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D Direct detection of relic neutrinos

Proposed methods and their pros/cons

Based on: .

Cocco+,
JCAP 06 (2007) 015

Long+,
JCAP 08 (2014) 038

Sterilev
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B Neutrino spectrum
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(CNB neutrinos have extremely small energy!}

astrophysics


https://doi.org/10.1103/RevModPhys.92.045006

B The oldest picture of the Universe

The Cosmic Microwave Background, generated at t ~ 4 x 10° years
COBE (1992) WMAP (2003) Planck (2013)




The oldest picture of the Universe

The Cosmic Neutrino Background, generated at t ~ 1 s

..— 2021 — ...
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B Stodolsky effect?

[How to directly detect non-relativistic neutrinos?]

[Stodolsky effect} (only if there is
[Stodolsky, 1974][Duda et al., 2001] lepton asymmetry)

energy splitting of e~ spin states due to
coherent scattering with relic neutrinos

!

torque on e~ in lab rest frame

!

use a ferromagnet to build detector

J

measure torque with a torsion balance


https://doi.org/10.1103/PhysRevLett.34.110
https://doi.org/10.1103/PhysRevD.64.122001

B Stodolsky effect?

[How to directly detect non-relativistic neutrinos?]

[Stodolsky effect} (only if there is
[Stodolsky, 1974][Duda et al., 2001] lepton asymmetry)

energy splitting of e~ spin states due to
coherent scattering with relic neutrinos

!

torque on e~ in lab rest frame

!

use a ferromagnet to build detector

J

measure torque with a torsion balance

expected a, ~ O(1072%) cm/s? J-—»[ Aexp 0O(107%2) cm/s?



https://doi.org/10.1103/PhysRevLett.34.110
https://doi.org/10.1103/PhysRevD.64.122001

B At interferometers?

{How to directly detect non-relativistic neutrinos?}

{At interferometers]
[Domcke et al., 2017]

coherent scattering of measure oscillations
- - -
relic v on a pendulum at interferometers
Pendulum
Iy ;
CNB wind |
- .
R ra Interferometer
- . Lo



https://doi.org/10.1088/1475-7516/2017/06/055

B At interferometers?

{How to directly detect non-relativistic neutrinos?}

{At interferometers]
[Domcke et al., 2017]

coherent scattering of measure oscillations
- - -
relic v on a pendulum at interferometers
Pendulum
Iy ;
CNB wind |
- 9
R Interferometer
- . Lo
| SIS |

expected ~
1073 < a,/(cm/s%) < 102 H a6 Virgo = 1071 cm/s* |



https://doi.org/10.1088/1475-7516/2017/06/055

B CEvNS?

First of all: what's Coherent Elastic v-Nucleous Scattering?

elastic scattering where v interacts with nucleous “as a whole”

A scattered Predicted for [§|R < 1
neutrino by [Freedman, PRD 1974]

small recoil energies! < 10 keV. ..
difficult to measure
do GZM
—(E,,T) ~ —F—n?
( v ) 47

dT
[Drukier, Stodolsky, PRD 1984]

enhancement N? because
v interacts

el coherently with all nucleons
secondary
recoils .
may give huge cross

section enhancement

scintillation



https://doi.org/10.1103/PhysRevD.9.1389
https://doi.org/10.1103/PhysRevD.30.2295

. CEVNS? [Shergold, arxiv:2109.07482]
First of all: what's Coherent Elastic v-Nucleous Scattering?

elastic scattering where v interacts with nucleous “as a whole”

[Can we detect relic neutrinos with CEI/NS?J

relic neutrinos have ~ 21 /py

J

enhancement in interactions due to coherence with nuclei in volume

0y Acceleration induced by CEvNS
of relic v on test mass M:

(3" o (A~ 2)/AE,/p2Bpunip)

A, Z mass, atomic numbers
pu, E, neutrino momentum and energy
Ap, net momentum transfer
n, neutrino number density
p target mass density

10727

1028
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10729

Qe tot,

H
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unclustered relic vs, n, = ng
aN of atoms in silicon target

My light (meV)



https://arxiv.org/abs/2109.07482

B Neutrino capture? (I)

[How to directly detect non-relativistic neutrinos?}

Remember that a process without energy
(E,)) =~ O(107%) eV today threshold is necessary

(anti)neutrino capture on ’

electron-capture-decaying nuclei
[Cocco et al., 2009]

electron capture (EC): e~ + AT — v, + B*

(e~ from inner level)

[178+A—>B_+e+} (De+e_+A+—>B}

must have very specific @ value specific energy conditions required
in order to avoid EC back-

alue depends o
ground and have no threshold but Q value depends on

jonization fraction!


https://doi.org/10.1103/PhysRevD.79.053009

Neutrino capture? (I)

[How to directly detect non-relativistic neutrinos?}

Remember that a process without energy
(E,)) ~ O(107*) eV today threshold is necessary

{ (anti)neutrino capture on }
electron-capture-decaying nuclei
[Cocco et al., 2009]
electron capture (EC): e~ + AT — v, + B*
(e~ from inner level)

£176+A—>B_+e+j [De+e_+A+—>Bj

must have very specific @ value specific energy conditions required
in order to avoid EC back-

lue d d
ground and have no threshold but @ value depends on

ionization fraction!
process useful only “if specific conditions on the Q-value are met
or significant improvements on ion storage rings are achieved”
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https://doi.org/10.1103/PhysRevD.79.053009

B Neutrino capture (1) - a viable method [Fenet JCAP 08 (2014) 038]

[How to directly detect non-relativistic neutrinos? ’

Remember that a process without energy
(E,)) ~ O(107%) eV today threshold is necessary

[[Weinberg, 1962]: neutrino capture in S—decaying nuclei v +n — p+ e~ ’

‘ Main background: [ decay n — p+ e~ + D!J

signal is a peak at 2m,
above [S—decay endpoint

My

only with a lot of material

Sterilev

need a very good energy resolution

FAA
\
IR

NN BT ~ PEy

(P®y)) uiodpus Aesep—g|

Electron Spectrum ( dIf/ dEg )

Y
i 1
i \
i

Electron Kinetic Energy (Ke )


https://doi.org/10.1103/PhysRev.128.1457
https://doi.org/10.1088/1475-7516/2014/08/038

B What material?

