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Producing feebly-interacting particles after

a first-order phase transition
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Dark Matter Production in The Early
Universe

For now: null results from DM experiments

— non-thermal production 7

IR freeze-in demands extremely small couplings

[Hall et al. 0911.1120]

UV freeze-in:

Interactions via non-renormalizable operators

with dimension n+4 and thermally averaged crosssection:

<O"U> X T2(n—1)/A2n

Problem: sensitivity of the DM yield to the reheating and

maximal temperature
[Bernal et al. 1909.07992]
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UV- freeze-in and FOPTSs

UV freeze-in:

DM relic density is determined by the reheating/ maximal temperature

Yo oc M.aT21/A%n [Elahi et al. 1410.6157]
= pl RH / [Bernal et al. 1909.07992]

First-Order Phase Transition (FOPT):

= Can dilute pre-existing relics it supercooled

= Relevant temperature scale is Tpt

Question: Under which conditions does TpT become the

relevant scale that determines the relic density?
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First-Order Phase Transitions

V:aff(gbn T)

e Well motivated in many extensions of the SM or

High T dark sectors.

e Scalar potential + thermal corrections:

%ff(¢7 T) — V(¢) + AV(qb, T)

Ver (6, T) = (—)\1/2 + %T2)gb2 _ T3 + A

Low T (Example)

* Interesting phenomenology: Gravitational
waves, production of primordial black holes .

(@) =0 (@) # 0
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First-Order Phase Transitions

‘/eff(qbn T)

false vacuum

(¢) =0
@

true vacuum

(¢) # 0

The transition proceeds through bubble nucleation:

(9) # 0

in the following: TpT ~ Thue ~ Tperc
because 5_1 < H 1
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First-Order Phase Transitions

‘/eff((/éa T)

false vacuum

(@) =0

(
AV

true vacuum

(¢) # 0

The transition proceeds through bubble nucleation:

T > Thue In the following: ITpT =~ Thye = Tperc
because 5—1 < H1

+ The scalar tield acts like a cosmological constant
betore the transition.
The PT is supercooled it: AV > praa(Tpr)
+ Energy injection to the radiation bath after the phase

transition
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The DM phase-in scenario

undergoes FOPT
decays after the PT to SM bath

produces DM via
non-renormalizable interaction

T2(n—1)
A2n

\\ Operator of dim n+4
SM +SM — DM+DM

(ov) =
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The DM phase-in scenario

undergoes FOPT

produces DM via

Scalar decays after the PT to SM bath non-renormalizable interaction
Field , R
¢ T2(n—1)
<O"U> - A2n
Boltzmann equations:
doy  3(1+ w) I' dosm 4 I dnpm 3 n (o) 5
da a Pé aH Pé da PASM = aH Pé da  a DM aH "sm
Before the PT: I'=0 and w= —1 5 .
Afterthe PT: T' = const  and 0<w < 1/3 Friedmanneq: H = — = \/ 3002 P Pe)
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Scale factor
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The DM phase-in scenario
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The DM phase-in scenario
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The DM phase-in scenario

Back to
radiation
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The DM phase-in scenario

Highly inhomogeneous scalar field
— Equation of state w # 0
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Phase-in condition

2 &,

§ Vacuum Scalar field
3 domination domination
% P

S

o

a

=

Dark matter is produced in
different phases.

S
S
N
S

Reheating
DM freeze-in

Phase

ARH avp apt aRrD Scale factor
QDM FI Qpwm,pr Sensitive to the radiation bath
J J temperature after the decay:
Determined by Determined by 2n—1
. . n x 1!
reheating temperature parameters of the scalar field DM, PI RD

2n—1
npMmF1 X Ty
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Phase-in condition

0
(P]
§ Vacuum Scalar field
] Y domination domination Phase-in condition:
2
: QO
DM, PI

S T(TRH, TPT) AV, F, W, ’I’L) > 1 with: r=

QpnM FI

N
S
N
S

Parameters of the problem:

