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Nonthermal cosmic neutrino background Neutrinos vs. photons

Neutrinos vs. photons

1= there is plenty of evidence for photons coming from the sun

11

w5 solar ys: flux ~ ————...seen in various experiments
cm< sec

1= CMB: relic photons
1010
& relic vs: flux ~ ————...not observed yet
cm? sec

= common knowledge: there are more photons than neutrinos
in our universe (n, ~ 412cm™ & n, ~ 336 cm™)

main message of this talk:

there might be more neutrinos than photons!

Michael Ratz, UC Irvine CH 2017, Heidelberg
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Standard picture
e CMB (measured)

Ty~273K=235-10"eV

ny =412 cm™3

e standard CvB (predicted)
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Nonthermal cosmic neutrino background Standard CvB

Standard picture
e CMB (measured)

Cend of nflation_ T, ~273K ~235-10"*eV

ny =412 cm™3

e standard CvB (predicted)
T,, =Ty - (4/1D'° =~ 1.95K
n,, ~336cm™

<« Ade et al. (2016)
e Ner =3.2%0.5

og: present linear-theory mass dispersion at a

today

scale 84~ Mpc

indirect evidence: Ngfv’the(’r” =3.046
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Nonthermal cosmic neutrino background

Standard picture

end of inflation

(T ~ MeV)

Michael Ratz, UC Irvine

Standard CvB

e CMB (measured)
T,~273K~235-10"%eV

ny =412 cm™>

e standard CvB (predicted)
T, =Ty, 4/11)? ~1.95K

n,, ~336cm™

Ade et al. (2016)
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Nonthermal cosmic neutrino background Nonthermal Dirac neutrinos

Standard picture + nonthermal Dirac neutrinos

end of inflation
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Dirac neutrinos in the early universe

== Dirac neutrinos get their mass from the Yukawa coupling

L, =YY (f,.L)-H'va+h.c.
YL

w m, < 0.1 eV ~ singular values of ¥, < 1072
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Nonthermal cosmic neutrino background Dirac neutrinos in the early universe

Dirac neutrinos in the early universe

== Dirac neutrinos get their mass from the Yukawa coupling

L, =YY (f,.L)-H'va+h.c.
YL

== standard CvB initially consists only of left—chiral neutrinos v

while VR are too Weakly Coupled Antonelli, Fargion, and Konoplich (1981)
49 VR
30

., i 1
12 16 zlo - 24 (K) 4 8 12 16 20 24(K)
-9 -5 -1 3 7 1(GeV) -9 -5 -1 3 7 11 GeV)
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Nonthermal neutrino background

= [, < H implies:

¢ no thermal production of vz as well as
¢ no thermalization of existing abundance of vg

1= assume that there is a primordial nonthermal abundance of vg

1= most extreme possibility: degenerate Fermi gas
fill vg states from the bottom up

7 ultrarelativistic approximation
n o= 8
R 62 ¢
1 8.4
Pw = 87‘(2‘2{
& E [ g = 2 for spin—1/2 fermion

Michael Ratz, UC Irvine

LAUNCH 2017, Heidelberg
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Nonthermal neutrino background

= [, < H implies:
¢ no thermal production of vz as well as
¢ no thermalization of existing abundance of vg

1= assume that there is a primordial nonthermal abundance of vg

1= most extreme possibility: degenerate Fermi gas
fill vg states from the bottom up

f f

Unt

Vth

EF E €y
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LEvolution of the nonthermal background

Evolution of the nonthermal background

a(Tru) )3

an(T) = nVR(TRH) ( a(T)

scale factor & E

el Ratz, UC Irvine CH 2017, Heidelberg



Nonthermal cosmic neutrino background Nonthermal neutrino background

LEvolution of the nonthermal background

Evolution of the nonthermal background
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Evolution of the nonthermal background

3
() = L6850
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Evolution of the nonthermal background
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LEvolution of the nonthermal background

Evolution of the nonthermal background

¥
& gs(@) 4
n,,(T) = = ——"T"
(D 67 g.s(Tru)
EF E
1y (Ty) _ g§3 8:s(Ty) ANOR — §£8_§4 (g*S(TBBN))4/3
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Evolution of the nonthermal background

