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Split overview talks
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Generic requirements on light DM models




Evidence for dark matter

Compelling evidence for dark matter on all astrophysical scales
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Atoms 4.9%

What do we know?
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* Interacts gravitationally!

Q ~0.26

e already around at CMB times

e How much

e Dark

 almost electrically neutral
e probably colour neutral

e Stable
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this leaves quite some room...
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OK with structure formation

e Cold

* Non-baryonic
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QCD axion WDM limit

unitarity limit
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QCD axion unitarity limit
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How has Dark Matter been produced?

Patrick’s talk

\Particle Dark Matter]
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How has Dark Matter been produced?

Patrick’s talk

\Particle Dark Matter|

coupling strength

accelerator experiments
typically require sizeable couplings!



Thermal freeze out
1072 g ' T 1. assume dark matter y in thermal equilibrium yy < SM SM

10-3E freeze-out

2. Universe cools xy = SM SM
SM SM < yy 3. Universe expands xyy -~ SM SM

Thermal




Thermal freeze out

102 ¢

10—3 - freeze-out

SM SM < yy

Thermal

102 102 10-' 109 107! 102 103

n,+3Hn, = — (ov) (n)? — n)ieq)

1. assume dark matter y in thermal equilibrium yy < SM SM
2. Universe cools xy = SM SM

3. Universe expands xx = SM SM

Required annihilation cross section?
3

(oV) ~ 10_26—Cm
S

Typical for WEAK interactions and mass — WIMP miracle

here: aiming for light (sub-GeV) dark matter
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Allowed mass range?

QCD axion WDM limit
classic window k .
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unitarity limit
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too much dark matter unless 172, > 5GeV
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Allowed mass range?

QCD axion WDM limit

1 . 22 classic window k n

)6 - 104¢

- K

Mpl 10 M@

Lee-Weinberg bound

assume: Weak (W,Z2) interactions

too much dark matter unless 172, > 5GeV

need new mediators to obtain correct relic for light DM!
Hidden sector!



Nuclear abundances

Allowed mass range?

QCD axion WDM limit
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https://arxiv.org/abs/1901.06944

Nuclear abundances

Allowed mass range?
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« Assumption: The dark sector thermalises with the SM

m
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* below sensitivity of collider/fixed target experiments

Majorana fermion
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* any ways to escape this conclusion?
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Low reheat temperature 260220242

QCD axion WDM limit unitarity limit 1072 -
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. - L —

] Lyman-a

 From BBN we know that the early universe had temperature 7, 2 5 MeV

* Difficult to dynamically generate baryon asymmetry (but may be possible)

WEE oy
ms [MeV]

- For T < mpg no full thermalisation

* ‘'Freeze-in at stronger coupling’  2306.13061

. Typically warm dark matter bound applies, m, 2 10keV



https://arxiv.org/abs/2306.13061

Indirect searches

annihilation
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Indirect searches

e Searches with satellites for
annihilation signal e.g. from the
Galactic centre.

e there are some excesses, but
hard to discriminate from
astrophysical backgrounds...
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Indirect searches

e Current limits

Annihilation cross section {o"v) in cm?/s
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SM

Indirect searches

A

e Current limits SM
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electromagnetic energy injection can re-ionise
neutral atoms and thereby affect the CMB




Velocity dependence of annihilation

* Freeze-out happens at temperature close to the mass

— relativistic

*velocities decrease subsequently

« constraints/observations typically at much smaller

velocities,
.virialised halo v ~ 10~% — 1073
.CMBv ~ 1078

* Need not be the same cross section!

depends on underlying particle physics model!

DM velocity v/c

DM velocity evolution: my, =1 GeV
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* chemical freeze-out
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Suppression of annihilation signals for light DM

* velocity suppression (p-wave)

(oV) ~ a+ bv? + O(v*H

.

p-wave



Suppression of annihilation signals for light DM

* velocity suppression (p-wave) J
* inelastic DM

Xl A’ SM

SM

decays, no longer present at late times

(but does not need to be suppressed for light mediators)



Suppression of annihilation signals for light DM

* velocity suppression (p-wave) %

* inelastic DM
 Forbidden DM

1505.07107

1) forbidden annihilations:

My <m7d

(W Vd

(W Yd

kinetic energy only sufficient for large velocities



Suppression of annihilation signals for light DM

* velocity suppression (p-wave)

* Inelastic DM %

2 2

» Forbidden DM / ep = T~ A
4Am?
* resonance at freeze-out X

Non-Relativistic - == Resonant - Full Calculation
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https://arxiv.org/abs/2010.14522

Suppression of annihilation signals for light DM

* velocity suppression (p-wave)
* iInelastic DM

* Forbidden DM

* resonance at freeze-out

* asymmetric dark matter
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Suppression of annihilation signals for light DM

