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m CMB is the oldest directly observed radiation in the Universe, dating CORE B
from the epoch of recombination (1992) e

m Establishes the SM of cosmology, the Big Bang Theory (BBT) which
along with CMB, predicts the existence of cosmic neutrino background

(CNB)

m CNB: a relic radiation that decoupled from matter when the Universe
was merely a second old

m Played a crucial role in primordial nucleosynthesis and in large scale
structure formation

Planck B
(2013) . ci s

m CMB anisotropies — an indirect imprint of the CNB = two crucial S
constraints pertaining to particle physics o

(1) limit on the sum of neutrino masses ( 21, < 0.12 ¢V)
(ii) effective number of neutrino species (V. = 2.99 £ 0.17)

Direct detection of CNB (Source: ESA/Planck Collaboration)
= further consolidation of BBT, new opportunities in v (new?) physics
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A Brief (thermal) History of v

x At the early hot and dense stage of the
Universe, equilibrium betweeen

/ Neutrino

Decoupling
5 - ——— Ty « clectrons and photons are
Bl i ' maintained by electromagnetlc
g | lesnsv] = ~
- T s oo Bais!
o ey o / il E e interactions,e y = ¢y, e'e =yy
’_?4: o :
= T T T lous « clectrons and neutrinos are
= : malntalned by weak interactions,

ls In 107 ¥ ;

\ 5 m ¥ i € 8 \—vjuj,e v]\—e I/],e 1/]\—6 I/]

(Source: a talk by J. Shergold)
x As the Universe expands, particle
densities are diluted and temperatures fall,
weak interactions become ineffective to

keep neutrinos in good thermal contact
with the EM thermal bath



So, neutrinos decouple from e™ and photons at the temperature T ~ a few MeV, and remain as
such until today

At the time of neutrino decoupling the electromagnetic processes of e and photons were still
ooing on, but as the temperature reduced to 2m, 1.e., 1.02 MeV, the reverse process in e'e™ = yy
stopped and only e"e — yy remained active

T'his transter of entropy to photons effectively slows down the rate ot decrease in the photon
temperature in comparison to the neutrino temperature as the Universe expands

Since 1 a comoving volume total entropy remains conserved; this can be used to connect
photon and neutrino temperatures as 7, = (4/11)" 3Ty

Redshifted to today; the last relation implies, T, ;= (4/11) Ty ~ 1.9 K ~ 1.7 X 107 eV

T'he frozen-out neutrinos (at least two states of them) are thus extremely non-relativistic today



T'’he number density of neutrinos per degree ot freedom

36(3)
0= o) Tj,o

I

56.cm >

1.€., bn, = 336 cm—3 for the entire decoupled neutrinos

Note that neutrinos are produced as flavour eigenstates which are a coherent superposition of

mass elgenstates

Flavour eigenstate decoupled neutrinos quickly decohere mto their mass eigenstates on a

timescale much less than one Hubble time [Eberle et. a

, PRD 2004]

Assuming the decoherence do not attect the relative abundance, one can conclude that
neutrinos with masses ot interest are present in the Universe today as mass eigenstates,
populated with an abundance mentioned above = and this 1s what constitutes CNB
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Dithiculties

O
Usual weak interaction cross section for neutrinos,
2 2 50 £y :
o,~ GgES ~ 5% 10 cm?
1 keV
For typical electromagnetic process, e.g.,
: 2
dror e[ 1 MeV
oiiin: ~ 10 cm?
3 E,
O

Traditional neutrino detection methods requires threshold (anti-)neutrino energies to be
way higher than CNB neutrino energies, e.g., "inverse beta-decay" interactions with the
protons in the water, producing positrons and neutrons requires anti-neutrinos with an

energy above the threshold of 1.8 MeV



(Green shoots:

