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Freeze-out of dark matter

annihilation conversion
X SM X Y
VS
WIMP beyond WIMP
Outline

* Conversion-driven freeze-out
* How to search for it at LHC
* Intriguing link to baryogenesis
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The phenomena of Dark Matter

Galaxy (cluster) dynamics

Radius (kpc)

Distant Galaxy Lensed by Cluster Abell 2218 HSTe+WFPC2 + ACS

»
-

- ( y 0 ' '
£

Gravitational lensing

Structure formation

CMB anisotropies

N Qpnvh? = 0.12 + 0.001
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The nature of Dark Matter

New particle(s) beyond the SM

Thermal relic

History
of the Universe

CEA/Irfu 2018
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Thermal relic dark matter
Thermalised
* Thermalization: predictive power
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Thermal relic dark matter

Non-thermalised
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Freeze-in production
[McDonald 2002; Asaka et al. 2006; Hall et al. 2009]



Thermal relic dark matter

Non-thermalised
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superWIMP production
[Covi et al. 1999; Feng et al. 2003]



Thermal relic dark matter

Non-thermalised

* Fine with null-results < >

X SM
 Depend on initial conditions X
X SM

* Not necessarily cold dark matter

* Only partly testable

abundance




Thermal relic dark matter
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Conversion-driven freeze-out

(aka co-scattering)
[Garny, JH, Liilf, Vogl 1705.09292; D'Agnolo, Pappadopulo, Ruderman 1705.08450]
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Minimal t-channel mediator model

Z»-0dd § Zy-even
@ Q@ @G
mx < my
Dark Matter Mediator
X
_ A
LDONYfX Y-----

Mediator same gauge quantum no. as f = (color-)charged: V/Z, g JUUIK



Dark matter freeze-out
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Dark matter freeze-out: coannihilation
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Dark matter freeze-out: coannihilation
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Dark matter freeze-out: coannihilation
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Dark matter freeze-out: small \
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Dark matter freeze-out: very small \
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Dark matter freeze-out: very small )
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-> Conversion-driven freeze-out
[Garny, JH, Lulf, Vogl 1705.09292;
D'Agnolo, Pappadopulo, Ruderman 1705.08450]

0 — B



Accessible parameter space
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Accessible parameter space

WIMP region

Qh?

>
mass
splitting

schematic plot
N

T I
1 I
I
I
|

o)

—

DO
|

-

p—t

DO




-,
>
V)

|
scherhatic plot

>

Accessible parameter space

mass
splitting

CDFO regio\

>

DM mass




-,
>
V)

|
scherhatic plot

>

Accessible parameter space

mass
splitting

CDFO regio\

>

DM mass




Typical coupling



Typical coupling

X SM X Y
O v O

X SM SM SM

I'ann = nx <0'U>ann I'con = nsm <0-U>con

|

e—mX/Tfo ~ 10—12



Typical coupling

X SM X Y
O v O

X SM SM

I'ann = nx <0'U>ann I'con = nsm <UU>Con

|

e—mX/Tfo ~ 10—12

Thermal decoupling condition: 1' ~ H



Typical coupling

X SM X Y
O v O

X SM SM

I'ann = nx <0'U>ann I'con = nsm <UU>Con

|

e—mX/Tfo ~ 10—12

Thermal decoupling condition: 1' ~ H

<0-U>con

<0-U>ann

~107% =X~ 10F



Conversion-driven freeze-out — summary

« Conversions initiate thermal decoupling A ~ 107°
e Accommodate null-results of WIMP searches

» Still, conversions supply thermalisation



Conversion-driven freeze-out — summary

« Conversions initiate thermal decoupling A ~ 107°
e Accommodate null-results of WIMP searches

» Still, conversions supply thermalisation

[Arina, Fuks, |H, Kramer et al. 2023]

ID gamma rays ]
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* Wide range of viable model realizations

[Garny+ 2018, Bharucha+ 2018, D'Agnolo+ 2018, Cheng+ 2018,
Junius+ 2019, Belanger+ 2022, Alguero+ 2022, Diaz Saez 2024, ...]
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* Link to neutrino masses [Heeck,JH,Thapa 2023] 1[0
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How to search for it at LHC



How to search for it at LHC?