[Cocco+, JCAP 06 (2007) 015]

[best element has highest oncp(v/c) - t1/2 l

to minimize contamination from 3 decay background

Isotope Decay Qg (keV) Half-life (s) once(vy,/c) (1074 ecm?)
SH 8- 18.591  3.8878 x 10®  7.84 x 1074
63Ni 8- 66.945  3.1588 x 10° 1.38 x 1076
937y B 60.63 4.952 x 10" 2.39 x 10710
106Ru B~ 39.4 3.2278 x 107 5.88x 1071
0Tpq g 33 2.0512 x 101 2.58 x 10710
187Re (- 2.64 1.3727 x 108 4.32x 1011
e feas 960.2 1.226 x 10° 4.66 x 1073
13N 8t 1198.5 5.99 x 102 5.3 x 1073
150 Bt 1732 1.224 x 102 9.75 % 1073
18 gt 633.5 6.809 x 10° 2.63 x 1073
22Na Iohs 545.6 9.07 x 107 3.04x 1077
45y gt 1040.4 1.307 x 10*  3.87x 104
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. What material? [Cocco+, JCAP 06 (2007) 015]

[best element has highest oncp(v/c) - t1/2

to minimize contamination from 3 decay background

Isotope Decay Qg (keV) Half-life (s) once(vy,/c) (1074 ecm?)

Cu 3= 18501 38878 x 105 7.84 x 10~4)
63Ni 8- 66.945  3.1588 x 10° 1.38 x 1076
937y B 60.63 4.952 x 10" 2.39 x 10710
106Ru B~ 39.4 3.2278 x 107 5.88 x 10~*
Wpq  3- 33 2051210 258 x 10910

(8"Re - 2.64 1.3727 x 1018 4.32 x 10-11)
e feas 960.2 1.226 x 103 4.66 % 1073
13N 8t 1198.5 5.99 x 102 5.3 x 1073
150 ol 1732 1.224 x 102 9.75 x 1073
18 joas 633.5 6.809 x 10° 2.63 x 1073
22Na Iohs 545.6 9.07 x 107 3.04 x 1077

454 s 1040.4 1.307 x 10 3.87x 10~*
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B What material?

[Cocco+, JCAP 06 (2007) 015]

[best element has highest oncp(v/c) - t1/2

to minimize contamination from 3 decay background

Isotope Decay Qg (keV) Half-life (s) once(vy,/c) (1074 ecm?)
Cu 8- 18.501 _ 3.8878 x 105 7.84 x 10~*)
63Ni 8- 66.945  3.1588 x 10° 1.38 x 1076
937y B 60.63 4.952 x 10" 2.39 x 10710
106Ru B~ 39.4 3.2278 x 107 5.88x 1071
Wpq  j3- 33 20512 10 258 x 1010
(18"Re - 2.64 1.3727 x 1018 4.32 x 10-11)
e feas 960.2 1.226 x 10° 4.66 x 1073
13N 8t 1198.5 5.99 x 102 5.3 x 1073
150 ol 1732 1.224 x 102 9.75x 1073
18 johs 633.5 6.809 x 10° 2.63 x 1073
22Na Iohs 545.6 9.07 x 107 3.04 x 1077
45y gt 1040.4 1.307 x 10* 3.87 x 104

[3H better because the cross section (— event rate) is higher}



https://doi.org/10.1088/1475-7516/2007/06/015

B 3 and Neutrino Capture spectra [PTOLEMY, JCAP 07 (2019) 047]

2
[Ee —(Eend +mj+Miightest)]

ZUNT|Ue,| ng fe(m;) x e~ 202

dloxs
E.)
dE. ( e 210 4

N,
dT = ;NT Z |Ue;|2H(Ee, m,-)

i=1

dlg, . 1 [T drg (Ee — x)?
dEe (EE)_ 2o ‘/_oo dX dEe (X) exp |:_ 20_2
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B 3 and Neutrino Capture spectra [PTOLEMY, JCAP 07 (2019) 047]
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. . . Akhmedov, JCAP 2019
B Time variations of v capture rates [Akhmedov, JCAP 2019]

What if the lightest neutrino is massless
and A cannot be small enough?

single NC events cannot be distinguished by the background ((-decay)!

v capture rate  ['y¢ n, 2.54x1071 rates in the bin A
[ decay rate g~ 56cm=3 (A/eV)3 on the endpoint
1010 - Miightest = 0 meV

A=10 meV
108 A

106 4
104 4

102 4

dr/dEe [yr~! ev™1]

100 4

1072 T T L T T
-150 -100 =50 0 50 100 150
Ee - Eend,O [meV]
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B Time variations of v capture rates [Akhmedoy, JCAP 201]

What if the lightest neutrino is massless
and A cannot be small enough?

single NC events cannot be distinguished by the background ((-decay)!

v capture rate  ['y¢ n, 2.54x1071 rates in the bin A
B decay rate g~ 56cm=3 (A/eV)3 on the endpoint
1010 - Miightest = 0 MeV
A =50 meV
1081
I
% 106
T
> 10% 4
iy
2 102 i
T i
10° ~
10-2 . . i . .
-150 -100 -50 O 50 100 150

Ee - Eend,O [meV]
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B Time variations of v capture rates [Akhmedoy, JCAP 201]

What if the lightest neutrino is massless
and A cannot be small enough?

single NC events cannot be distinguished by the background ((-decay)!

vcapturerate  Iy¢  ny 254X 10~ rates in the bin A
[ decay rate g~ 56cm=3 (A/eV)3 on the endpoint

relic v

can be daily or annual modulation!