1018
1012
oz ? Solar (thermal) Solar { nuclear)
w 1
i 10°E BBN (*H)
X 1072 S
3 Atmospheric
§ 10°'° b
k= S
§ 1024 3 \lceCﬁJg%data
3 . (2017)
an i
10°
Cosmogenic—= S
103 -
1078 107 107 10° 1P 10° 10% 107 108
Energy E [eV]

(Source: Vitagliano et. al, Rev. Mod. Phys. 2020)



T'he methods of detection will require:

(1) removing or regulating the threshold

(11) enhance the event rate — (a) using exorbitantly large number of targets, (b) increasing the
Cross-sections

Several methods to detect GNB have been proposed — broadly three main categories:

(1) direct detection of coherent GINDB elastic scattering with target nucler through momentum
transfer [mainly two types — (a) 0(G,) effect (e.g., Stodolsky effect), (b) O(G7) effect (e.g.,
coherent neutral current scattering))

(1) direct detection by neutrino capture on p-decaying nuclei

(1) indirect detection by inding spectral distortion through GNDB interaction with ultra-high
energy neutrinos or protons/nucler from unknown sources



Neutrino capture by f-decaying nuclei

Original 1dea — a large neutrino chemical potential distorts the electron (positron) spectrum
near the f-decay endpoint energy |[Weinberg, Phys. Rev. 1962} e

Usual p-decay ot an unstable nucleus,
Az Lt slonrenatbany

In this case there exists a threshold-less reaction of neutrino capture
A Z)+v, > (A Z+1)+e:

Clearly, f-decays create a background for the neutrino capture, but that can be distinguished
using relevant kinematics [Cocco et. al, JCAP 2007 |

A A
AN/ At | A 2m, gap 1n the electron
_ Qg spectrum centered around O
N ; I ;
VVLV Ee-me W\,V Ee‘mc
(f-decay spectrum) (U-capture spectrum)

(Source: a talk by G. Mangano)



PIOLEMY

x PIOLEMY experiment (Princeton Irittum Observatory for Light-Early Universe Massive-
neutrino Yield) aims to detect the GINB by capturing electron neutrinos on a 100 g trittum
target in the process "H + v, — "He + ¢ [Baracchini, arXiv:1808.01892]

x |rittum 1s the best option, since —

1) low O, ~ 18.6 keV = easier to observe an etlect ol 7, 1n the high-energy end ol energy
distribution of electrons

1) ifetime 7 ~ 12 yr = small enough to have a high decay rate, but large enough not to decay
mstantly

=45

(111) large cross section of neutrino capture ~ 3.7 X 10~ cm?

x  One of the drawbacks 1s that it 1s insensitive to other neutrino flavours, v,



PIOLEMY: Detection Rate

®x  Since flavour eigenstates are a composition of mass eigenstates with ditferent masses, while
propagating, relic neutrinos quickly decohere nto those, in a time scale less than one Hubble
time. So, the capture rate of relic neutrinos by trittum nucler

3 dgp-

2 J esss

Dong = e L= Ny o) Ny Y U2 6vif m,
] ] : ]

where Ny = My /msp; ~ 2 X 107 is the number of tritium nuclei for M, = 100 g,

6v; ~ 3.7 X 107 2cm2;n, o ~ 56 = total rate, I'iixg ~ 3.9 yr-| Z U, i J.; » where the factor after

J
the summationis = 1

=  An important observation 1s that the capture rate in the Majorana case 1s twice as that of the
Dirac case, 1.e., | Long et. al, JCAP 2014]

= |'his assertion changes in the presence of additional particles, interactions etc. |Arteaga et. al, JHEP
2017]
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(Generalised Neutrino Interactions (GNI)

¥ GNI: general class of neutrino interactions of , pseudoscalar, vector, axial-vector and
tensor type

% We are interested in the eftect of GINIs in relic neutrino capture on f-decaying tritium; the
relevant Lagrangian can be written as

GF 4 5 23 5 2 3
i V.aUs; 3 ler"(l = pwlliy, (1 = 2)d] + Y €, [eOpllu0,d] + +h.c.

