HIDDe@Q) e ‘.'DJJ.CLcab

Laboratoire de Physique
des 2 Infinis

Hunting Invisibles: Dark sectors, Dark matter and Neutrinos

Thermal effects In DM
production

Salvador Rosauro-Alcaraz

In collaboration with A. Abada, G. Arcadi, M. Lucente & G. Piazza,
based on arXiv:2308.01341

This project has received funding /support from the European Union’s Horizon 2020 research and innovation programme under the Marie Sktodowska -Curie grant agreement No 860881-HIDDeN


https://www.goettingen-tourismus.de/uebernachten/pauschalen-angebote/gauss-in-goettingen-erleben/#/de/goettingen-tourismus/default/detail/Package/k_7664/gauss-in-goettingen-erleben

Introduction

Dark matter

D. P. Roy, arXiv:physics/0007025

observed

Planck Collaboration, arXiv:1807.06209

Q"bshz = (0.1193 + 0.0009

expected
from
_ luminous disk

108 104 1000 100 1 Y e n N i d ¢ .

1 IIIIIII 1 Illllll 1 Illllll 1 IIIIIII I I III

/ ———g : e : . L9 R (kpc)
- " .v- — . . .
. . k - *
. 4 . . o . -
/ b . S - . . I
b . Q"'.' . -~ . .

I T TTTTH
1 L1 11117

104

2
)
s
p : § .
s B 1 &r -
= [ A : M33 rotation curve
= 7
a. 1000 E -
E i : sk
.g - : o
8 N .
2. 100 - S
— 3 o
s ] Ssar
§ i ® SDSS galaxies ] o
- 10 % Cluster abundance a
§ s m Weak lensing ] ©
5 - A Lyman Alpha Forest - & |

1-_IIIIIIII | llIIIllI | IIIlIIII | IIlIIIlI L1 1 11l

0.001 0.01 0.1 1 10
Wavenumber k [h/Mpc]

27.6
T

| 1 1 1 @l I"" 1 : 1 :~ - il '.l ..‘.‘..‘tl: :.
195.5 195 194.5
RA (J2000)




Introduction
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Origin of neutrino masses

%

Include singlet fermions Np ( LC) —
N

1 _
After SSB, Dirac mass term mp = vyt Interactions between 71, and SM
g through active-heavy mixing
g —
m, ~ mpM~'m? Z D> —=W,.y'P, (Nyl + @nh) +h.c.
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Neutrino as dark matter
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Neutrino dark matter production
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e Dodelson-Widrow mechanism 10~10f

A. de Gouvéa et al., arXiv:1910.04901

AT
overproduction

S. Dodelson & L. Widrow, arXiv:hep-ph/9303287 %
D 10712} g
DM abundance from v oscillations < 1-14] © A rays
and collisions in the plasma ” [0-16
Irreducible contribution‘ 10-18| B
HH ‘ || TTTTTTTTTTTT
1020 underproduction
R
1 10 107

my (kCV)

10°



Introduction

Neutrino dark matter production
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Neutrino dark matter production

For T ~ 100 GeV|

Freeze-in production through
decay of heavier particles— DM
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Neutrino dark matter production
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» Scalar coupled to singlet neutrinos
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Production through SM + heavy v decays

Propagating states in the early Universe

One should not use the T' = 0 v-states to compute the production rate

D. Boyanovsky et al., arXiv:1609.07647 :
A. Abada, G. Arcadi, G. Piazza, M. Lucente & SRA, arXiv:2308.01341

Just like matter effects in v
oscillations, the mixing changes with 1

Le Bellac, Thermal Field Theory (1996)




Optical theorem in TFT

M. Le Bellac, Thermal Field Theory (1996)
H. Weldon, Phys. Rev. D (1983)

Example . How does the n; distribution
fa evolve with time?
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I'4.. represents the decay through n. £, — W, while I, the inverse process
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Optical theorem in TFT

Bellac, Thermal Field Theory (1996)

M. Le Be
H. Weldon, Phys. Rev. D (1983)
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DM production without heavy v

Gauge boson contributions

Consider just a light v species
and the keV DM candidate

D. Boyanovsky et al., arXiv 160907647

A. Abada, G Arcadi, G Piazza, M. Lucente & SRA, arXiv:2308.01341 n’l,

ZW(p09p9 T) — Z %la a] pO’p9 T)



DM production without heavy v

Gauge boson contributions

D. Boyanovsky et al., arXiv 160907647
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DM production without heavy v

Gauge boson contributions
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DM production without heavy v

Gauge boson contributions

A. Abada, G. Arcadi, G. Piazza, M. Lucente & SRA, arXiv:2308.01341
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DM production without heavy v

Gauge boson contributions

A. Abada, G. Arcadi, G. Piazza, M. Lucente & SRA, arXiv:2308.01341
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DM production including heavy v

Higgs contribution

A. Abada, G. Arcadi, G. Piazza, M. Lucente & SRA, arXiv:2308.01341
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DM production including heavy v

Higgs contribution

A. Abada, G. Arcadi, G. Piazza, M. Lucente & SRA, arXiv:2308.01341
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* Both helicities couple to the Higgs
 Heavy v can give large contributions (mixing angles not affected)

 Fermion decays (n;) to scalars tend to be larger with 1’

T. Lundberg & R. Pasechnik, arXiv:2007.01224



DM production including heavy v

Higgs contribution

A. Abada, G. Arcadi, G. Piazza, M. Lucente & SRA, arXiv:2308.01341
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Results

Production rates for fixed momenta
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Results

Production rates for fixed momenta

[z, p) < H(2)