Eonly for v capture (no 6—decay)}



https://doi.org/10.1088/1475-7516/2019/09/031

B Time variations of v capture rates [Akhmedoy, JCAP 201]

What if the lightest neutrino is massless
and A cannot be small enough?

single NC events cannot be distinguished by the background ((-decay)!

vcapturerate  Iy¢  ny 254X 10~ rates in the bin A
[ decay rate g~ 56cm=3 (A/eV)3 on the endpoint
Problem:

Expected daily modulation

is ~ 19 i I
_relicv is ~ 1% of the signall!!

Must use powerful technique
for signal /noise separation

Fourier analysis and frequency
can be daily or annual modulation! filtering may be sufficient

Eonly for v capture (no 6-decay)} [no m,, information in this way!]



https://doi.org/10.1088/1475-7516/2019/09/031

. PTOLEMY [PTOLEMY Lol, arxiv:1808.01892]

Pontecorvo Tritium Observatory for Light, Early-
universe, Massive-neutrino Yield (PTOLEMY)

expected resolution A ~ 0.1 eV7 «— built mainly for CNB

l 0.05 ev?

‘can probe m, ~ 1.4A ~ 0.1 eV

L—— My =100 g of atomic 3H

3
— 2 — ~1
Feng = Y [Ueil *[ni(vhg) + ni(wn, ) NT & | ~ O(10) yr
i=1
Nt number of 3H nuclei in a sample of mass Mt 5 ~ 3.834 x 10~ % cm? n; number density of neutrino i

(without clustering)
'S. Gariazzo  “Neutrino clustering and CNB detection techniques”  EuCAPT 2021, 23/09/2021  11/35
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. PTOLEMY [PTOLEMY Lol, arxiv:1808.01892]

Pontecorvo Tritium Observatory for Light, Early-
universe, Massive-neutrino Yield (PTOLEMY)

expected resolution A ~ 0.1 eV7 «— built mainly for CNB

1 0.05 ev?

lcan probe m, ~ 1.4A ~ 0.1 eVI

—— M7 =100 g of atomic 3H

ehnancement from
{ ehnancement from }

other effects?
v clustering in the galaxy?

~. /

3
— 2 — ~1
Feng = Y [Ueil *[i(vhg) + ni(wn ) NT G | ~ O(10) yr
i=1
Nt number of 3H nuclei in a sample of mass Mt 5 ~ 3.834 x 10~ % cm? n; number density of neutrino i

(without clustering)



https://arxiv.org/abs/1808.01892

i i ; Roul CAP
B Dirac and Majorana neutrinos [Roulet-+, JCAP 10 (2018) 049]

direct detection through v, +3>H — e~ +3 He
only neutrinos with correct chirality can be detected!
non-relativistic Majorana case: v and v cannot be distinguished!

expect more events for the Majorana than for Dirac case

L L AL
1 Dirac normal
________________ Majorana —— or inverted
« 08F T . Dirac NH ------- E . .
g Dirac IH ------- ordering differ
2 el ) because lighter
8 OO v1 and 1> in NH
S o4l i are relativistic
3 |
@
0.2 - 1 almost
indistinguishable
0 T BT Ll L R
0.01 0.1 1 10 100  from Majorana

mlightest [meV]
'S. Gariazzo  “Neutrino clustering and CNB detection techniques”  EuCAPT 2021, 23/09/2021  12/35


https://doi.org/10.1088/1475-7516/2018/10/049

C Relic neutrino clustering

What about the local relic density of the CNB?

Based on:
= JCAP 09 (2017) 034 10t

= JCAP 01 (2020) 015

1+10° 4

/Mo

14107"

141072

my, [meV]


https://doi.org/10.1088/1475-7516/2017/09/034
https://doi.org/10.1088/1475-7516/2020/01/015

B v clustering with N-one-body simulations ~ PAP 09 (2017) 034]

Milky Way (MW) matter attracts neutrinos!

&
C|ustering ‘{ rCNB B Z |Ue,'|2 fc(m,) [ni’o(l/hR) T ni’o(l/hL)] NT o
\ i=1

fe(m;) = n;/n; o clustering factor — How to compute it?