\/5 l.q

* The dimensionless ¢, are the GNI parameters, V, , and U,; are the CKM and PMINS matrix
elements, respectively

» The operators O, and O, are the relevant lepton and quark currents, which are given as



€lg O, O,
err  YH(1 —7°) Yull = )
err  YH(1 —4°) Yull + ~?)
ere  Y(1+7°) 2l =97
err (1477wl Ea7)
€LS 1 — 42 |

€ERS B 1

€1 T 0’“"(1 525 ,\(’3) 0;11/(1 335 ,\{,5
err ol(1 4+~ 5) Ol F '*,'5

2 Relevant hadronic matrix elements can be represented by form factors,

<p (p,) 1] (pn)> = s (a*) 7 (P, ) 1, (1) -
<p (pp> ‘fw”” (Ixy2)d|n (pn)> =¢r(q°) (pp> siaidd eyl T B A B
<p (pp> ‘ iyt (Lxy2)d|n (pn)> =71 (pp) 44 [gv (¢°) £ g4 (q°) }/5] i, ()

% The relic neutrino capture cross-section in the presence of GNI for a
neutrino mass eigenstate j can be given as,

2
; ‘ FZ (Ee) i Eepe%j <€lq>
my

L/ .

€]

G2
BSM o250 ouTe 1t V

2 Not all GNI parameters can be relevant though; vector and axial-vector GNIs come along with SM couplings and hence
can be absorbed in the CKM matrix elements V, ; and the axial-vector charge g,, as

2 2
3 3 ;
‘Vud ~ ‘Vud (L+e€+€p+€pp+€Epp)
5o L +e; —€rterr—€rp
A~ 84
1 + €rr s €1 R 35 ERR 35; €Err




€lq O, Oq 2 Relevant hadronic matrix elements can be represented by form factors,

~H A A D : i
err, YUl —=7%") utk=a <p (pp)ludln(pn)> = g (2) 7, (pp> u, (p,)
et Y =07tk 1) 5 2 5

= _ = U 2o — "

ert. 7"(L+7°) 7 =70) <p (pp> ot (1+77)d n(pn)> gr(q°) 7, (pp)a (L£7) u, (Pn)

S B LSRR s , 0
err Y1 +77) mak ) <p (pp) ‘W‘(l + ) d n(pn)> =u_p(pp) y [gv(qz) g4 (q7) }/5] , (p,)
€LS ] =0 I

; 5
e } ‘+ ) o : srtes % The relic neutrino capture cross-section in the presence of GNI for a
ELT e £Y (1 Sasiss. )) a0 ,w(l ’}"‘)) neutrino mass eigenstate j can be given as,
err o (Ll coaitl s i Gr : : 44
oM () v = = Vil U] Fo(E) —=Epett;(e,,)

ny

2 Not all GNI parameters can be relevant though; vector and axial-vector GNIs come along with SM couplings and hence
can be absorbed in the CKM matrix elements V, ; and the axial-vector charge g,, as

2 2
e :
Vil = |V, | (0+e€p+€p+€pr+ €Erp)
5o L +e; —€rterr—€rp
AN 84
1 + €rr s €1 R 35 ERR 35; €Err




Numerical analysis

» For this first we define the f-decay spectrum,

dr dr: R R
— () = G e

1 ‘»+oo
dk, \27(Al/8In2) Vis B o 2(A/4/8In2)2

» and the CNB neutrino capture rate,

drCNB (E) = [E — (£ end " T Wlhghtest)]2

I ex
dE, @(A/\/Sln )z : : 2(A/A/8In2)2

» These help us defining the respective number of events as,

E+02 4T,
( da ) <= [ _dE
% E—o/2 dE
E+06/2
T dlenp
NéNB( Ild’ ) — T" dEe
E—s  AE,




