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1 Introduction
= Neutrinos and early Universe
= Relic neutrino capture




B Three Neutrino Oscillations

Analogous to CKM mixing for quarks:

[Pontecorvo, 1968]
[Maki, Nakagawa, Sakata, 1962]

3
= Z Uaka (Oé = e,[l,,T)
k=1

vq flavour eigenstates, Uy PMNS mixing matrix, v, mass eigenstates.

Current knowledge of the 3 active v mixing: [de Salas et al. (2018)]}

Am =m:

2

— m2 0 mixing angles

NO Normal Ordermg, mp < my < m3
10: Inverted Ordering, m3 < my < my

Am3; = (7.55792%). 1075 &V? ]
|Am3,| = (25040.03)-107%eV? (NO) . ¢ ]
= (2.421993). 103 eV? (10)
S|n2(012) - O.320t88€% 0":‘ = ‘;m]s‘ ' ‘o.nz‘\ /‘o(m‘ ‘ ‘u;)zx
sin?(f13) = 0.021675-9% (NO) B
= 0.02220997 (10))
sin?(fy3) = 0.547£§;§§§ (NO) El:
= 05517530 (10) i El3
First hints for dcp ~ 3/27 T




B Three Neutrino Oscillations

[Pontecorvo, 1968]

Analogous to CKM mixing for quarks: [Maki, Nakagawa, Sakata, 1962]

3
Vo = Z Uaka (Oé = e,[l,,T)
k=1

vq flavour eigenstates, Uy PMNS mixing matrix, v, mass eigenstates.

Current knowledge of the 3 active v mixing: [de Salas et al. (2018)]}

Am? = m? — m?, 0 mixing angles

Ji
NO: Normal Ordering, m; < mp < ms3
10: Inverted Ordering, m3 < my < my

06 0016

002 0024
.2
sin'0,

=0.022270 %% (10)
sin®(6p3) = 0.547792%0 (NO) £l
= 0.551%0030 (10)

First hints for dcp ~ 3/27
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of the universe

at T ~ O(MeV)
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M History of the universe
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ve > ve& e et & up
Q) v
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after e~ e annihilation
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1.676 x 10~ eV

many relic neutrinos are
non-relativistic today!
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M Relic neutrinos in cosmology: Ne.g

‘ Radiation energy density p, in the early Universe:}

7/4

4/3
pr = [1 + s (11> NCH] py = [1 4 0.2271Neg] py

p~ photon energy density, 7/8 is for fermions, (4/11)4/3 due to photon reheating after neutrino decoupling

= Neg — all the radiation contribution not given by photons

" Neg ~ 1 correspond to a single family of active neutrino, in
equilibrium in the early Universe

= Active neutrinos:
Negr = 3.046 [Mangano et al., 2005] (damping factors approximations) ~
Negr = 3.045 [de Salas et al., 2016] (full collision terms)
due to not instantaneous decoupling for the neutrinos

= + Non Standard Interactions: 3.040 < Neg < 3.059 [de Salas et al., 2016]

Observations: Ngg ~ 3.0 £ 0.2 [Planck 2018]
Indirect probe of cosmic neutrino background! ~ e




M Cosmological neutrino mass bounds

1 - [Planck 2018] |- - o cmm oo e o
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M Cosmological neutrino mass bounds

1 - [Planck 2018] [Planck 2015] [Gariazzo+, PRD --
ACDM+Xm, ACDM+Xm, 99 (2019) 021301]
Planck 2015 data
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0 All upper limits at 95% CL
'S. Gariazzo  “Relic neutrinos: clusteringand consequences for direct detection”  WIN2019, 04/06/2019  4/23




M Cosmological neutrino mass bounds

1 - [Planck 2018] [Planck 2015] [Gariazzo+, PRD --
ACDM+Xm, ACDM+Xm, 99 (2019) 021301]
Planck 2015 data
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Relic neutrino Capture [Long et al., 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: 5 decay n — p+ e~ + 17!}

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

+my

-m, +m,

cvB

only with a lot of material

need a very good energy resolution

Electron Spectrum ( dI// dE. )
(P®y) iodpue Aeosp—g|
U petomT~"E

Electron Kinetic Energy (K )

S. Gariazzo “Relic neutrinos: clusteringand consequences for direct detection” WIN2019, 04/06/2019 5/23



[Long et al., JCAP 08 (2014) 038]
. PTOLEMY [Betts et al., arxiv:1307.4738]
[PTOLEMY Lol. arxiv:1808.01892]

‘ PonTecorvo 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—— M+ =100 g of atomic 3H