Idea from [Ringwald & Wong, 2004] ——[N—one—body: N x single v simulations]

— each v evolved from initial conditions at z = 3

— spherical symmetry, coordinates (r, 6, p,, /)

vs are independent = need pmateer(2) = ppm(2) + Poaryon(2)

only gravitational interactions

. . . “ VV?
vs do not influence matter evolution [how iy v 5 ]

(pv < ppMm) — must sample all possible r, p,, /
— must include all possible vs that reach the MW
(fastest ones may come from
: several (up to O(100)) Mpc!)
— weigh each neutrinos
— reconstruct final density profile with kernel method from [Merritt& Tremblay, 1994]



https://doi.org/10.1088/1475-7516/2004/12/005
https://doi.org/10.1086/117088
https://doi.org/10.1088/1475-7516/2017/09/034

- CAP 2017 4
B Overdensity when mMyeaviest =~ 60 meV [JCAP 09 (2017) 034]

1.25 T T 1.25 T T
—_— NFW —_— EIN
1.20}
== NFW-+baryons m===_ EIN+baryons
=== NFW(optimistic) | | 1.151 A === EIN(optimistic) | |
=== baryons only i === baryons only
It 1.10
o
1.05¢
------- 1.00
0.95 L 0.95L L L
10' 10? 10° 10° 10' 10? 10° 10*
7 [kpe] 7 [kpc]
. overdensity f. 1
masses ordering matter halo Mot (yr1)
ich | K
any any any no clustering 4.06
NFW(+bar) 1.15 (1.18) || 4.07 (4.08)
_ NFW optimistic 1.21 4.08
m3 = 60 meV NO EIN(+bar) ! 1.09 (1.12) || 4.07 (4.07)
EIN optimistic 1.18 4.08
NFW(+bar) 1.15 (1.18) 4.66 (4.78)
_ NFW optimistic 1.21 4.89
m == m; =60 meV: |10 EIN(+bar) | 1.09 (1.12) ! 4.42 (4.54)
EIN optimistic 1.18 4.78

ordering dependence from T'cng = S5 |Ueil? ;i [ni(vhg )+ ni(vh, )] N7 &


https://doi.org/10.1088/1475-7516/2017/09/034

[JCAP 09 (2017) 034]

B Overdensity when m, ~ 150 meV
= minimal mass detectable by PTOLEMY if A ~ 100-150 meV

3.0 : 3.0f -
m— NFW m— EIN
= NFW-+baryons m===_ EIN+baryons
2.5K ——  NFW(optimistic) ——  EIN(optimistic) ||
?2'0 aryons only aryons only
15
10bs ——==== : -
10' 10% 10° 10° 10° 10*
r kpel rdensity f r kpel
matter halo OVerdensity fe Il (yr ™)
fi~h~f
any no clustering 4.06
NFW(+bar) | 2.18 (2.44) || 8.8 (9.9)
NFW optimistic 2.88 11.7
EIN(—|—bar) 1.68 (1.87) 6.8 (7.6)
EIN optimistic 2.43 9.9

no ordering dependence: my ~ my ~ m3 — f ~ Hh ~ f3


https://doi.org/10.1088/1475-7516/2017/09/034

B Assumptions and useful equations [JCAP 09 (2017) 034]

We assume possible AN
incomplete thermalization —| falp) = eP/Tv +1 AlNett factive(p)
(due to some l
unknown new physics) ANyg = [# [ dp p3f4(p)} / [%7{_; T,,4]

\

- & 2 g _
ng = W/Q(P)P dp = ng ANeg
{ ng = ng ANeg fc(m4) J
(fe(m4) is independent of ANeg)

|

(from global fit [SG+, 2017]: ms ~ 1.3 &V, |Ues|?> ~ 0.02)
N T e e R A R


https://doi.org/10.1007/JHEP06(2017)135
https://doi.org/10.1088/1475-7516/2017/09/034

B Overdensity of a sterile neutrino

F4 = ANegt |Uea|? fe(ma) Town

[JCAP 09 (2017) 034]

my ~ 1.3 eV, |Ues|? ~ 0.02

250 T 250 T
— NFW = EIN
200 e NFW-+baryons [q e EIN+baryons [
=== NFW(optimistic) === EIN(optimistic)
i 1501 == baryons only mmm==__ baryonsonly |
QH: 100
50
10 0 10° 10* 10 0 10° 10*
r [kpc] r [kpc]
matter halo | overdensity f || ANeg | Mot (yr™!)
02 | 26 (3.0)
NFW(+bar) | 159.9 (1873) | ' | 130 (15
s 0.2 3.4
NFW optimistic 208.6 1.0 16.9
02 | 1.7(23)
EIN(+bar) | 105.1(1395) | 5 | )
R 0.2 3.3
EIN optimistic 203.5 10 16.5



https://doi.org/10.1088/1475-7516/2017/09/034

B Forward-tracking and back-tracking

initial phase space, z =4 —— homogeneous Fermi-Dirac distribution

final phase space, z =10



B Forward-tracking and back-tracking

initial phase space, z =4 —— homogeneous Fermi-Dirac distribution

[compute final position of each particle

final phase space, z =10



B Forward-tracking and back-tracking

initial phase space, z =4 —— homogeneous Fermi-Dirac distribution

[compute final position of each particle

N

final phase space, z =10



B Forward-tracking and back-tracking

initial phase space, z =4 —— homogeneous Fermi-Dirac distribution

use positions to find neutrino distribution today

S
] %///»
N ——]
§§ T
~Aor | -
ol
S SR

final phase space, z =10



B Forward-tracking and back-tracking

initial phase space, z =4 —— homogeneous Fermi-Dirac distribution

AN

N\

N

\_

N

¥

N\

o

N

NI A

a lot of time is wasted!

only interested in overdensity at Earth? ¥

AT |
§;\N
L
- A
S ~N_. —T—
\V\%\ NS
N

final phase space, z =10



B Forward-tracking and back-tracking

initial phase space, z =4 —— homogeneous Fermi-Dirac distribution

N N \ only interested in overdensity at Earth? y&

N

SR T
/
< L
: %4
a lot of time is wasted! v\\%\\;

smarter way: track backwards
only interesting particles!

final phase space, z =10




B Advantages of tracking back [JCAP 01 (2020) 013]

First advantage is in computational terms: much less points to compute
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B Advantages of tracking back [JCAP 01 (2020) 013]

First advantage is in computational terms: much less points to compute

Second advantage: no need to use spherical symmetry!