Numerical analysis (some more definitions)

x We define the y° as follows,

5 2 Néxp(Eend’ N, Uej) 333 NE}NI—th(Eend’ s Uej’ elq)
: \/ Ntot

elq) — Né(Eend, ;. Uej) + N lGNI-CNB(Ee“d’ ;. Uej, elq) + NBkg

where N lGNI-th(Eend’ m, U,

and Néxp(Eend’ mj, Uej) == Né()t(Eend’ mj’ Uej) i, \/ éot(Eenda mj’ Uej)

with  Ni Egg 15, Uy = NYE i, m5, Uy) + N (Eangs 15 Uy) + NBkg
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One parameter analysis

2 .
x  One parameter y~ analysis tfor the parameters ¢; . €, 7. €pc, and €

GNI Parameter X2 values at 90% CL

[019019[0408

s 13519
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Iwo parameter analysis

Two parameter y* analysis for the parameters ¢; . €, 1. €pq, and ¢,

_[51
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Electron spectrum 1n presence ot GINI

SM {NO) ————— SM {NO}
SM {10} SM {10}
— e15= 1.9 {NO) K — 1= -19 (NOJ
eLs= 1.9 {10} eLr=—1.9 {10}
— €.4= —2.9 (NO} — .= 1.9 (NO}
- €187 —“_9 ”0] €7 ]9 {IO}

a:
R
&5
3
s -
Q :
m
Q
QL -
ac:
Q|

g Decay Background (A=0) -

SM {NO) R SM [NO}
SM {10) SM {10}
—— eg= —3.5 {NO} ' e, — &r=-15{NOJ
crs= —3.5 {10} | o egr= =15 {10}
— exs= 0.8 (NOJ k — exr=0.1 NO}
exs= 0.8 {TO} e egr= 0.1 {TO}

# Decay Background (A=0) -




Number of CNB events

x bor illustration here we make a few comments about the exact number of CNDB events

x In the presence of GNI the number of CNB events will be difterent from the SM prediction

x For the SM, e.g, it my; 0 = 50 meV and the experimental resolution A = 20 meV then the

number of GNDB capture events per year 1s approximately 4.5

x In the presence of GNIs; e.g., with the same parameters and 10 yrs of exposure time —

Values (Min., Max.) # of evts.
(-1, -3.8) (38, 104)
(0.3, 0.8) (10, 108)
(-1, -3.5) (37, 89)

(0.31, 0.75) (7, 90)
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Summary

*

*

A successtul detection of the CINB can help us look back deeper than CMB

Many of the as yet unmeasured parameters such as the temperature and number density of
the CNB can be predicted from theory, extended scenarios could result in significantly
different values

We explored the impact of GNIs in the detection of CNB through PTOLEMY

GNIs arising due to vector and axial couplings can be absorbed in the CKM elements and
hence using only (inverse) J-decay processes one cannot test these new physics couplings

We have confined ourselves to the scalar and tensor couplings for both left- and right-
handed neutrinos, i.e., €, ¢, €, 1~ €5, and €



Summary

*

The 90% confidence level values of the four GNI parameters have been taken from the
one-parameter y°-analysis

These sets of values are used to obtain the electron spectrum around the endpoint energy
of the [p-decay of tritium in the presence of GNIs

Analyzing this nature we can get an idea regarding the values of the GNI parameters from
the experimental data

These features can be used to confirm the neutrino mass orderings or at least put more
stringent bounds on the different orderings from the PITOLEMY data

In the future, when there will be more insight regarding the experimental resolution,
studies of this kind can lead to a deeper understanding of the my;,p, .. and also the ordering

of neutrino mass
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Back-up slides

Utility of detecting CNB

x  Currently GMB sets our limit to look back in time;, GNB will help see turther

® (CNB 1s a rare source of non-relativistic neutrinos

x  Detecting 1t can reveal certain neutrino properties which are otherwise difhicult to measure at
high momentum

x (Caveat: neutrinos are assumed to be stable



A few technical points

Helicity; CGhirality; Dirac; Majorana:

x At the treeze-out neutrinos were ultra-relativistic, so there was no distinction between their
helicities and chiralities

x As they cool down, they remain no longer ultra-relativistic and helicity and chirality do not
coincide, after all neutrinos are not massless