3
— 2 — -1
Feng = D [Ueil*[ni(vng) + ni(vn ) NT G| ~ O(10) yr
i=1
N7 number of 3H nuclei in a sample of mass My & ~ 3.834 x 10~ cm? n; number density of neutrino i

(without clustering)



[Long et al., JCAP 08 (2014) 038]

. PTOLEMY [Betts et al., arxiv:1307.4738]
[PTOLEMY Lol. arxiv:1808.01892]

‘ PonTecorvo Observatory for Light, Early-

universe, Massive-neutrino Yield (PTOLEMY)

expected resolution A ~ 0.1 eV7 built mainly for CNB

.05 eV?
l

[can probe m, ~ 1.4A ~ 0.1 eVJ

—— M+ =100 g of atomic 3H

R other effects?
v clustering in the galaxy?

~ /

ehnancement from
{ ehnancement from }

3
— 2 — -1
Feng = D [Ueil*[ni(vng) + ni(vn ) NT G| ~ O(10) yr
i=1
N7 number of 3H nuclei in a sample of mass My & ~ 3.834 x 10~ cm? n; number density of neutrino i

(without clustering)




2 Neutrino clustering
= Milky Way parameterization
= Results from the Milky Way

EIN
EIN+baryons
EIN(optimistic)

baryons only

10°



M v clustering with N-one-body simulations ~ FA" % (2017) 034

Milky Way (MW) matter attracts neutrinos!

3
clustering ‘{ Feng = Z |Ue,-|2 fe(mj) [n,-’o(l/hR) + n,yo(th)] Nt &
\ i=1

fe(m;) = n;i/n; g 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 patter(2) = oM (2) + praryon(2)

only gravitational interactions

vs do not influence matter evolution [how many vs is “N ]

(pv < ppM) — 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]




M Dark matter: profiles today [JCAP 09 (2017) 034]

{(’y)NFW profile:} {Einasto (EIN) profile:}

N (£) 7 (14£) 7 = o) = Mo {2 ()" - 1)}

Mrw = 22 7 papw(rs) Neiw = Ppin(rs)

NNFWv s, 7y NEin, rs, @

Earth position NFW y
—— bestfit —_—
----- optimistic

Earth position EIN
— best-it
------ optimistic

15

r [kpc]

Best-fit profiles optimistic: close to 20 upper limits
fit of data points from [Pato & locco, 2015]




B DM: Time evolution of the profiles [JCAP 09 (2017) 034]

‘ profile evolution from universe expansion}

per(z) = g2cH(2) Muir = % Air(2)per(2) @13, (2)
~ o
Fur(2) = Qmo(1 + 2)° + Qno (constant in time)
H?(z) = H3 Fer(z) [virial radious fyir
per(z) = Fer(2) X per(z = 0) radius of sphere containing M.,
average density Ayiy(2) X per(2)
[but pom = pom(r; rs, N, [fy|a])J Feir(Myir, 2) =
( 3M.i, )1/3( Qum z) )1/3
relation between rs and ryi? 47per,0 Um0 Avir(z)Fer(2)
200 for EIN,
l Auir(2) = {187r2 4 82M\(2) — 30A(2)? for NFW.

from N-body [Dutton et al., 2014] Az) = Qu(z) — 1

final expression — [pDM(r, Z) = N(Z) ﬁDM(r, rs(Z)) ’ ﬁDMogf;’:ﬂgosug;\ rridShift

a=1/(1+2z), h=Hy/(100Kms~! Mpc™) - h=0.6727, Qpm,0 = 0.3156, Qp o = 0.6844 [Planck Collaboration, 2015]



B Baryons: the complexity of a structure

[Complex problem: how to model baryon content of a galaxy?J

e.g. [Pato et al., 2015]:

70 different baryonic models

[Misiriotis et al., 2006]:
5 independent
components

warm dust

cold dust

stars

atomic H gas
molecular H gas

9

o
2,

o/ (Msop/kpc®)

o
™

108

7 models for the bulge

X

5 for the disc

X

2 for the gas

NFW best fit
stars

| dustand gas

bar)‘/ons

102

100

102

104

0

5

1/ kpc

30

[Misiriotis et al., 2006], spherically symmetrized

o/ (GeV/iemd)




M Baryons: redshift evolution
baryon evolution with redshift? from [Marinacci et al., 2013]
results of full N-body simulations

