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Thermal history of the universe

The highest temperature that we have direct observational evidence of is
T ~ 5 MeV (BBN, CMB).
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Thermal history of the universe

The highest temperature that we have direct observational evidence of is
T ~ 5 MeV (BBN, CMB).

Still, we can explain features of the present universe by assuming particular
dynamics of the earlier universe:

e dark matter abundance from WIMP freeze-out, assuming that at some
point T > Muymp.

e baryogenesis at the weak scale or above, leptogenesis at RH neutrino scale.
e flatness / horizon problem — inflation at some unknown high scale.

In particular, inflation sets an upper energy scale given by the reheating
temperature

Tr ~ /T Mp
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Reheating and Super-Weakly interacting particles

As example, goldstino production dominated by highest temperatures
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More on Reheating
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After (slow-roll) inflation, the inflaton field ® coeherently oscillates around
the minimum of its potential, damped by decays into SM particles. Universe
is matter-dominated until the inflaton has decayed away.

The reheating temperature is the maximum temperature of the plasma in
(our) radiation-dominated era.

Low scale of inflation typically gives low Tg:

3 3/2
. myg, mo
e.g. if I_[ = M7I2D — TR ~ 1 GeV (m)

(** similar if other source of matter-domination, e.g. unstable moduli *¥)
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The radiation bath reaches a higher temperature during matter-domination:
in particular, the highest temperature ever reached is
/4 3
Tmax ~ | = | Te> Tr
Tr

Between Tpjax and Tg, entropy injection by inflaton decay — Early pro-
cesses diluted away and remnants are dominated by the lowest temperature
at which the processes are still relevant (e.g. WIMP production with low

TRr).
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Super-Weakly interacting particles & matter domination

[AM,C.S.Shin, 1505.03149, PRD]
As example, goldstino in MSSM (also multiple goldstini)

2
LD = Cop — IfF
For Tr < T < mg, consider decay of squarks or gauginos into goldstinos:
g < (q, A CAL.
SUSY breaking F-term determines interaction strength: either freeze-in or
freeze-out 1
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Chemical freeze-out and kinetic equilibrium

If ¢ in kinetic equilibrium (f; oc exp(—p/T)), the Boltzmann equation is
i + 3Hnc = ((Mgng? — (ov)cqncns?) = (M7ng(1 = ne/nf)

where the second term represent inverse decays (relevant when ng ~ nceq ).

e.g. for WIMPs, x+ SM — x + SM stays in equilibrium long after x +x —
SM + SM freezes out.

Different for superWIMPS:

M +9 = C+9) < 1/FY M(G— q¢) x 1/F? = f(p) # £5(p).
The Boltzmann equation for the distribution function is
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7/14

= Clfe],




.
Momentum-dependent freeze-out

Goldstinos are in chemical (thus, kinetic) equilibrium if they can inverse-
decay back into the heavy squarks. Momentum-dependent statement.

Re(p, a) = Boduction rate ), T) fe(p, T)/ (P, T)
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Analytically, given T¢(a) = (ﬁ) <2RaTR> :

f:(p,a) = { exp [_ (p/TC(a))WH} , P <prola)
B expl—p/T(a)], p> pr.(3)
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Momentum-dependent freeze-out

Goldstinos are in chemical (thus, kinetic) equilibrium if they can inverse-
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Momentum-dependent freeze-out

Goldstinos are in chemical (thus, kinetic) equilibrium if they can inverse-
decay back into the heavy squarks. Momentum-dependent statement.
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For example, for mg = 1 TeV, F = (100 TeV)Z, the resulting yield is:
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blue: our results.
red: assuming kinetic equilibrium (overestimates by a factor of ~ 4).
dashed red: neglecting matter-dominated era before Tg.
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Late-Time Implications: Dark Matter
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Late-Time Implications: RPV

N
With baryonic RPV, Wggrpy = 4 ufdfdg + h.c.

Proton decay p — (K forces m¢ > mj.

Goldstino Decay ¢ — u;d;di disintegrates light elements:
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Very-Late-Time Implications: LHC

More generally, freeze-in during matter-dominated era (almost always) pre-
dicts displaced vertices at the LHC in most of the parameter space (in our

case, long lifetime of the squark decaying to goldstino).
[Co,D’Eramo,Hall,Pappadopulo, 1506.07532]

If B— X+SMwith g = )\2%, fitting the observed DM abundance gives,
for mx = 100 GeV and mg = 300 GeV:
A=2x10"% if Tgr=46GeV
=2x107" if Tr=24GeV

Demarcation between Fl and FO:
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Lifetime at the LHC: crg ~ 10™5m <10 ) <300 GeV)
A e

7 9
~ 10m Tr 300 GeV ( mx )
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N —
Conclusions

| have discussed the possibility of super-weakly interacting particles ther-
mally produced during an early matter-dominated era. If the Universe never
reheated at high energies, this was the only chance!

The correct dark matter density can be reproduced for reheating tempera-
tures as low as 1 GeV (even for much heavier, TeV-scale, squarks)

If the interaction strength is not too small, thermal equilibrium of the goldsti-
nos can be mantained by chemical interactions only, and this is momentum-
dependent. Kinetic interactions are frozen out at low momentum and the
distribution function acquires a non-standard form.
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Thank you!

...questions?
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Example: WIMP freeze-out in matter-domination

Decoupling during RD era, for Tg > Tro:

Mx /Tro\ 1078 GeV—2
2 X/ T FO
(e 01 (M Tro) 107 G

For example, implies unitarity bound Mx < 300 TeV.

Decoupling during MD era, for Tg < Tro:
[Giudice,Kolb,Riotto, PRD 64 023508]

1027\’ / a
T, T, : Qx h? ~ 102
Fo > Imax X 0 < My ) (0.01)
2 2 Tr \*
Tro < Tymax : Qxhe ~ (Qxh )0 <>
Tro

Removes unitarity bound. Lower cross section, higher mass range allowed
(e.g. WIMPzillas).
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Examples: WIMP freeze-out in matter-domination

WIMP decoupling during MD era, for Tg % T
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