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Evidence for the Existence of Dark Matter

- Galaxy rotation curves: Starsin spiral galaxies rotate with nearly constant
velocity well beyond the visible disk, implying the existence of a massive dark
halo.
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- Galaxy clusters: The dynamics of galaxies and the X-ray emitting intra-

cluster gas require substantially more grawtatmg matter than is directly ob-
served. s
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- Gravitational lensing: Weak and strong lensing measurements reveal a
matter distribution extending far beyond the luminous component. The Bul-

let Cluster provides particularly strong evidence that most of the gravitating
matter is non-baryonic.
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- Cosmology: Measurements of the cosmic microwave background and large-
scale structure require a cold dark matter component Qpah? = 0.12 + 0.0012
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The WIMP Miracle

« Thermal Freeze-Out

Dark matter particles are initially in thermal equilibrium with the Standard
Model plasma. Asthe Universe expands and cools, the annihilation rate drops
below the Hubble expansion rate and the DM abundance freezes out.

« The Miracle
The observed relic abundance is reproduced for a weak-scale annihilation

Cross section,

(ov) = 3 x 1072 em? 571,

which is naturally obtained for particles with masses of order 100 GeV—1 TeV
and electroweak interactions.



- Experimental Consequences
The same interactions responsible for freeze-out imply

e production at colliders,
e direct detection through scattering with nuclei,

e indirect detection through annihilation products.

No convincing signal has been observed so far.



Freeze-In Dark Matter

- Basic Idea
Dark matter particles interact so feebly with the Standard Model that they never attain ther-

mal equilibrium in the early Universe.

« Production Mechanism
The DM abundance is gradually built up through rare scatterings and particle decays in the

thermal plasma,
SM + SM — DM + DM, SM — DM + ---

until the interaction rate becomes negligible.

« Freeze-In Condition
rint < H>

throughout the thermal history of the Universe.
- Characteristics

o Extremely feeble interactions.
o No thermal equilibrium.

o Naturally evades collider, direct- and indirect-detection constraints.

Prominent examples: axions and gravitinos.



This Work

. Gravitino freeze-in dark matter.
- Thermal production after reheating.

- Peak reheating temperature:

peak
Treh

- Introduce an additional scalar component ¢.

. : . peak
- Can entropy dilution increase 7-,?
Main result:
peak,¢ peak
Treh > Treh

for matter-like ¢.



Freeze out mechanism

Boltzmann Equation
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Freeze out mechanism
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Notable example of WIMP
Neutralino
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Freeze In mechanism

Freeze-in production of dark matter is based on two basic premises

- Dark matter interacts very weakly with the thermal bath.

- It has a negligible initial abundance: (1 + j; ) ~1.

dark matter could be produced directly from 2 — 2 processes, annihilations of

Standard Model (or other bath) particles: 1 + 2 - X + x

d3 g
it = [ ] “;'E (27)1 6% (Py + Py — Py — P) | MI? fufo( 15 fx)
1=1,2,X,x



Freeze In mechanism
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Notable examples of FIMP
Axion, Gravitino



The setup of the calculation

The Braaten‘Yuan preSCViption [Braaten, Pisarski, Yuan (1990,1991)]

k*>k

k* <k
hard T 8 soft

V=7

where ¢7T <« k* <T  assuming g <1

Hard part is calculated from squared matrix elements

M(ab— cG)[?

Soft part is calculated from Imaginary part of the gravitino self-energy

A T A k*
7|ﬁa§ik — Ahard +Bln <§) aﬂd ’7|]s€oft>k — Asoft + B/ n ( )

MM thermal



C?V = (]_]_, 27, 72) , ]‘CEV = (1266, 1312, 1271) [Pradler, Steffen (2007)]

Analytical result, but valid only for g < 1

where 7Y |soft Is calculated in the Hard Thermal Loop (HTL) approx

The condition g(7") < 1 is not satisfied in the whole temperature range

especially if g = g3



Beyond the HTL approx

7 Calculate the full I -loop gravitino self-energy beyond

HTL approximation

7 Calculate the so-called subtracted part of the |/M|2 [Rychkov,

Strumia (2007)]

The subtracted part of the squared amplitude is this that cannot
be part of the gravitino self-energy



For example if X: g9 — §G
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where thick lines denote resumed thermal propagators

Thus Y3/2 = Ysub T YD + Vtop




X | process M x | Mx sun |
Algg— gG| 4C3(s+ 2t +2t%/s) —2sC'3
B|gj— gG| —4Cs(t+ 2s + 252 /t) 2tCs
C|qg — qG 25C5 0

D | gq — GG —2tC}4 0

E | §q — gG —2tCy 0

F | §g — §gG | 8Cs(s* +t° 4+ u°)?/(stu) 0
G|qg — qG —4C%(s + 5% /t) 0
H|Gg — qG| —2C5(t+ 25+ 25°/t) 0

I |qG— §G —4C5(t +t7/s) 0
J1gg— gG| 2C5(s+2t+2t%/s) 0

Squared matrix elements for gravitino production in SU(3). in terms of g3 Y3 /M3

Y; =1 —|—m§/(3m§/2), Cs = 24 and C% = 48
Mx ] = Mx,s + Mxt + Mx + Mx |

Mx p|? = [Mx s> + [ Mx|” + [Mx |

Mx s = [Mx.ta]* — |[Mx.p|?
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Performing numerical integration
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Background of the calculation

& Effective theory of light gravitinos, only 1/2 goldstino components

[Ellis, Kim, Nanopoulos (1984); Moroi, Murayama, Yamagushi, Kawasaki (1993,1994) ]

& Use of the Braaten, Pisarksi, Yan method including 3/2 components

[Ellis, Nanopoulos, Olive, Rey (1996), Bolz, Buchmuller, Plumacher, Brandenburger (1998,2001); Pedlar, Steffen (2007) ]

& | -loop calculation beyond the HTL approximation [Rychkov, Strumia (2007)]

& Our calculation: error corrections and proper parametrization of

the result [Eberl, Gialamas,VCS (2021)]

& Improved calculation and reheating temperature [Eberl, Gialamas,VCS (2024)]



Result and cosmological consequences
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GGravitino abundance
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Thermal Production of Gravitinos

« Thermal production rate

Y3/2 = Z YN & Z CNEY 3M ) T®.