Tru : Reheating temperature

TPT : Phase transition temperature

Reheating
DM freeze-in

)
(2}
O
a AV : Potential energy/ latent heat
I' : Decay rate of the scalar field
a a a a
RH VD PL . LR E TS w : Equation of state parameter
1 . Dimensions of operator (-4)
QpMm FI Qpu.pr
Determined by Determined by
reheating temperature parameters of the scalar field
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Energy densities

Phase-in condition

Parameters of the problem:
Tru : Reheating temperature

Tpr : Phase transition temperature
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AV : Potential energy/ latent heat

I' : Decay rate of the scalar field

aRH avD apt aRrRD Scale factor .
: Equation of state parameter

€

1 : Dimensions of operator (-4)

3
Analvtical ] 1 T \° T \° T
nalytical oy = L nIDM<aVD>(—) +n%M<aPT>(—) 1 (arp) [ m— )+ 0B (T)
estimate: D Tvp Tpr

3
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Dilution factor: D = SED _ (
Tprapt
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Some examples

Phase-in condition

2
——1-n .
1 1+w Q h —
il -3 Ay 5, (nt1)/2 [ VAV 2 b .. [“DMPI _ phase —in
r~ TRH TPT AV 2 9x ( MmpI' + >1 wih. T QDM,FI freeze — in
For:n =1and w =0 (i.e Dim 5 operator and assuming matter domination during the decay).
Benchmark Pomt More Vaccuum Energy Faster Deeay
QDM}LZ = 0 120 fPI = 76. O%J ; [QDM}L2 = 0.092 fPI = 97. 5%} : [QDmhz = 0 266 fPI =TT, O%J

1017 [ — | 1017 - _ _ AV = 10" 1017 - — [=5-10""GeV
— Numerical ;. ; f)m. . Numerical — Numerical
1013 i==-= Analytical | | —— Analytical —-=— Analytical

=== Adiabatic

-== Adiabatic -==: Adiabatic

a a a
Benchmark PN T 1MeV, Ty = 3 - 10° GeV 0
nchmar .
enchma Ter = 300 GeV, AV = 10" GeV* with: f _ DM,PI B phase — in
values i - - JPLT total
I'=10""GeV, A =1.88-10" GeV DM, tot
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Numerical results
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Phase-in condition : results

matter dom. modified EoS
_ w=0n=1 w=02n=1
20) 20
—_— = 1.0 — = 100.0)
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—_— =11 — =11
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= Numerical Phase~/ = Numerical
=== Approx. analytical OQ’ === Approx. analytical Phas@ / . .
E ' O@ ) E ' Q/O WI-I-h.
w100 //> w10 A /))//>
. S
Dim 5 operator (‘ % T :
P Y < ¢pr = —2  (amount of supercooling)
. Tpr
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''''''''''''''''''''''''''''' o Tru high/| h :
freeze—in dominates €VD = 7= ( |9 /OW re eGTlng -I-emp)
L , - : o ' ' -H Tvp
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&vp &vp r
. = speed of the deca
20 20 H(CLPT) ( p Y)
15 15
E E . . . .
U 10 4 w104 =
S (5 o5 00 1= 00 Phase-in is easier to achieve
y=01 y=01 when the scalar field decays
A = (b1 A = ()01
7=0001 =000 instantaneously.
o :-\p])t'm:. analytical o :-"k[]-])t'u_‘(. analytical
1 T 1 :
1 15 20 1 15 20
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Conclusions and Implications

» Phase-in is feasi

ole in many scenarios. In this case, the DM re

mostly sensitive -
to the reheating

0 the temperature of the radiation atter the
temperature.

ic density becomes

PT and not as much

= While the reheating temperature is challenging to determine from cosmological

data, the tempe

PT is more “accessible” through the ex

rature of the thermal bath after a strong cosmological Irst order

fpeak ¢ TRD
\j P€a b

oected gravitational waves background:

= Since, DM production would happen at ditfferent times in the evolution, the later

produced DM could contribute via a WDM component

(more details in [2504.10593])

Henda Mansour

Dark Matter 2025 @Santander

20


https://www.arxiv.org/abs/2504.10593

