 | 82+8 15 0.05 0.84 - 10* 10° 440 - 10*
101 /5| 158 £ 12 3 0.16 1.2-8 x 10> 6 x10* 1.1 x 10°-9 x 10°
1212 253420 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/ | 4.98 £0.25 > Mp) 0.001 4.9 - 3 x 10* - 17 - 2 x10*
51 | 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*
810 | 84+8 2 x 10* 0.05 4.9 - 6 x10* - 150 - 6 x 10*
10, ,2| 162 +13 20 0.16 4.9 - 4 x 10* - 430 - 4 x 10
121 /2| 263422 4 0.4 4.9 - 3 x 10 - 10 - 3 x 10
$D=Y(i$—ﬂ/fx)x+A4Y 1(’)0+ (9+—|—hc :
uUuv
1 T e 2Y
a\2Y c
o 2(4Y)!< X(T)7 ) [(H )5 2 H] ’

O, = —yTaXHT%H |
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Impact of bound state formation

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

— 13F ||
11F

B
<0-ef§ Vrel)/ <0-g%:[f Vrel)

S, = Z GI,I%RJ/\ branching ratio
Vrel into SM
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Reach at muon colliders

mono-W searches

Majorana 3-plet (Wino)

Majorana 5-plet (MDM)

100 _ 100 —/

0.5

E [TeV]
E [TeV]

[ 2 5 10 20 50 00 2 5 10 20 50 100

37



Reach at muon colliders

Disappearing track searches (mono-y)

Majorana 3-plet (Wino) Majorana 5-plet (MDM)

100 -_ I I ' I L |_- 1()() -_ I ' I L L |_-
: 10 3 Z 20— ]
of \_ of \ . 4
- ) | Thermal magg -

10

W= | pEE—|

20—/ ' - 20} 1

= o a
& 10_- 7 _ 210} )
[ 0.1 . _
m [ - m - 0.1
I - — Thermal mass ] i ]
50 ~ i 5[ ()
_ @ )
102
ol @ | ol @
2 m
1F & - 1F E/ ‘_
1 2 5 10 20 50 100 1 2 5 10 20 50 100
L [ab71] L [ab71]
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Mass spliftings and disappearing tracks

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

Xn = ( "',)(_,)(O,)(+, v ) )(i decays into DM inside the detector

+ Look for the disappearing tracks
of the charged particles to isolate

the DM signal from the SM
background (mainly neutrinos)

Capdevilla, Meloni, Simoniello, Zurita 2102.11292

om, [GeV]
1.1 0.5 0.21 0.14 0.13
p[vemere | 1 | 5 | + Real WIMPs (Y = 0): mass splitting
L=4ab™! *:U; A :.. . . .
10| T 2 s g fixed by gauge interactions
§ 8. Eig E; 2)
%% 6 ig 2 . MQ_MOQQ Aem My
N S Y I )
; CTye R 50cm/(n“ —1)
2 A e T \ Ny
O + Complex WIMPs: additional splitting
0.1 1 10 100 1000 10*

et ¥ [mm] needed to make DM stable 39



Disappearing tracks at U collider

* %" production, i Bottaro et al. 2205.04486

LI LI L L LI | LI | LI I L | L I 1

+u” collisi mono —y| L —
Wi collisions I HL-LHC 95% CL limit mono ~W| A HAEH —
|

{s =10 TeV, 10 ab™ 1 DT} (1,5,1)
SETEY Theory 2DTy

Preliminary

- -
g Son
-
e E e EEEE ...

--------------------------
---------------------------

mono —y
mono —W
1 DT} 1,5,€)

2 DT} ] | |
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LT
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i
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s aemsanme
s e - -
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|
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- mono —y | H H —
---- SR}, 95% CL limit — SR, 56 - SR, 50 (N o X10) 4 ',j" ':L" i : ,

mono —W
lIII|IIII|IIII|IIII|IIIIIIIII[IIIIIIIIIHIIIIIII 1DT

Thermal targéoo 1000 1500 2000 2500 3000 3500 4000 4599 gO({;) 2 DT
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-
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I
ey
~
)
N—

mono —yr —

mono —W — —
1 DT [1,3,¢) |
2DT+¢

mono —y[ HH HH H
mono —W | H H i i —h
1DT} 1,300 | | |
2DT¢}

mono —y|
mono —W
1DTr
2DTr

3TeV [16TeV M 10TeV
M 14Tev M 30TeV

40
M, @95% [TeV]



Disappearing tracks at U collider

% % production, F Bottaro et al. 2205.04486

LI LI L L LI | LI | LI I L | L I 1

+u” collisi mono —y| L —
Wi collisions I HL-LHC 95% CL limit mono ~W| A HAEH —
|

s =10 TeV, 10 ab™ 1 DT | 1,51
Preliminary T Theory 2 DI}

_____
------
--------------------

__________________________
---------------------------

mono —y
mono —W
1 DT 1,55

2 DT} ] | |

-

LT
Ml
i

l

ans -y
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G -
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casmmet
S ()
eomm
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______________ 1 DT| 1,50)

- v
re == -
~- -

- -

"""" L sarniaX BEERRETS i eaimimimiaiaiainininininiaiaiaiainininn 2 DTt ‘ ’
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o - mono —yt e —
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I

- mono —y| HHHH H

mono —W | H H i i —h
1DT} 1,300 | | |

| 2DT¢}

Mono-photon

VBF

00 TeV

thermal 100% DM

mono —y|
mono —W
1DTr

‘ ‘ | 2DTr
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1000 1500 2000 2500 3000 3500 4000 S
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Disappearing tracks
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Scalar WIMPs

+ Scalars have lower cross-sections

\/E =30TeV, £ =90ab ™}, scalar 5-plet

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

mono—y mono—y

mono-W (incl.)

mono-W (lep.)

mono-Z = mono-Z7 =
di—y E di—y E
di-W (SS) § di-W (SS) §
MIM (comb.) F MIM (comb.) =
11 L ——
9 DT 2 DT T T T/ /D,

mono-W (incl.)

mono-W (lep.)

[ \
I——
N\
\

15 1 2 3 4 5 6 7
M, reach[TeV] M, reach[TeV]

. . 107
+ Higgs portal coupling | .
5h f 16@33/;; y
. . | O"‘“}‘}/’/ el
-=> direct detection | < e )
02 : '
$Q?~ B %@?\)/
QP e
SN N
ol B .
| S N ’
0.5 g e 6‘2%9"// |
f XS S == o
c)qb QVQA S \é\OQ» \O
1,8 NN\ RS
b D (B &
// ’/" ~ /@Xé\/ ’ A%e \J
R\
)
01 - ‘ 1 ‘ ‘ e ‘ \ ‘ ==
2 5 10 20 50 41



Indirect detection'

+ Searches for high-energy gamma-ray lines with Cherenkov telescopes
are a powerful constraint for high-mass WIMP DM

(Large multiplets are more easily probed due to increased annihilation cross-section)

10—20,
RNV
- 10 I\
A y-ray line: annihilation
£ 1026 into yy and yZ
b

|2 ﬁ
1072 S 15
10 T 20 - 30 40 50 60 70
My LT \
_ >
= see Baumgart, Rodd, Slatyer, Vaidya 2309.11562