Conversion rate on the edge of being efficient:

I'con ~ H
= ['gec S, H
100 GeV)?
CTZH1:1.5cm<( QeV) >
b

= Long-lived particles (LLPs) at LHC!




Bottom-philic example

X: Majorana dark matter Y

Y: Scalar mediator (bottom-partner)

Qpah? = 0.12

WIMP Region

CDFO Region

500 1000 1500 2000 2500
my (GeV)

[cf. Garny, JH, Lulf,Vogl 1705.09292;
bound state effects from Garny, JH 2112.01499]
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LHC Signature

. Just missing energy (MET)

. Displaced vertices (+MET)

4mm < cry < 30cm

~ Disappearing tracks
10cm S ety S 1m

Anomalous tracks

(Heavy stable charged
particle searches)
cty > 1lm




Current LHC constraints
[JH,A. Lessa, L.M.D. Ramos 2404.16086]

40

CMS jets plus Exiss

CMS jets plus E¥ss (LLP veto)
ATLAS DV plus Epis

ATLAS HSCP
CMS DT (AR cut)

Displaced vertices (+MET)

4mm < cry < 30cm

_Disappearing tracks
10cm S ety S 1m

Anomalous tracks

.................... (Heavy stable charged
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my (GeV)

cty > 1lm

[see also Fuks et al., contr. 7 in 2002.12220]



Current LHC constraints
[JH,A. Lessa, L.M.D. Ramos 2404.16086]

40

CMS jets plus Exiss
CMS jets plus E¥ss (LLP veto)
ATLAS DV plus Epis

ATLAS HSCP Why poor performance!

CMS DT (AR cut)

———_

isplaced vertices

| \4mm S cry S 30cm

_Disappearing tracks
10cm S ety S 1m

Anomalous tracks

.................... (Heavy stable charged

250 500 750 1000 1250 1500 1750 2000 particle searches)
my (GeV)

cty > 1lm

[see also Fuks et al., contr. 7 in 2002.12220]



40

Current LHC constraints
[JH,A. Lessa, L.M.D. Ramos 2404.16086]

CMS jets plus Exiss

CMS jets plus E¥ss (LLP veto)
ATLAS DV plus Epis

ATLAS HSCP
CMS DT (AR cut)

/ — DV >ﬂ 10 Ge\?\\\;
- Displaced vertices (+MET)

| \4mm S cry S 30cm

Targeted to harder jets

(split SUSY)

_Disappearing tracks

10cm S ety S 1m

Anomalous tracks

1000 1250 1500 1750 2000
my (GeV)

[see also Fuks et al., contr. 7 in 2002.12220]

(Heavy stable charged
particle searches)
cty > 1lm



Am (GeV)

Current LHC constraints
[JH,A. Lessa, L.M.D. Ramos 2404.16086]
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Proposed displaced vertices +MET search
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HL-LHC projections

[JH,A. Lessa, L.M.D. Ramos 2404. |

6086]

Proposed displaced vertices +MET search

High Luminosity LHC (£ =3 ab™?)

mpy > b GeV
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Link to baryogenesis

) @

Charged mediator =~ Dark Matter Multiplet

Motivation:

Simultaneously explain dark matter and baryon asymmetry

via conversion-driven leptogenesis
[JH 2404.12428]




Baryon asymmetry

101Y +1 10 10

Sakharov conditions:

e C/CP-violation

* Baryon number violation
* Out-of-equilibrium processes

Fuyuto 2018



New source of CP-violation

A ~ 107%: large CP-phases allowed

Not challenged by constraints from
charge lepton flavor violation and EDMs



Baryon number violation

In SM, sphaleron processes violate B by washing out B + L
B — L effectively conserved at TeV scale
Used in leptogenesis: break . = AL — AB
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Baryon number violation
In SM, sphaleron processes violate B by washing out B + L
B — L effectively conserved at TeV scale