- Two contributions

SM group || cn En
U(l)y | 35.56 | 0.85

e (Goldstino (spin-1/2) component SU(2), || 35.33 | 1.38
SU(3). || 29.40 | 3.07

o Transverse spin-3/2 gravitino

« Approximate relic abundance

ms /s Tren MN kN
Qs /0h% = 0.016 ( ) In| — ).
32 1 TeV/ 1010 GeV Z oNEN ( ) n(gN>

3/2

« The transition from Goldstino to transverse production is responsible for the appearance
of the peak reheating temperature, T~

' “reh
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Motivation

« Gravitino Freeze-In
The reheating temperature compatible with Q,,,h* = 0.12 exhibits a maximum TPeak

' “reh
« Collider Constraints
Increasing lower bounds on the gluino mass imply

Myt —— TR

« Thermal Leptogenesis
successful thermal leptogenesis typically requires

Tien, = 2 x 10° GeV.

« Tension
Future collider bounds may further reduce 7F<**, increasing the tension between thermal

reh !

gravitino production and thermal leptogenesis.

Can a non-standard cosmological history relax this
bound?



An Additional Scalar Component

« Possible Origin
Additional scalar fields arise naturally in supergravity and string-inspired models.
Examples include

o moduli,
o flat directions,
* saxions,

o hidden-sector scalars.

- Model-Independent Description
Rather than specifying the microscopic origin, we describe the scalar phenomenologically
through

(g, Ty 1)

where
* wy : equation-of-state parameter,
* Ty : decay width,

* 14 = ps/pPrlt,, - iNitial abundance.

Question: How do these parameters affect A ; and T]}';;ak"ﬁ?



Boltzmann Equations

- Three-component cosmological system

py = —=3(1+ wy)H py =Ty pg ,
PR = —4HpR +r¢p¢,
P32 = —3H p3/p + msyy }’3/2(T)-

- Expansion rate

1

H2:3—]\/[}2)<’0¢+’0R)'

. Initial conditions
At T — Trehy

P¢ = Tp PR, p3j2 = 0.

- Numerical integration from T,., down to T = 107 GeV.
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Understanding the Dilution

- Dilution factor

Y3/
3/2
- Matter-like scalar (wy = 0)
Pé Tren
— =T ; Taom = "¢ Tren
pr 0T ’

- Decay temperature

- Scaling estimate

- Consequence



Physical Interpretation

- Increasing r, = earlier ¢ domination = larger A
- Decreasing I'y = later decay = larger Ay.
« Equation of state
* wyg < 1/3: matter redshifts slower than radiation = dilution.

* wg > 1/3:component redshifts faster than radiation = enhancement.

The numerical results follow directly from these simple
scaling arguments
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Summary

« We studied gravitino freeze-in dark matter in the presence of an additional scalar compo-
nent ¢.

« The non-standard cosmological evolution is characterized by three phenomenological pa-
rameters:

(W¢, 1“¢, r¢).

- For wy < 1/3, entropy production dilutes the gravitino abundance, allowing substantially
larger values of T2*7,

- For wg > 1/3, the gravitino abundance is enhanced (A, < 1), leading to smaller values of
Tpeak,gb-

reh
- Matter-like configurations can increase the allowed reheating temperature by several orders
of magnitude.

« The gravitino upper bound on T, is therefore significantly relaxed, alleviating its tension
with high-scale baryogenesis scenarios.

Thank you for your attention!
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For a matter-like scalar component, w, = 0, the ratio of scalar to radiation energy densities

evolves as

Po Treh

~r , (28)
pn 0T
prior to the decay of ¢. Consequently, the scalar component starts to dominate the energy

density at the temperature
Tdom =Ty Treh- (29>

If a period of ¢ domination is realized, one expects the dilution factor to scale parametrically

a T, T,
om T'pLreh
¢ T¢ T¢ ( )

Equation (30) explains the main trends observed in our numerical analysis. The dilution
increases with the initial abundance r, and decreases with the decay temperature 7;, or
equivalently with increasing decay width I'y, since Ty o \/lj As a result, larger values
of r4 and smaller values of I', lead to a stronger suppression of the gravitino abundance.

For a fixed relic density, this suppression can be compensated by increasing the reheating
temperature, suggesting the approximate scaling

Tpeak,¢ -~ A¢ Tpeak (31)

reh reh
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Our starting point is the Lagrangian that describes the gravitino interactions in the MSSM

28],
L = [D(%*ZGw VXL ”%%Z’y”v"éy]
int \/7MP H
LG A A e e (3)
8MP H ) vp Y
with the covariant derivative given by
DG = 0,0 +iga AL T ¢ (4)

and the field strength tensor F, ,SS “ reads

I3 (a)a __ a A(a)a aVALa)a . gaf(a) abcALoz) bA,(/a> c (5)

[N

7M¢u(ka)‘) — 07
ik, A) = 0,
(F =mg)du(k,A) = 0,