¥
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EF E
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maximal number of nonthermal neutrinos:
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LEvolution of the nonthermal background

Evolution of the nonthermal background

¥
& gs(@) 4
n,,(T) = = ——"T"
(D 67 g.s(Tru)
EF E
1y (Ty) _ g§3 8:s(Ty) ANOR — §£8_§4 (g*S(TBBN))4/3
ny 124(3) gus(Tru) eff 78 2\ gus(Tru)

maximal number of nonthermal neutrinos:

(VR)

3/4
ny(T,) = 0.53n7,[ 0.‘37“ ) s 217em™

[ Planck: AN = 0.2 +0.5 ]
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How to look for relic neutrinos
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L Direct detection of CvB on earth

Direct detection of CvB on earth

w proposal: capture v’s with tritium *H Nebens (1962

Bdecay: *H — *He' + ¢ + ¥

Michael Ratz, UC Irvine CH 2017, Heidelb
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Direct detection of CvB on earth

w proposal: capture v’s with tritium *H Nebens (1962

— He" + e + Ve

ve +°H - 3He* + [ll]l — measure spectrum
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L Direct detection of CvB on earth

Direct detection of CvB on earth

w proposal: capture v’s with tritium *H Nebens (1962

— He" + e + Ve

ve +°H - 3He* + [ll]l — measure spectrum

o (E}"Yoqay ~ 1.7-107% eV
o Am?, ~7.5-107eV?
Amiy ~ 251077 eV?
~ at least two species
are nonrelativistic!

+iy

Sterile v

Electron Spectrum (drI' /dEg)

(P2y ) wurodpus Auoap—g
AM 98I =Ty

Electron Kinetic Energy ( K;)

Long, Lunardini, and Sabancilar (2014)
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L Direct detection of CvB on earth

Experimental proposal

[from Long @COSMO '14]

PTO LEMY (Princeton Tritium Observatory for Light, Early-Universe, Massive-Neutrino Yield)
C. Tully et. al. (2013)

0y 3 Ly
b A bk -
LA MAC-E filter
t*t\,{\{j\x\{"‘ (reject E < 50-150 eV
[ J‘TI‘IJ below endpoint)

tritium
source : Calorimeter
1 g prototype — next 2 yr, /- N 8E ~(0.1-0.15) eV

100 g target — 3 yr?

Michael Ratz, UC Irvine 2 Heidelberg
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L Direct detection of CvB on earth

Experimental proposal

[from Long @COSMO '14]

PTO LEMY (Princeton Tritium Observatory for Light, Early-Universe, Massive-Neutrino Yield)
C. Tully et. al. (2013)

MAC-E filter
(reject E < 50-150 eV
below endpoint)

tritium
source

1 g prototype —next 2 yr,
100 g target — 3 yr?

8B ~ (0.1-0.15) eV

15 expected rate: 8-23 events per 100 g tritium and year for
Majorana neutrino

de Salas, Gariazzo, Lesgourgues, and Pastor (2017)

[ depends on DM halo & absolute v mass ]

Irvine H 2017, Heidelberg
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Dirac vs. Majorana

5 detectable neutrinos are nonrelativistic
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http://inspirehep.net/search?p=Long:2014zva
http://inspirehep.net/search?p=deSalas:2017wtt
http://inspirehep.net/search?p=Ringwald:2004np
http://inspirehep.net/search?p=deSalas:2017wtt

Nonthermal cosmic neutrino background Detection of relic neutrinos

L Discriminating Dirac from Majorana neutrinos

Dirac vs. Majorana

5 detectable neutrinos are nonrelativistic

== Dirac neutrinos: 50% are “lost” for detection

Long, Lunardini, and Sabancilar (2014)
de Salas, Gariazzo, Lesgourgues, and Pastor (2017)

Majorana __ Dirac 8-23
l—‘CVB - 2 ’ 1—‘CVB ~ yr_] . loog

Michael Ratz, UC Irvine H 2017, Heidelberg
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L Discriminating Dirac from Majorana neutrinos