=
k=== w/0 ' C
B v/o ML i \RH helicity
7
%
2 %(14 ~/ 1()_6
_é—“"'"N\\\ mDM ~ 1() k@V
% N
Z R
v R
3 i
7 N
4 | RH helicity | ’\L AP
i I frrfN~15O GeV]
) 3 4 5

y =p/ T|



Results

Production rates for fixed momenta
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Results

Production rates for fixed momenta
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Results

Production rates for fixed momenta
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Results

Production rates for fixed momenta

(7, p) < H()|
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Results

Production rates for fixed momenta
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Conclusions

« keV neutrino DM is still an interesting candidate

 Among the many possible production mechanisms, freeze-in comes up
naturally within neutrino mass models necessary to explain oscillation data

« However thermal effects play a fundamental role in the production,
dramatically changing the picture from the rates in vacuum



Conclusions

* We find that weak gauge bosons do not contribute to the
production beyond the DW mechanism Q. /Q9% ~ 1071

 However production through heavier v decays to the Higgs and DM
completely changes this picture, opening the possibility to freeze-in v DM

Q./Q0% > 0.05

* A scan of parameter space is necessary to check whether the whole
DM abundance can be explained or not within this mechanism
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Neutrino as dark matter
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Neutrino as dark matter

Vé(Yu)(m ) Small Yukawa coupling
Type-| seesaw‘ U 4~
M. C. Gonzalez-Garcia & J. Valle (1992)

Mprg At least need 2 heavier v
to explain oscillations
M. Malinsky et al., arXiv:0506296

_ _ 1 _,
Inverse seesawl Z D — LY DN — Ny AN, — ENI%MN;Q +h.c.

Active-heavy mixing O(1) thanks to approximate L-number symmetry y < my, A

m,, ~ (mp/ N)*u A can be at the EW scale, while 4 ~ keV
A. Abada & M. Lucente, arXiv:1401.1507 h R — —

Need at least a pair of Np
and N, for oscillations




Introduction

Neutrino as dark matter

by Vé(Yu)a 4 ) Small Yukawa coupling

Type-| seesaw‘ 4~

— — ) Mpay At least need 2 heavier v
to explain oscillations

_ . —, | -
Z D — LY ONp — NoANR — ENz(éﬂNk +h.c.
(2,3)-1ISS|  Add 2 N and 3 Npy——»One Ny has mass y = mp,, ~ keV

A. Abada & M. Lucente, arXiv:1401.1507
A. Abada et al., arXiv:1406.6556

Need at least a pair of Np
and N, for oscillations

Hierarchy in the
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Production through SM + heavy v decays

Rates using states at 7' =0

= H gy Mj; 20, 12
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Production through SM + heavy U decays

Rates using statesat 7 =0 N 01

H E Disallowed by
n, — + 1% 120 X-Ray
M - DMI L 10 5 s

A. Abada et al., arXiv:1406.6556
M. Lucente, arXiv:2103.03253




Self-energy decomposition

Projections

_ O) _ 5. p3) (2)
Z_yoz / pz + 2 ZW(p09p9T)_ Z%la a] p()apaT)
1
y(0) — ZTI. [}’OZ]
| 1 L o Is the self-energy contribution in the
2 = —Tr [7 ‘PZ] flavor basis when v masses can be
411 neglected with respect to the other scales
> = —Tr[X]

A



Self-energy decomposition

Dispersion relation in the toy 2x2 case




Self-energy decomposition

Dispersion relation in the toy 2x2 case

2 2

QNT) — 222 tan? 20 — DY tan 26
5 4 2
(Py =P )osa + o 1 =0
———tan 20 — My, [1 + tan 26’]

QNT) = (py— hp)(o,” + ho,")

1‘/ .

LH helicity & = — RH helicity 7 = + 1
2
1 0) (1) w1 _"Mom, 0, )
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DM production without heavy v

Gauge boson contributions
D. Boyanovsky et al., arXiv:1609.07647 /,,’ | H v recejve | arge thermal

A. Abada, G. Arcadi, G. Piazza, M. Lucente & SRA, arXiv:2308.01341
20(6® — 51 corrections (h = — 1)

QNT) =2p (Ap+iry) = | i
2 ; elf-energy corrections chirality
supp'ressed forRHv (h = + 1)

The equilibration rate is related to Fﬁ‘ = — 2Im (p())
m? mg
QNT) — = tan’ 26 ———tan 20
(p() p°) 2%2 >

I an20  —md, [1 + - tan? 29]



Self-energy decomposition

Dispersion relation in the toy 2x2 case

2 2

QNT) — 222 tan? 20 — DY tan 26
5 4 2
(Py =P )osa + o =0
———tan 20 — My, [1 + — tan 26’]
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DM production without heavy v

Gauge boson contributions
___——PLHvreceive large thermal

2p(0(0) — (;(1)) corrections (h — — 1)

QNT) =2p (Ap+iry) = | i
2 ; elf-energy corrections chirality
supp'ressed forRHv (h = + 1)

The equiibration rate Is related to F? == m (p)

26’27/L 2
For Dirac v [y = U R —— (‘927) /L
(1+2pA;/im3,,)" + 4p2yEim},,

D. Boyanovsky et al., arXiv:1609.07647
A. Abada, G. Arcadi, G. Piazza, M. Lucente & SRA, arXiv:2308.01341



DM production without heavy v

Gauge boson contributions

A Eggggoés%g;g{ ,(gr)lz(’ii\all:z-lzﬁa?gl\./??l?jc:?ente & SRA, arXiv:23O8.6O1341 LH v receive Iarge thermal
U, ~ 107 corrections (h = — 1)
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10~7 — ), = +1
Self-energy corrections chirality
N suppressed for RH v (h = + 1)
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DM production without heavy v

Gauge boson contributions
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DM production including heavy v

Higgs contribution
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Results

Production rates for fixed temperature
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