* velocity suppression (p-wave)
* inelastic DM

* Forbidden DM

* resonance at freeze-out

* asymmetric dark matter

v
Y
v
v

Summary of requirements:

* new light mediators

. 10 MeV < m, S 1 GeV

» suppressed annihilations for v < 1




WIMP searches

scattering

9@0—00

dark matter normal matter

time

dark matter normal matter
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Direct searches

1400 m

i

e Searches deep underground to minimise
background

e very rare event (~much less than 1 event per
kg per year)

e scattering rate and recoil spectrum depends
on underlying particle physics and local DM
halo

scattering

—>
Outgoing

Particle
== Standard Halo Model

TNGSO0, unscaled
TNGS50, scaled
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Scattering kinematics

Epax  Ammr scattering
T T T 1 T
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Nuclear scatterings

scattering
 vanilla case: spin independent elastic nuclear scatterings ‘ Q I ‘ Q
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Direct searches

scattering

Q@O0—00

* vanilla case: spin independent elastic nuclear scatterings
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Time
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Many Operators

* Many other interactions possible, most are
suppressed...
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Spin-dependent nuclear

NEWS-G target consists of
114g of methane CH, (gas)

 spin-dependent scatterings (no coherent

" 3106§ 107%%
enhancements, but no further suppression) CRE
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Scattering on electrons

scattering

m— DAMIC-M, this work
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New LZ result

scattering

9@0—00

recorded on June 16, 2023

* New LZ result: one event with large recoil energy
 can’t be ‘standard’ spin-independent elastic scattering
 spin-dependent scattering still OK

Inelastic dark matter?

Idea: have two dark matter states with small mass splitting
(can be natural)

Requires up scattering in direct detection
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Summary direct detection

scattering

9@0—00

e complementary constraints, limits scale as
2 2
0 X &, 83m

 depend on which operator is present in NR limit

* Need to compare at model level!

 Note: Light mediators induce extra momentum
dependence from propagator



DM self-interactions DM scattering

dark matter

dark matter

unknown
Interactions




DM self-interactions DM scattering

before




DM self-interactions DM scattering

before

or/m, S 1barn/GeV



DM self-interactions interesting

* The collisionless cold dark matter paradigm fits perfectly at large

scales

* There are however various discrepancies between N-body
simulations of collisionless cold DM and astrophysical

observations on galactic scales

* CUSpP- VS. core problem

* relevant quantity

or/m, < 1barn/GeV

DM scattering
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DM self-interactions interesting DM scattering

0—-00

DV oM

* non-perturbative effects due to multiple mediator exchange E ﬁ 5
-

» op/m, ~ 1 b/GeV actually possible with light mediators

enhance DM self-interactions

DM DM

 but also Sommerfeld enhancement — constraints

4
10 Planck excluded

_18_IIIIIII IIIIIII| [ T TTTII [T TTTTIT [T TTTTIT IIIIIIII|' [T TTTTI IIIIIIII| I lﬂl 1] -
107" = Planck g E 103k N TSl e J
O T L LT L TP PP O -
10—19 R 3 ol . -8 ________
Q. D | = o 3
E - | - O
10720 S 2 - £
— Mg < 102k o &
< 1072 = > 2 8
P : E O > >
€ 102 ______| . ~ 3 = assumes
NN - S o @ e thermal freeze-out
g 10 = E e O E
10—24;_ N @)
1072 — v — 100k
10726 ;— //' p-wave —i ;
- IIIII| IIIIIIII Illl,fl’llljl IIIIII[I [ 11 III|| IIIIIIIIl IIIIIIIIl IIIIIIIIl | [ I? . . . .
10° 10" 10™° 10 10 107 1072 107 I Kinetic mixing
-1 . PP B
vic 190 1073 1072

my [GeV]



Dark matter at colliders
DM production

normal matter

dark matter

i XPERIMENT

normal matter

unknown .

interaction

< time

dark matter




Dark matter at colliders

* Problem with dark matter:
leaves no signal in detector

 Vanilla signal: mono-X

 but cannot use effective
description — need models

Y/ g

i XPERIMENT




Dark matter at colliders

just one example for Belle Il Projection for 50 ab™!

ap =0.1, ma» = 3m,,, A =0.1m,,

10~ ~ Vs

hadron

hadron

AN —)
My, |GeV]

1911.03176

2
Oaccelerator & 8 SM



Summary and wishlist for Patrick

* new light mediators
. 10 MeV < m, S 1 GeV

» suppressed annihilations forv < 1

complementarity of searches

a A

O.
2 52 4
Gann X gSMg)( or g){

2
accelerator X 8 SM

2 2
Opp X §smEy

4
OsIDM & 8y

- / Thank you!