Dirac vs. Majorana

5 detectable neutrinos are nonrelativistic

== Dirac neutrinos: 50% are “lost” for detection

Long, Lunardini, and Sabancilar (2014)
de Salas, Gariazzo, Lesgourgues, and Pastor (2017)

Majorana __ Dirac 8-23
l—‘CVB - 2 ’ 1—‘CVB ~ yr_] . loog

= |ocal v density higher than average

Ringwald and Wong (2004) ; de Salas, Gariazzo, Lesgourgues, and Pastor (2017)

8

e.g. [pa™ ~ 23yr1/100g form, = 150meV

Michael Ratz, UC Irvine H 2017, Heidelberg
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L Detection of the nonthermal background

Detection of the nonthermal background

= relic v's are (mainly) nonrelativistic
= chiralities mix via the mass term: vg = “vio” & vi, = v
= half of the initial vg are “gained” for detection via 87!

1= clustering stronger for nonthermal neutrinos

Michael Ratz, UC Irvine ICH 2017, Heidelberg



Nonthermal cosmic neutrino background

Detection of relic neutrinos

LDetection of the nonthermal background

Detection of the nonthermal background

nnt/Nth

local (conservative)

local (optimistic) average

1.0

0.0

0.0 0.1 0.6

Abazajian, Chen & M.R. (to appear)

Michael Ratz, UC Irvine

Heidelberg
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L Detection of the nonthermal background

Detection of the nonthermal background

= relic v's are (mainly) nonrelativistic

= chiralities mix via the mass term: vg = “vio” & vi, = v
w half of the initial vg are “gained” for detection via B‘l
1= clustering stronger for nonthermal neutrinos

= Dirac suppression can be completely undone

Abazajian, Chen & M.R. (to appear)

Michael Ratz, UC Irvine ICH 2017, Heidelberg



Nonthermal cosmic neutrino background Detection of relic neutrinos

L Detection of the nonthermal background

Detection of the nonthermal background

= relic v's are (mainly) nonrelativistic

= chiralities mix via the mass term: vg = “vio” & vi, = v
w half of the initial vg are “gained” for detection via B‘l
1= clustering stronger for nonthermal neutrinos

= Dirac suppression can be completely undone

Abazajian, Chen & M.R. (to appear)

bottom-line:

discrimination between Dirac and Majorana through
measurement of relic neutrinos may be impossible

Michael Ratz, UC Irvine ICH 2017, Heidelberg
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Is there an appropriate vg production mechanism?

1= e.g. fermionic preheating

Greene and Kofman (1999)
Baacke, Heitmann, and Patzold (1998)

Michael Ratz, UC Irvine H 2017, Heidelberg


http://inspirehep.net/search?p=Greene:1998nh
http://inspirehep.net/search?p=Baacke:1998di

Nonthermal cosmic neutrino background Production of nonthermal vg

Is there an appropriate vg production mechanism?

1= e.g. fermionic preheating

Greene and Kofman (1999)
Baacke, Heitmann, and Patzold (1998)

1= large amounts of vg get produced during inflation and get
‘cooled down’ afterwards

Michael Ratz, UC Irvine ICH 2017, Heidelberg
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Summary & outlook

Q neutrinos might be more abundant than photons!

fereation Neg relic density
vie tBeN~1s  3.046 n, ~336cm™
Vnt Tinfl. <0.7 ny, S 217 CIII_3

y t=38-100a 16/7 n,~412cm™
(ny, < 84cm™ for ANg = 0.2)
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and Majorana



Summary & outlook

Q neutrinos might be more abundant than photons!