[Forward—tracking] Back-tracking

initial conditions need to sample “Initial” conditions only described
1D for position + 2D for momentum by 3D in momentum
when using spherical symmetry

(position is fixed, apart for checks)
with full grid would re-

quire 34+3 dimensions! can do the calculation with

) any astrophysical setup
Impossible to relax

spherical symmetry!


https://doi.org/10.1088/1475-7516/2020/01/015

B Advantages of tracking back [JCAP 01 (2020) 013]

First advantage is in computational terms: much less points to compute

Second advantage: no need to use spherical symmetry!

e Milky Way
e Virgo Cluster

e Andromeda Galaxy



https://doi.org/10.1088/1475-7516/2020/01/015

B Backtracking. . . until when?

1+ 10" A

1+10°9

T [Tw0

1+107"

141072 4

—— 10 meV
=== 50 meV.

100 meV
—:= 300 meV

— NFW

~—— NFW + baryons

—— NFW + baryons + Virgo

clustering
mostly from
small redshifts

[JCAP 01 (2020) 015]


https://doi.org/10.1088/1475-7516/2020/01/015

B Backtracking. . . until when?

1+ 10" A

1+10°9

—— 10meV  —— NFW
--- 50meV  —— NFW + baryons

100 meV  —— NFW + baryons + Virgo
—-= 300 meV

T [Tw0

1+107"

141072 4

[JCAP 01 (2020) 015]

form = 0.3 eV,
trapped orbits
already at z = 4!

\

cannot assume
homogeneous
initial conditions
atz = 4

clustering
mostly from
small redshifts
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B Clustering results with back-tracking [JCAP 01 (2020) 015]

In comparison with previous results:
NFW

— NFW
| —— NFW + baryons
—— NFW + baryons + Virgo
=+ NFW + baryons + Virgo + Andromeda
NFW (de Salas et al.)
NFW + baryons (de Salas et al.)
NFWhalo (Ringwald & Wong) //
MWnow (Ringwald & Wong)
NFW + baryons (Zhang & Zhang)

1+ 10!

1+10°

So<4mnm

< |0

Ny /Nu,0

P2

1+107" =
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10* 10?
m, [meV]
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B Clustering results with back-tracking [JCAP 01 (2020) 015]

In comparison with previous results:
NFW

_Andromeda is
almost negligib

T T T
— NFW
 —— NFW + baryons
—— NFW + baryons + Virgo
=+ NFW + baryons + Virgo + Andromeda
NFW (de Salas et al.) /0
NFW + baryons (de Salas et al.)
NFWhalo (Ringwald & Wong)
MWnow (Ringwald & Wong)
NFW + baryons (Zhang & Zhang)

1+ 10!

1+10°

So<4mnm

< |0

Ny /Nu,0

P2

1+107" =

141072

10* 10?
m, [meV]
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B Clustering results with back-tracking [JCAP 01 (2020) 013]
In comparison with previous results:

NEFW
— NFW F—
L4100 4 New 4 baryons Warning: NFW
Y NEW + baryons + Virgo is not the same
P==- NFW barvons Virgo Andromedaj
| M NFW (de Salas et al.) 2% | for all the cases!
W NFW + barzons (de SaLas et al.)
V NFWhalo (Ringwald & Wong) I
1 100 4 O MWnow (Ringwald & Wong)
* i NFW + baryons (Zhang & Zhang) Z [de Salas+, 2017]
- i v and
g > 7 [Zhang?, 2018]
)
S 141070 - use v # 1,
5 now we have
1+1072 :
=~ [Ringwald&Wong,
2004] uses old
parameters
10' 10?
m, [meV]


https://doi.org/10.1088/1475-7516/2017/09/034
https://doi.org/10.1038/s41467-018-04264-y
https://doi.org/10.1088/1475-7516/2004/12/005
https://doi.org/10.1088/1475-7516/2004/12/005
https://doi.org/10.1088/1475-7516/2020/01/015

B Clustering results with back-tracking

In comparison with previous results:
NFW

— NFW
—— NFW + baryons
—— NFW + baryons + Virgo

1+ 10!

| B NFW (de Salas et al.)
W NFW + ba_r ons (de SaLas et al.)

——- NFW | barvons + Virgo + Andromeda)

V NFWhalo (Ringwald & Wong)
1+ 100 4 O MWnow (Ringwald & Wong)

| NFW + baryons (Zhang & Zhang)
Ry

[JCAP 01 (2020) 015]

Warning: NFW
is not the same
for all the cases!