Ny (2) from M(z) <~

mean of 8 simulations < based on Aquarius simulation: Maq ~ Myiw

z z z z
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o'l 1o T L 10!l =TT T L o'l 1o T 3 1012
FAd-As 1 1010 fA9Bs ] FAd- 1 e
3 3
1010 | E F E 1010 10
E 3 9 12 E 10
F E 107 F 3 F 309 336
I 1 ET, N F E ET, o [ e 1 ET/ 10°
E 2o 4 2 dF q4 = wfF? q 2
i = F i = 1=
o 107 = 403| ] F .
108 F E 108 | 10
E 108 — sur E 106 -
L AR L ! L
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z z z
532 1 0503 010 532 1 0503 010 532 1 0503 010
o't 10!t L T 3 10!t 10! T T T 1 3
F Aq—Fs E F Aq — H.
1010 1010 E 1010 1010
3 1706 3 E
100 | P E 109 o s 643
3 E E = 10
5} E Ly E e 5] E
NN 'S o = 108 Z E
= F o 1 = = s B
107 | E 107 E E
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AR L E||||_|E|HE
109 10 10 100
14 12 10 8 6 4 2 0 4 12 10 8 6 4 2 0 14 12 10 8 6 4 2 0 14 12 10 8 6 4 2 0

Yook [Gyr] Yook [Gyr] Yook [Gyr] Yook [Gyr]




B Overdensity when mpeaviest =~ 60 meV

[JCAP 09 (2017) 034]

1.25 T T 1.25 T T
! — NFW — EIN
1.20 %, 1.20F
= NFW+baryons == EIN+baryons
1.15 = NFW(optimistic) | | 1.15}1 = EIN(optimistic) | |
3 == baryons only 3 == baryons only
=110 = 110
o o
1.05 1.05¢
1.00f - - - ===—= 1.00
0.95 L 0.95 L L L
10' 10? 10° 10° 10' 10? 10° 10*
r [kpe] r [kpc]
) overdensity f. 1
masses ordering matter halo f~f ‘ A Fiot (yr1)
any any any no clustering 4.06
NFW(+bar) 1.15 (1.18) || 4.07 (4.08)
_ NFW optimistic 121 4.08
m3 = 60 mev NO EIN(+bar) ~1 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 121 4.89
m == my =60 meV:| 10 EIN(+bar) | 1.00 (1.12) ~1 4.42 (4.54)
EIN optimistic 1.18 4.78

ordering dependence from I'cyg = Y31 |Uei|? £ [ni(vhg ) +ni(vn, )] NT &



M Overdensity when m, ~ 150 meV [JCAP 09 (2017) 034]

= minimal mass detectable by PTOLEMY if A ~ 100-150 meV

30 ; NFW s0r ; EIN
2.5K : NFw:o:ﬁr:::;c) 1 : EIN:o:t::::;c) 1
IS == baryons only == baryons only
20
15
10b s === : ‘
10' 10° 10° 10° 10° 10
e overdensity f, N
c -1
matter halo flefef Ciot (yr™)
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: m;y ~ mp ~ m3 = f ~ fhL ~ f
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M Additional clustering due to other galaxies —PAP 09 (2017) 034]

nearest galaxies: various MW satellites

with Mgar << Myiw *{negligibly small v halo]

nearest big galaxy:

MAndromeda = MMW X 0(1) - dAndromeda ~ 800 kpC

1.25 T 1.25
m— NFW EIN
1.20F g .20 g
= NFW-+baryons EIN+baryons
1.15 === NFW(optimistic) | | 1.15}1 EIN(optimistic) | |
§ m—— baryons only E: baryons only
& 110 1 § 110
3 S
1.05 / 1 1.05
1.00f - - T==—=— 1.00
095 L L L 095 I I I
10’ 10% 10° 10* 10’ 10° 10° 10*

r [kpc]

[mheaviest ~ 60 meV |—{fc increased of < 0.03




B Additional clustering due to other galaxies

[JCAP 09 (2017) 034]

nearest galaxies: various MW satellites
with Mgar << Myiw *{negligibly small v halo]

nearest big galaxy:

MAndromeda = MMW X 0(1) - dAndromeda ~ 800 kpC

3.0 : 3.0
— NFW EIN
= NFW+baryons EIN+baryons

2.5K = NFW(optimistic) | EIN(optimistic) |
=== baryons only baryons only

20

1.5

1.0 - — === -

10° 10*

10' 10° 0 10
7 [kpc]
l m, ~ 150 meVH f. increased of < 0.1]

halo is less diffuse for higher v masses




M Additional clustering due to Virgo cluster ~ PCAP 09 (2017) 034]

nearest galaxy cluster:

[Virgo cluster]—{very wide v halo, may reach Earth

MVlrgo = MMW X (9( 03) — dvlrgo ~ 16 Mpc

10%¢ T T T
g osoev —_
NFW 0.30 eV —
0.15eV ——
. 0.05eV —
ok
[oN
}
1 _
10°F {we are here!
1] possibly
0 Ll Lol -y similar effect
10441 107 10° 10°
of MW halo?

r [kpc]

Villaescusa-Navarro et al., JCAP 1106 i2011i 027



B Forward-tracking and back-tracking

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

final phase space, z =0



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 =0



B Forward-tracking and back-tracking

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

[compute final position of each particle]

SN

N

final phase space, z =0



B Forward-tracking and back-tracking

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

use positions to find neutrino distribution today

=
~ 5 T F
\\/% < — |
AT
§§%% -

final phase space, z =0



B Forward-tracking and back-tracking

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

\ \ \ only interested in overdensity at Earth? v

N

N\ N IR
] N\ %//
\\ N %)\\)
\: N
/
A
a lot of time is wasted! > B

N

final phase space, z =0



B Forward-tracking and back-tracking

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

N N \ only interested in overdensity at Earth? v

Ny

] \@ \§¥ %/ .

W

- “: %g

N
N T

a lot of time is wasted!

\/l/ l

smarter way: track backwards
only interesting particles!

final phase space, z =0




B Advantages of tracking back [5G+ in preparation]

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




M Advantages of tracking back [5G+ in preparation]

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 3+3 dimensions! can do the calculation with

) any astrophysical setup
Impossible to relax

spherical symmetry!



[SG+, in preparation]

M Advantages of tracking back

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

Second advantage: no need to use spherical symmetry!
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M Preliminary results with back-tracking [5G+ in preparation]

In comparison with previous results:
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M Preliminary results with back-tracking [5G+ in preparation]

In comparison with previous results:
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M Preliminary results with back-tracking

Mufnyo—1

In comparison with previous results:

10! ; T . -
= NFW only A mia IS —/
— I [ g 7
NFW + baryons aI i a 7~ 7
Einasto + baryons ghgib v
—— NFW + baryons + Virgo / /
A NFWhalo (Ringwald & Wong) Y
o ¥ MWnow (Ringwald & Wonag) (] /
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2L 17 A\
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1072 o
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[SG+, in preparation]

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

[de Salas+, 2017]
and
[Zhang?, 2018]

use v # 1,
now we have

v =1

[Ringwald&Wong,
2004] uses old
parameters




M Preliminary results with back-tracking

In comparison with previous results:

Y —— NFW only
I} — NFW + baryons

Einasto + baryons
NFW + baryons + Virgo

rd

p
P

Y

NFWhalo (Ringwald & Wong)
MWnow (Ringwald & Wong)

Il.dbl

S/

NFW + baryons (Zhang & Zhang)

NFW only (de Salas et al.)

NFW + baryons (de Salas et al.)

o

Mufnyo—1

N

Fa

NN

— >

/’; A
s

PV
/

my[ev]

many checks are missing: distance of Virgo, Sun position, more on DM, ...

[SG+, in preparation]

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

[de Salas+, 2017]
and
[Zhang?, 2018]

use v # 1,
now we have

v =1

[Ringwald&Wong,
2004] uses old
parameters




4 Direct detection of relic neutrinos

100
Miightest [MeV]

150

- N w S w
No for Acyg > 0

o



[PTOLEMY, arxiv:1902.05508]

M 5 and Neutrino Capture spectra

=~ N,
dlcng 1 o 5 _ [Ee—(Eend +mi+miightest )
E.) = N U,‘ f i) X o2
dEe ( e) \/ﬂ@' ; onNT | e | No C(m ) e 2
dlg

— N,
g Z 2
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B 3 and Neutrino Capture spectra
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B Detection of the relic neutrinos [PTOLEMY, arxiv:1902.05508]

using the definition:

| 4,(8) = As N} (Euna + DEungs 1, U) + Acn N (Eund + D Eung. 1, U) + 1y |

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

statistical only! | significance on Acng > 0

as a function of Mygptest, A
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M 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
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ordering differ
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are relativistic
|
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indistinguishable
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M Conclusions

amazing (neutrino) science
1 with direct detection
of relic neutrinos (e.g. PTOLEMY)

[non-relativistic regime, masses, ordering?, MW structure?, Dirac/Majorana?, . ..

But it will be a technological challenge!