Q nonthermal neutrinos may spoil the distinction between Dirac
and Majorana

a nonthermal neutrinos directly probe the universe at the stage
of inflation



Nonthermal cosmic neutrino background Summary & outlook

Standard picture + nonthermal Dirac neutrinos

end of inflation

Michael Ratz, UC Irvine ICH 2017, Heidelberg
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Nonthermal cosmic neutrino background Backup

L Fermionic preheating

Fermionic preheating

. . Greene and Kofman (1999)
1= jngredients Baacke, Heitmann, and Patzold (1998)

2
m
v/ massive scalar field ¢ such as inflaton w/ ¥ (¢) ~ 7¢¢2

v coupling to fermions 1 ¢ ¥Y¥

Michael Ratz, UC Irvine ICH 2017, Heidelberg
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Nonthermal cosmic neutrino background Backup
L Fermionic preheating

Fermionic preheating

. . Greene and Kofman (1999)
1= jngredients Baacke, Heitmann, and Patzold (1998)

2
m
v/ massive scalar field ¢ such as inflaton w/ ¥ (¢) ~ 7¢¢2
v coupling to fermions 1 ¢ ¥Y¥

~ (nonperturbative) “parametric resonance” effect:

H Greene and Kofman (1999)

06 1 2 42 2
q=10° qg =41 ¢O/m¢

ng

0 50 100 150 200 25( 300 2 TRH

K’
» 2,2
occupation number of fermions in myo~-inflation

after 50 inflaton oscillations

Michael Ratz, UC Irvine H 2017, Heidelberg
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Nonthermal cosmic neutrino background Backup

L Fermionic preheating

Nonthermal vg production mechanism

¢ to produce nonthermal vg one needs a coupling
Z > AqﬁvR_CvR + h.c.
e Majorana mass term forbidden by e.g. Zﬁ Witten (2001)

¢ reheating of the SM via perturbative decay of ¢,
or ¢*H? coupling and the “scalar” parametric resonance

Kofman, Linde, and Starobinsky (1994) ; Traschen and Brandenberger (1990)

Michael Ratz, UC Irvine ICH 2017, Heidelberg
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LDiscriminate thermal from nonthermal relic neutrinos?

Discriminate thermal from nonthermal relic neutrinos?

1= obvious difference: spectrum?
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Discriminate thermal from nonthermal relic neutrinos?

1= obvious difference: spectrum?
= would require e~ energy resolution of O(lO“‘)eV
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Nonthermal cosmic neutrino background Backup

LDiscriminate thermal from nonthermal relic neutrinos?

Discriminate thermal from nonthermal relic neutrinos?

1= obvious difference: spectrum?
= would require e~ energy resolution of O(lO“‘)eV

=3 annual mOdUIation? Lisanti, Safdi, and Tully (2014)
due to different mean velocity

0.1ev) [ANCRY
(veyB, nt) =572(1+Z)( : ) O—‘f] kms™!
§ .
0.1eV
ors. ) = 1580 (1 + 2 L8 )kms—l
my

Michael Ratz, UC Irvine LAUNCH 2017, Heidelberg
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Nonthermal cosmic neutrino background Backup

LDiscriminate thermal from nonthermal relic neutrinos?

Discriminate thermal from nonthermal relic neutrinos?

1= obvious difference: spectrum?
= would require e~ energy resolution of O(lO“‘)eV

v annual modulation? Lisanti, Safdi, and Tully (2014)
due to different mean velocity

(R) 1/4
Ag]‘f ] kms™!

veyg, nty =572(1 +72) (0-1 eV)

4

0.1eV

ny,

(veye. 1y = 1580(1 +z)( )kms-l

= it would in principle also be possible

Huang and Zhou (2016)

Michael Ratz, UC Irvine LAUNCH 2017, Heidelberg
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Nonthermal cosmic neutrino background Backup

LDiscriminate thermal from nonthermal relic neutrinos?

Discriminate thermal from nonthermal relic neutrinos?

1= obvious difference: spectrum?
= would require e~ energy resolution of O(lO“‘)eV

=3 annual mOdUIation? Lisanti, Safdi, and Tully (2014)
due to different mean velocity

(R) 1/4
AZ(;’?R ] kms™!

veyg, nty =572(1 +72) (0-1 eV)

4

0.1eV

ny,

(veye. 1y = 1580(1 +z)( )kms-l

= it would in principle also be possible

Huang and Zhou (2016)
1= however, this would require 0(106) recorded events

Michael Ratz, UC Irvine LAUNCH 2017, Heidelberg
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