[de Salas+, 2017]

o 1 v and
§ [Zhang?, 2018]
£1+10_1 pececcdecataak. use 7 £ 1,
ez now we have
Z 100 meV—+50% — 1
Le10-24 4 n, ~ 85cm~3
; 50 mev_>+12% [Ringwald&Wong,
% n, ~ 63cm—3 2004] uses old
i — parameters
10! 102

m, [meV]



https://doi.org/10.1088/1475-7516/2017/09/034
https://doi.org/10.1038/s41467-018-04264-y
https://doi.org/10.1088/1475-7516/2004/12/005
https://doi.org/10.1088/1475-7516/2004/12/005
https://doi.org/10.1088/1475-7516/2020/01/015

P PTOLEMY

Short description of the experiment
and its possibilities
Based on:

PTOLEMY Lol,
arxiv:1808.01892

PTOLEMY,
JCAP 07 (2019) 047

120

100

50 100 150
'ﬁlightest [meV]

200

N w IN w
No for Acng > 0

[y

o


https://arxiv.org/abs/1808.01892
https://doi.org/10.1088/1475-7516/2019/07/047
https://doi.org/10.1088/1475-7516/2019/07/047
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B PTOLEMY pipeline
scope of PTOLEMY:

{measure electron spectrum near 3H /-decay endpoint}

(same as neutrino mass experiments, e.g. KATRIN)

I

ili:

‘ Transverse Drift Filter g\/\/

“RF Antennas !

(NG
Tritium Target

Ettt(tt

[PTOLEMY, PPNP 106 (2019) 120]



https://doi.org/10.1016/j.ppnp.2019.02.004

B PTOLEMY pipeline
scope of PTOLEMY:

{measure electron spectrum near 3H /-decay endpoint}

(same as neutrino mass experiments, e.g. KATRIN)

¢

[PTOLEMY, arxiv:1808.01892]



https://arxiv.org/abs/1808.01892

B The source - graphene

source of 3H in gas form (KATRIN-like) has column density ~ 1 g cm™2

source tube is 10 m, for ~ O(100) ug of *H

[not practical solution for required 100 g of 3H!}




B The source - graphene

source of 3H in gas form (KATRIN-like) has column density ~ 1 g cm™

2
source tube is 10 m, for ~ O(100) ug of *H

[not practical solution for required 100 g of 3H!J

partially existing technology: hydrogenated graphene

layers

e Current Oversupply

Graphene layers are cheap S
(commercial use in displays) -

market situation!

Bulk order Monolayer CVD Graphene price (€/cm2)

hydrogenation under study —
at Princeton

O historic price:
o001 g g —— :
:: i 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

- [courtesy A.Zurutuza (Graphenea)]
sp? to sp
——
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The source - graphene

source of 3H in gas form (KATRIN-like) has column density ~ 1 g cm™2
source tube is 10 m, for ~ O(100) ug of 3H

(not practical solution for required 100 g of 3H!J

partially existing technology: hydrogenated graphene

CHVT Target \

Atomic lattice Electronic wavefunctions
collaboration University of Mons, Belgium

commercial

o
+
EMPTY Q
CHANNELS @©
e
O
>
0
[}
] ”
-
3 = BN b ot T r
2 g | R umi CNIS Py mm mens wrm PG
— length: 100 pm (can be increased) length: 75 pm
ext. diameter: (20 + 4) nm ext. diameter: (13 = 4) nm
aspect ratio: SxI¢ aspect ratio: 0.6 x10¥

S. Gariazzo “Neutrino clustering and CNB detection techniques” EuCAPT 2021, 23/09/2021 24/35



MAC-E filter

Background flux is too high for microcalorimeter. Must be reduced!

[Magnetic Adiabatic Collimation with Electrostatic filter}

MAC-E filter technique

Magnetic Adiabatic Collimation with Electrostatic filter
Picard et al., NIM B63 (1992) 345

see also [PTOLEMY, arxiv:2108.10388]

UC,””

J/ e

B,
U,

u—i—cunct
L 3 st.

S. Gariazzo “Neutrino clustering and CNB detection techniques”

[PTOLEMY]: E x B filter
(must enter in GS labs)

~1m

[courtesy C.Tully]
EuCAPT 2021, 23/09/2021

)

ExB Drift *

25/35


https://arxiv.org/abs/2108.10388

RF tracking

first energy determination with

RadioFrequency trigger, using
Cyclotron Radiation Emission Spectroscopy (CRES)

see also [Project 8, JPG 44 (2017) 054004]

can RF antenna be integrated in the MAC-E filter?

S. Gariazzo “Neutrino clustering and CNB detection techniques” EuCAPT 2021, 23/09/2021 26/35


https://doi.org/10.1088/1361-6471/aa5b4f

B Final energy determination with TES

Final energy determination needs og >~ 0.1 €V or less!

[Microcalorimetry with Transition-Edge Sensors}

TES: “A microcalorimeter
made by a superconducting film
operated in the temperature region
between the normal and the superconducting state"

7 I

difficult readout difficult temperature control

Same technology as in HOLMES experiment (v masses)




B Final energy determination with TES

Final energy determination needs og >~ 0.1 €V or less!

[Microcalorimetry with Transition-Edge Sensors}

[courtesy M.Ratjeri]

t(us)
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B Final energy determination with TES

Final energy determination needs og >~ 0.1 €V or less!

[Microcalorimetry with Transition-Edge Sensors}

[courtesy M.Ratjeri]

1ph Smfﬂl AT
[ Big AR
=~
Workig Point f
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B Final energy determination with TES

Final energy determination needs og >~ 0.1 €V or less!

[Microcalorimetry with Transition-Edge Sensors}

[courtesy M.Ratjeri]

t(us)

4 W,
Small AT
U

/ Big AR

T, ~ 100 mK T Rbi;:<< Rm

AT =AR (@ Voltage bias = Al




B Final energy determination with TES

Final energy determination needs og >~ 0.1 €V or less!