Used in leptogenesis: break . = AL — AB

Conversion-driven leptogenesis w/o need to break L

AgR — AL AYR

seen by
sphalerons

AL - AB

Similar to Dirac leptogenesis
[Dick, Lindner, Ratz, Wright, 2000]



relative rate I'/ H

Out-of-equilibrium processes

Conversion rates: shallower in 1/T than annihilations,
early departure from equilibrium

1010 L7777 bbT — SM % 1072 |
18 s 1076

S
xb — SM R 10~10 1

10-10 ¢ AN 15 =
2 F jp-14)|

g
] 10-18 |
100 1000 1 10 100 1000

SU:le/T ;C:mxl/T

abundances still large = sizeable asymmetries!

e Ya.
(Source term of Ay) (Yy — YYq Y’éé)



Abundances and asymmetry

Viable parameter point yielding Qh? =0.12,Yap = 0.9 x 10710
for quasi mass-degenerate X;

[JH 2404.12428]

L ‘ ' o R \ 7
, m, =300GeV, Amg, =5GeV |
1074 | 5
Y 1077} :
= f :
5 , :
° :
A 1010 | :
-------------- .i +YX2
10713 | :
* : I
1 10 100 1000

x=m,/T

[CP-asymmetry in resonant scenario: Hambye, Teresi 201 6;
Frossard, Garny, Hohenegger, Kartavtsey, Mitrouskas 2013
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Testability at colliders
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cTy [m]

Testability at colliders

[JH 2404.12428]
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Current searches

~at the LHC



Testability at colliders

[JH 2404.12428]
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10|
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L O S Srme—e (5 | ATLAS 2011.07812
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0.001 | 5 0-95)\ i pr > 20 GeV,
= Miny > 200 GeV
-4 L [ATLAS 2305.02005]
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Testability at colliders

[JH 2404.12428]

_—— Assuming similar
background reduction
with pT > 10 GeV

but exploiting MET
(maybe timing?)
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Testability at colliders

[JH 2404.12428]
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background reduction
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but exploiting MET
(maybe timing?)
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Conclusion

X SM X Y
O s 0O
X SM SM

SM

e Conversion-driven freeze-out viable scenario, A\ ~ 10~°
 Evade WIMP constraints, but still thermalize

* Collider searches:
* accessible parameter space
* soft displaced objects not well covered yet
= prime target for future investigations

* Conversion-driven leptogenesis:
* asymmetry in mediator abundance hidden
* early out-of-equilibrium provides large asymmetries
* testable at colliders
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Potential of displaced vertices search
[ATLAS-SUSY-2016-08, 1710.04901]

Search requires:
= Number of displaced tracks: nyx > 5
= Invariant mass of displaced vertex: mpy > 10 GeV




Potential of displaced vertices search
[ATLAS-SUSY-2016-08, 1710.04901]

Search requires:
= Number of displaced tracks: nyx > 5
= Invariant mass of displaced vertex: mpy > 10 GeV

my = 481 GeV, mx = 450 GeV, c¢r = 0.85 cm
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Potential of displaced vertices search
[ATLAS-SUSY-2016-08, 1710.04901]

Search requires:
= Number of displaced tracks: nyx > 5
= Invariant mass of displaced vertex: mpy > 10 GeV

my = 481 GeV, mx = 450 GeV, c¢r = 0.85 cm
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Potential of displaced vertices search
[ATLAS-SUSY-2016-08, 1710.04901]

Search requires:
= Number of displaced tracks: nyx > 5
= |nvariant mass of displaced vertex: mpy > 10 GeV

(m_, m,, 1:§)=(14OO GeV, 1320 GeV, 1 ns)
X1

10%f —
- ATLAS

Vs=13TeV,L=32.81fb"
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Potential of displaced vertices search
[ATLAS-SUSY-2016-08, 1710.04901]

Search requires:
= Number of displaced tracks: nyx > 5
= Invariant mass of displaced vertex: mpy > 5 GeV

my = 481 GeV, mx = 450 GeV, c¢r = 0.85 cm

. -10°
O
S
n I
% =
3 10 2
. ®
e
S =
=

[JH,A. Lessa, L.M.D. Ramos 2404.16086] 10-1
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2 or |A/€|