®x  While neutrinos are tree-streaming their helicity 1s conserved but not chirality

x If the neutrinos are not completely free-streaming but have some kind of interaction then the

helicity can be flipped

®x ‘This can redistribute relative abundances in Dirac case, but nothing 1s affected in the Majorana
case



A few technical points

Clustering:

®x  Since neutrinos have some tiny masses they can not escape gravitational eftects

x T'hey can be trapped 1n gravitational potential wells of galaxies or cluster ot galaxies if the
CNB neutrinos have velocities smaller than the escape velocity [Ringwald and Wong, JCAP 2004]

® |'his may lead to a local overdensity of neutrinos and the standard density of 56 cm=3 can be
enhanced [Mertsch et. al, JCAP 2020]

= |'hisis not at the level that can be measured exactly even with a few years running of the

proposed experiments like PITOLEMY



Stodolsky eftect

x The presence of a neutrino background acts as a potential that changes the energy of atomic

el
P]

ectron spin states, analogous to the Zeeman effect in the presence ot a magnetic field [Stodolsky,

RL, 1975; Duda et. al PRD, 2001 ]

x  Requirements to have the energy splitting AE

(1) net neutrino chemical potential (for Dirac case) or net helicity (for Majorana case)

(11) breaking of 1sotropy (Earth velocity)

x  Result depend on Dirac/Majorana, relativistic/non-relativistic, clustered/unclustered

x lypically, AE, ~ Grg, fen, = atorque 7, ~ | AE, |on each electron, such that a ferromagnet with

N, polarised electrons 1n the presence of GINB experiences a total torque

C

®x |'his can induce a linear acceleration on a terromagnet with some spatial extent, and Gavendish
torsion balance can, i principle, be used to measure the ettect




Coherent scattering

x  Asthe Earth moves through the sea of GNB neutrinos, a target on Earth experiences, by elastic
scattering, momentum transter from neutrinos |Freedman, PRD 1974; Shergold, JCAP 2021 |

x In the Earth’s rest frame the momentum transter per scattering 1s:

(Ap)g = Ps— for relativistic v
¢

(AD)Yyenk = Pos— for non-clustering non-relativistic v
: C

(Ap)cnr R Pgcemy, tor clustering non-relativistic v

x |'his induces a small macroscopic acceleration in a target with total mass M,

N—INﬁ ( )
a o 1. CA
MTyvNyp

= Applicable when coherence can only be maintained over a single nucleus; relic neutrinos with
macroscopic wavelengths 4, ~ O(inm) should be capable of maintaining coherence over many
nuclei, leading to vastly enhanced cross sections



Some other proposals:

Using accelerators: GoM energy requirem

ents for thresholded neutrino capture processes can be

met by running an accelerated beam of 1ons through the GINB. 'T'his offers the additional
advantage of being able to tune the neutrino energy to hit a resonance, in doing so significantly
enhancing capture cross sections |Bauer et. al, PRD, 2021}

Using neutrino decay: ['he electromagnetic decay of neutrinos from GNB would result in a

background of photons; the spectral lines

rom relic neutrino decays could be observed using line

intensity mapping, which could place com

betitive bounds on the neutrino htetime and provide

direct evidence for the cosmic neutrino background; neutrino electromagnetic moment plays

significant role here |Bernal et. al, PRL, 2021

Indirect methods:

(1) Gosmic ray neutrino attenuation — most pronounced when the mcident cosmic ray scatters
from a relic neutrino resonantly resulting in a narrow absorption line 1 the cosmic ray spectrum
analogous to the GZK cutoft [Weiler, PRI, 1982]

(11) Atomic de-excitation — using Pauli exclusion principle |Yoshimura et. al, PRD, 2015



Cross-section (BSM)

The expression for the cross-section can be given as,

E, 972
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PI1OLEMY: Detection Rate
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