[Microcalorimetry with Transition-Edge Sensors}

[courtesy M.Ratjeri]
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B Simulations - theory [PTOLEMY, JCAP 07 (2019) 047]

Events in bin j, centered at E;:

, E+A/2 gr . EtA/2 gF
N’:T/ B dE N :T/ ONB i,
7 E—A/2 dEe ¢ ONB E—A/2 dEe €

i

fiducial number of events: A/ = N[’;(l::end, i, U) + NéNB(Eend, ;i 0)

add background A, = [, T
with [ ~ 1075 Hz Ne = N"+ Np

T exposure time — (Eqpnq, Mj, U) fiducial endpoint energy, masses, mixing matrix — 6 = (Ag, Np, AEepg, AcNB» mis U)


https://doi.org/10.1088/1475-7516/2019/07/047

B Simulations - theory [PTOLEMY, JCAP 07 (2019) 047]

Events in bin j, centered at E;:

, E+A/2 gr . EtA/2 gF
N’:T/ B dE N :T/ ONB yE
7 E—A/2 dEe ¢ ONB E—A/2 dEe €

i

fiducial number of events: A/ = N[’;(l::end, i, U) + NéNB(Eend, ;i 0)

add background A, = [, T
with [ ~ 1075 Hz Ne = N"+ Np

simulated experi- [
mental spectrum:

Néxp(éend7 ﬁ?,‘, U) - Né j: vV Ntl,]

T exposure time — (Eqpnq, Mj, U) fiducial endpoint energy, masses, mixing matrix — 6 = (Ag, Np, AEepg, AcNB» mis U)


https://doi.org/10.1088/1475-7516/2019/07/047

B Simulations - theory [PTOLEMY, JCAP 07 (2019) 047]

Events in bin j, centered at E;:

, E+A/2 gr . EtA/2 gF
N’:T/ B dE N :T/ ONB yE
7 E—A/2 dEe ¢ CNB E—A/2 dEe €

i~ i

fiducial number of events: N/ = N[’;(l:-_end, i, U) + Nisg (Eona, mi, 0)

add background A, = [, T
with [ ~ 1075 Hz Ne = N"+ Np

simulated experi- [
mental spectrum:

Néxp(éend7 ﬁ?,‘, 0) = Né + / Ntl‘]

repeat for theory spectrum, free amplitudes and endpoint position:

(N3, () = AgNi(Ecng + AEand, mi, U) + AN (Ena + AEona, 1, U) + Ny

T exposure time — (Eqpnq, Mj, U) fiducial endpoint energy, masses, mixing matrix — 6 = (Ag, Np, AEepg, AcNB» mis U)


https://doi.org/10.1088/1475-7516/2019/07/047

B Simulations - theory [PTOLEMY, JCAP 07 (2019) 047]

Events in bin j, centered at E;:

, E+A/2 gr . Et+A/2 gF
N’:T/ B dE N :T/ ONB yE
7 E—A/2 dEe ¢ CNB E—A/2 dEe €

i~ i

fiducial number of events: N/ = N[’;(l:-_end, i, U) + Nisg (Eona, mi, 0)

add background A, = [, T
with [ ~ 1075 Hz Ne = N"+ Np

simulated experi- [
mental spectrum:

Néxp(éend7 ﬁ?,‘, 0) = Né + / Ntl‘]

repeat for theory spectrum, free amplitudes and endpoint position:

(N3, () = AgNi(Ecng + AEand, mi, U) + AN (Ena + AEona, 1, U) + Ny

~ A

Z (Néxp(EenCh m;, U) B N‘éh(o)

T exposure time — (Eqpnq, Mj, U) fiducial endpoint energy, masses, mixing matrix — 6 = (Ag, Np, AEepg, AcNB» mis U)

fit 3(0) =

2
) or IogL:—XZi

i



https://doi.org/10.1088/1475-7516/2019/07/047

B Simulations - |l

l no random noise? I

Miightest = 10 meV |

1022 —
NO A = 10 meV!
1020 4 1010
. -\' 108
]
o 1084 ° o 10
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100 < $ 100 2
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E—Eqlev]

E-EoleV]

1 year of observation with 100 g of T source



B Simulations - |l

l no random noise? I

Miightest = 50 meV |

1012 4 —
NO A = 10 meV! l 10
101 4 101
- -_\ . -\\'
. L]
o 10° s 10° °
2 . = °
104 10*
.
107 4 o 10?
: I,! mTT 10° 4 2
1072 ﬂlm ] 10-2 I |
-0.5 -0.4 -03 -02 -0.1 0.0 0.1 0.2 -05 -0.4 -03 -02 -0.1 0.0 0.1 0.2
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1 year of observation with 100 g of T source



B Simulations - |l

l no random noise? I

Miightest = 50 meV |

12 |
w0 NO A = 20 meV! l 10
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.............................
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108 Ce, 10° ®e
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z z
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1 year of observation with 100 g of T source



B Simulations - |l

l no random noise? I

Miightest = 50 meV |

1012 1 —
NO A = 50 meV? l 10
10 ° e o 4, . 10 c e e ., .
L] L]
l ® 8 °
10% 4 L] 10 °
o 108 . 100
2 =
1044 104
L]
10° 10 °
100 t T 10° b4 T
1072 1072
-0.! -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2
E—Ep[eV] E—Eq[ev]

1 year of observation with 100 g of T source



B Simulations - |l

l no random noise? I

Miightest — 50 meV

_ A = 10 meV? _
1024 N, =10 5 Hz M, =10 4 Hz
10 :
100 :
. ‘*\' . -_-\' H
L) L]
g 10° . g 10° .
S . 2 .
10% . 10* .
1024 102
100 (] Y 100
g ;
-0.5 -0.4 =03 -0.2 =0.1 0.0 0.1 0.2 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2
E—Eq[eV] E—Eq[eV]

1 year of observation with 100 g of T source



B Simulations - |l

with random noise!