Dependence on initial conditions

m, = 300GeV, Amg, = 5GeV

m, = 500GeV, Amg, =2.5GeV

0.001

2 or |A/€|

0.1 1 10 100 1000



CP-asymmetry
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[Arina et al. 2307.10367]

My/Mx —1

Testability

masses: few TeV
= testable at colliders

A4
Minimal t-channel models
thermalised DM:

10!

e IDgamma rays |
e DDSI ]
e DDSD

» Zdecay
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11072
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masses up to 107 GeV
= mostly out of reach
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Minimal t-channel models
non-thermalised DM:
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Bound state effects on the parameter space

[Garny, |H 2112.01499]

ot Qh?=0.12 ;

WIMP region A\, ~ O(1) 60 - A= :
M@ - AX: 0.5

_ 0 3 — = Asusy ]

> ! ; —— boundary line ]

O ) -
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5 sof no bound states, just -

LO perturbative result

20
10} J
Conversion-driven /
_ . O [, N P YL VR PR T | -
freeze-out region, 1000 2000 3000 4000
Ay ~ 10
| m, [GeV]

Boundary, A, drops from O(1) to ~ 107°



Bound state effects on the parameter space

[Garny, |H 2112.01499]

70 _ '9""_::\ -Q-hz =0.12 -
WIMP region Ay ~ O(1) 60} eee A= :
M: . \“ —_——— AX: 0.5 E
_ 5O|;;' Vo — — Asusy ]
> TN “‘ E —— boundary line
8 40 ': // — \\\ “ ‘\‘ y 7
£ 30 Sommerfeld+ _3
: . excited bound states

10f :
Conversion-driven / ~~~~~~
_ . 0 [y NGy s 1 . ., —
‘;':eez‘iocl%t reglon, 1000 2000 3000 4000
X Y
m, [GeV]

here: no transition limit



Boltzmann equations with excitations
[Binder Filimonova, Petraki, White 2112.00042; Garny, JH 2112.01499]

X pair-annihilation Bound state formation
(hard process+Sommerfeld)

dYy 1 ds |1 9 2 1 2 2 ¥,
Q@ L2 b (12 75) + X plomnar) (2 - v

eq

S 1 ds ea VX i eq ji Ys,

@.}3{: 3Hs E [Fion (YBz o YBi Y;—q2> + Fdec (YBz o YB,L- > o Z Ftrans YBj o YBqL Yg%[
=0

J7#1
Bound-to-bound

lonization Decay cransiti
ransition

steady-state

Solve for Y algebraically = system of linear equations

[<f. Ellis, Luo, Olive 1503.07142;
Mitridate, Redi, Smirnov, Strumia 1702.01141]



Boltzmann equations with excitations
[Binder Filimonova, Petraki, White 2112.00042; Garny, JH 2112.01499]

dYX 1 ds1 9 2
+ * _— = — — eq )
Q @ dr ~ 3Hsdx 2<UXX*”>eff (YX Yx
/
/

<O'XXT’U>eﬂ3 = <UXXTU> + Z <UBSF)¢’U>&, 0 < R’L < 1

1

\ Contains all rates

[<f. Ellis, Luo, Olive 1503.07142;
Mitridate, Redi, Smirnov, Strumia 1702.01141]



Boltzmann equations with excitations
[Binder Filimonova, Petraki, White 2112.00042; Garny, JH 2112.01499]

dYX 1 ds1 9 9
+ * _— = — % — %eq )
Q @ dx 3Hsdx2<0XX*“>eﬂ-‘( XX
/
/

<O'XXT’U>eﬂ3 = <UXXTU> + Z <UBSF)¢’U>&, 0 < R’L < 1
1

No transition limit;

Fz’

_ E dec
<O-XXT/U>eff o <0-XXTU> + <O-BSFJJU> Fi Fi
i ion T dec
) T . En. /T 11
Fion = Fdec . X € Bz/ Fdec:

[<f. Ellis, Luo, Olive 1503.07142;
Mitridate, Redi, Smirnov, Strumia 1702.01141]



Effective annihilation cross section

[Binder, Garny, JH, Lederer, Urban 2308.01336]

107°

SM QCD+QED (incl. transitions)
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