(3H amount, low background, energy resolution, ...)

possible event rate enhancement
3 due to clustering in the Milky Way:
should also include nearby galaxies/clusters!

For smallest neutrino masses,
4 enhancement from local astrophysical environment
is small...
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amazing (neutrino) science
1 with direct detection
of relic neutrinos (e.g. PTOLEMY)

[non-relativistic regime, masses, ordering?, MW structure?, Dirac/Majorana?, ...]

But it will be a technological challenge!

(3H amount, low background, energy resolution, ...)

possible event rate enhancement
3 due to clustering in the Milky Way:
should also include nearby galaxies/clusters!

For smallest neutrino masses,
4 enhancement from local astrophysical environment
is small...

‘Thank you for the attention!
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. SimU|ati0nS _ I [PTOLEMY, arxiv:1902.05508]

Events in bin /i, centered at E;:

_ E+a/2 41 ) E+D/2 gF
N’:T/ % dE, N :T/ ALY
g E-ny2 dEe CNB E-ap2  dEe

fiducial number of events: N/ = Né(l:-_end, i, U) + NéNB(Eend, ;i 0)

add background N, = [, T
with [, ~ 107° Hz Ne= N+ No

T exposure time — (Ee,nd7 mj, 0) fiducial endpoint energy, masses, mixing matrix — @ = (AB’ Np, AEends AcNB > mi, U)



. SimU|ati0nS _ I [PTOLEMY, arxiv:1902.05508]

Events in bin /i, centered at E;:
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. SimU|ati0nS B I [PTOLEMY, arxiv:1902.05508]

Events in bin /, centered at E;:

Ni = / ﬁdE Nigp =T / ONB yF,
? E-ny2 dEe ONB E-nj2 dEe

fiducial number of events: N/ = Né(l:-_end, i, U) + NéNB(Eend, ;i 0)
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simulated experi- ; ; NI
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repeat for theory spectrum, free amplitudes and endpoint position:
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T exposure time — (Eend, mj, U) fiducial endpoint energy, masses, mixing matrix — @ = (AB, Np, AEends AcNB > mi, U)
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Events in bin /, centered at E;:

N = / ﬁdE Niwg = T / B dE
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fiducial number of events: N/ = Né(l:-_end, i, U) + NéNB(Eend, ;i 0)
add background N, = [, T
with Ty ~ 10-° Hz N =N+ N

simulated experi- ; ; NI
mental spectrum: ENCXP(EC“(] m,, =N+ ]

repeat for theory spectrum, free amplitudes and endpoint position:

(N3, (6) = ApN}(Eeng + AEena, mi, U) + Acxs Ny (Eens + AEena, mi, U) + Ny |
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with random noise!
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things are more complicated in this way...low background needed!

1 year of observation with 100 g of T source
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[statistical onIy!} relative error on Miightest

as a function of Myghtest, A
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statistical only! | relative error on myjghtest

as a function of Myghtest, A
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[wonderful precision in determining the neutrino mass’

(well, yes, with 100 g of tritium...)



M Perspectives for the mass determination!

PTOLEMY, arxiv:1902.05508]

A [meV]

{statistical onIy!} relative error on Miightest

as a function of Myghtest, A
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[wonderful precision in determining the neutrino massl

(mass detection already with 10 mg of tritium!)
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{statistical onIy!} relative error on Miightest

as a function of Myghtest, A
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[wonderful precision in determining the neutrino massl

(mass detection already with 10 mg of tritium!)

|A has almost no impactJ




. Neutrino mass Ordering [PTOLEMY, arxiv:1902.05508]

l Bayesian method:]

Fit fiducial ordering (1\/16 or 16) using both correct and wrong ordering
— T~

NO/NO vs NO/IO I0/NO vs 10/10
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. Neutrino mass Ordering [PTOLEMY, arxiv:1902.05508]

l Bayesian method:]

Fit fiducial ordering (1\/16 or 16) using both correct and wrong ordering
— T~
NO/NO vs NO/IO I0/NO vs 10/10
worse fit
better fit

[statistical onIy!} (Bayesian) preference on mijgntest
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. Neutrino mass Ordering [PTOLEMY, arxiv:1902.05508]

l Bayesian method:]

Fit fiducial ordering (1\/16 or 16) 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 mijghest
as a function of Anightest, A
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[always strong significance]
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M Requirements for PTOLEMY discoveries

lWhat do we need to discover. .. I

|| low g | extreme A | a lot of 3H

...V masses? X X ?
...V mass ordering? X ? ?
...CNB direct detection? v v v

v : strongly required
7: not so strongly required
X: loosely required
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