Miightest — 50 meV

100 IO
100 ! n"‘ o9 100 W.ﬂf‘-
1

things are more complicated in this way...low background needed!

1 year of observation with 100 g of T source



B Neutrino mass determination [PTOLEMY, JCAP 07 (2019) 047]

statistical only! | relative error on my;
y lightest

as a function of Amightest, A


https://doi.org/10.1088/1475-7516/2019/07/047

. . . PTOLEMY, JCAP
B Neutrino mass determination [PTOLEMY, JCAP 07 (2019) 047]

statistical only! | relative error on myjgntest

as a function of Amightest, A
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Miightest [MeV] Miightest [MeV]

[wonderful precision in determining the neutrino mass’

(well, yes, with 100 g of tritium...)
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B Neutrino mass determination

A [meV]
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{statistical onIy!J relative error on Myjghtest
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as a function of Amightest, A
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[wonderful precision in determining the neutrino massl

(mass detection already with 10 mg of tritium!)

200

[PTOLEMY, JCAP 07 (2019) 047]

O(Miightest)/Miightest
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B Neutrino mass determination [PTOLEMY, JCAP 07 (2019) 047]

(statistical onIy!J relative error on Myjghtest

as a function of Amightest, A

1gyr 10 mg yr
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102 5 102 §
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[wonderful precision in determining the neutrino massl

(mass detection already with 10 mg of tritium!)

|A has almost no impact}



https://doi.org/10.1088/1475-7516/2019/07/047

. . PTOLEMY, JCAP
B Neutrino mass ordering [PTOLEMY, JCAP 07 (2019) 047]

l Bayesian method:J

Fit fiducial ordering (N@ or I/C\)) using both correct and wrong ordering
“— T~

NO/NO vs NO/IO I0/NO vs 10/10


https://doi.org/10.1088/1475-7516/2019/07/047

. Neutrino mass Ol’dering [PTOLEMY, JCAP 07 (2019) 047]

l Bayesian method:J

Fit fiducial ordering (NE) or I/C\)) using both correct and wrong ordering
— T~
NO/NO vs NO/IO I0/NO vs 10/10
worse fit
better fit
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. Neutrino mass Ol’dering [PTOLEMY, JCAP 07 (2019) 047]

l Bayesian method:J

Fit fiducial ordering (NE) or I/C\)) using both correct and wrong ordering
— T~
NO/NO vs NO/IO I0/NO vs 10/10
worse fit
better fit

statistical only! | (Bayesian) preference on miignsest
as a function of Anightest, A
U C r
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NO fiducial
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[always strong significance]
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[PTOLEMY, JCAP 07 (2019) 047]

B Neutrino mass ordering

A [meV]

l Bayesian method:J

Fit fiducial ordering (NE) or I/(\)) using both correct and wrong ordering

— T~
NO/NO vs NO/IO I0/NO vs 10/10
worse fit
better fit

statistical only! | (Bayesian) preference on myjghtest
as a function of Myghtest, A
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[always strong significance}

|
w
InByo, 10

[possible problem: degeneracies between myjightest and Am%l]
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. PTOLEMY and the vy [PTOLEMY, JCAP 07 (2019) 047]

Fows = O(10)/yr [F4 ~ ANeg |Uea|? fe(mg) Tens | [SG+, PLB 2018]
my ~ 1.15 eV
AN,g _77 [de Salas+, 2017] ’Ue4’2 ~ 0.01

f.(ms) = O(102)

{D, depends probably on new physics!}



https://doi.org/10.1088/1475-7516/2017/09/034
https://doi.org/10.1016/j.physletb.2018.04.057
https://doi.org/10.1088/1475-7516/2019/07/047

. PTOLEMY and the vy [PTOLEMY, JCAP 07 (2019) 047]

Fows = O(10)/yr {F4 ~ ANeg |Uea|? fe(my) FCNB} [SG+, PLB 2018]
de Sl o] my ~ 1.15 eV
e Salas+, 2

— Ues|s ~ 0.01
ANeff = fc(m4) _ 0(102) | 4|

£F4 depends probably on new physics!j

[Still possible to measure mass/mixing through spectrum}
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. . . PTOLEMY, JCAP
B Detection of the relic neutrinos [PTOLEMY, JCAP 07 (2019) 047]

using the definition:

(Ng‘h(e) = AgN}y(Eeng + AEena, m;, U) + Acxe Ning (Eend + AEeng, mi, U) + Ny

if Acng > 0 at No, direct detection of CNB accomplished at No

statistical only! | significance on Acng > 0

as a function of Mjgntest, A
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B Tritium mass and PTOLEMY reach [PTOLEMY. JCAP 07 (2019) 047]

PTOLEMY can do interesting physics
even with a small amount of Tritium

given T mass: 10 mg lg 100 g
can we do. ..
? v v v
v masses! Miightest < 7 meV Miightest < 2 meV Miightest < 0.5 meV
(eV) sicenle v (~ 50) v (> 50) v (> 50)
neutrino?
? ?

mass ordering?

(not studied yet) (not studied yet) v

v

. . ?
direct detection? X X (favorable m,)


https://doi.org/10.1088/1475-7516/2019/07/047

S Summary



B What did we learn about direct detection of the CNB?
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Direct detection is hard! but not impossible
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B What did we learn about direct detection of the CNB?

D Direct detection is hard! but not impossible
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C Clustedring may let us neighborhood
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P PTOLEMY'ics on the way (a long way)
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hanks for your attention!
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