Sensitivity study of probing relic neutrino using
beta decaying target with low temperature
calorimeter
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1. Properties of Relic neutrino
« Relic neutrino : decouple from the plasma when temperature of the universe was 1~2 MeV

-1
 Momentum distribution : relativistic Fermi-Dirac distribution f,(p) = [exp (Tﬂ) + 1] with neutrino

temperature today T, o = 1.676 * 10~ *eV

( average kinetic energy = 6.5T), (T"")) < 3.7+107%eV ,when m, = 50meV (oscillation exp.) )

my

 Density per flavor, charge and helicity : n, o = %(?Tv,(ﬁ = 56cm ™3 (homogenous) -> mass independent

( Density enhancement factor : next page )

:> Because of very low kinetic energy and coupling constant of relic neutrino, it is advantageous to
use beta decay nuclei as a target material -> call it NCB (neutrino capture on beta decay nuclei)



Density enhancement factor along the distance from the galactic center
( our position : 8kpc )

“Gravitational clustering of relic neutrinos and implications for their detection”
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2. Total expected detection spectrum of LTD using tritium source

2.1 beta decay spectrum

« N> N +e +7,

dﬂ.[;
dE,

« decay rate spectrum of tritium beta decay per one tritium atom :

dA[)’ . Glevudl2

|MI*F(Z, Ee)peEevavG)(QB —E. + me)

dE,  2m3
27N ZaE, ,
F(Z,E,) = T—oam\1= > where Z = 2(decay product is He) and a~1/137
- e
|M|? : nuclear matrix element = 5.49193 Gr = 1.16637 * 10" %3eV 2.
IV,4| = 0.97427 - m, = 510999eV -
Qp = 18589.8eV - m, -

—m, dA : "
. Aﬁ:f;::ewﬁ m”Z—]idEe = 0.055/y -> calculated half-life of tritium = % = 12.61year

( experimental value = 12.32year )



2.2 NCB spectrum

. ve+N—>N’+e_

2 2
* Relic neutrino capture rate spectrum : d?zIZ*ZB = br ;/T”d' |M|?F(Z,E.)p.Een, o8(E, —m, — Qg — m,,)

(Dirac & non-relativistic neutrino case, for Majorana case double it)

|IM|*{F(Z, Ee)PeEe}g,=m,+Qy+m, = 3.84 * 10~*>cm? (Andrew J. Long's paper : 3.83 x

2
Ance _ GF Vyal®
ny.0 2T
10~ % cm?).

- Capture rate per one tritium atom = Aycp = 2.03 x 10725 /y

100g of tritium -> expected NCB event for 1year = 4



2.3 Number of events

« Assume that number of tritium atom is not affected by the NCB events or pile-up events

Energy
resolution(gau
ssian)

Neet Ninitial N(t) T TR AE = 2.350

# of total # of tritium Pile-up
resolving time

O CRUEEE tritium atom | atom at time t Running time

N(t) = N(t = 0)e 28t

Number of beta events
= NdetN(t — 0) * (1 - e_/lﬁT) = Ninitial * (1 — e_AﬁT)

Number of NCB events
T T _ A _
= Ndet fO ANCBN(t)dt = Ndet/lNCB fO N(t = 0)8 Aﬁtdt = Ninitial%(]- — e ABT)



Pile-up event

* Activity of single detector at time t : AgN(t)

+ when beta decay occur at time t, probability density that next event occur at t=t+t is

. P(t,t') = 24N (t) * e ¥V (normalized to 1)

« probability of next event occur within the pile-up resolving time is
TR ! !/ TR ! !
,[0 p(t, t )dt = fo AgN(t) * e BN gt = 1 — o= NOR o AgN (1R

Number of pile-up events for period T
T dN(t) T _ _

= Nget * fo T T dt * Ppile—up(t)dt = Nget * fo AﬁN(t =0)e Apt *AﬁN(t = 0)tge Apt

1 Ninitial

= =1
d Ndet

> TRNinitial(l — e_ZAﬁT)




2.3 Expected detection spectrum
2.3.1 Normalized(to 1) beta, NCB, pile-up spectrum reflecting energy resolution

(Ee— Ee)
. _ me+QB—mv 1 T 1 dlﬁ
fp(0.Ee) =), Voo ¢ Y7 1R (E )dEe

!

1 (Ee—me—Q[j—mv)z

* fncg(o,E;) = ——¢ 207

_(Ee—Ee )" )2

Z(me+Q my) ’ ' " "
fplle up(U E,) = & [ 202 f fﬁ( ) 0 *fﬁ (Ee —E, )0_0 dE, ]dEe

Zna

!

2.3.2 total detection spectrum

- Beta event : Ny * (1 — e 7)) x f3(0, E,)
2 _
* NCB event : Ny 7 * (1~ e7#")*fiucs (0, Ee)

—2/1 T
Ninitial TRNinitial(l _ B )*fpile—up (O', Ee)

* Pile-up event : —/1[3 N,
t



Total detection spectrum ( Myyitium= 1009, Nyor=1.8 x 10'°, 7, = 1 10755, T = 5year)

Seems unrealistic conditions
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1. m, = 0.1eV

AE = 0.08eV AE = 0.07eV
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3. Statistical sensitivity (analytic)

Expected number of background events

b=

AE

+_

_é {Npile—up (Eer Ninitial» Ndetr TR, T, A) + Nbeta (Ee» Ninitial» Ndetr TR, T, A)}dEe
2

Expected number of signal(NCB) events
Mme+Qp+my =

+_
=s= 2 Nyeg(Ee, Ninitiar, T, A)AE,

Number of signal has to be bigger than the fluctuation of the number of background

S

95% confidence level of probing relic neutrino(3sigma result) : 5= 1.96



Reliability check
« Analytic 90% confidence limit of neutrino mass for rhenium

"Expectations for a new calorimetric neutrino mass experiment”

where N, is the number of detectors and T' = Nty is the exposure. This ratio must be about
1.7 for a 90% confidence limit. Therefore, in absence of background, an approximated expression
for the 90% C.L. limit on m,, — £(m,, )gy — can be written as [49]

Ey AE 3 E 1 .
Yoo(m,) = 1.1 A 1
owim) = 115 tnAsNer | B { "T0AE™ 3] )

« 0.1eV limit of neutrino mass could be acquired when below feasible condition is met

1.84kg 10 year 3.3 % 10° 21077

* Use the saved formula and calculated single atom activity of rhenium 25 = 1.697 « 10~ /y

‘ 0.108eV was acquired for the 90% confidence limit
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Results

1. Background : beta spectrum only

Required energy resolution for total tritium mass : 100g, 200g, 300g, 1000g,......
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2. Background : pile-up spectrum only

In the case beta could be neglected(AE=0.1eV, m,=0.2eV, M,;+ium=100g, T=5year) as a background

AE (Ee_me_QB_m‘v)z
+Qg+
ANCB (1 —ABT) J‘me Qptmy+ 2 1 202 dEe

tial
lTll ia /1,8 me"‘QB‘l‘mv AE\/—

\/E AE
1. N; _ Me+Qp+My+
\/7’13 K]Ziml TRletlal(l ZAﬁT) « | AE fpite- up(Ee)dE

me+Q3+ VT
—ApT
:ANCB Nger |1—e P *447693
/13 /1’3‘L'R 1+e .3

BEE)  Ngee = 1.7 % 10%*14(s)

When N, = 1.7 * 10°, 75 = 107285




4. What to do

 Investigate the unavoidable energy uncertainty of LTD with Magnetic metallic sensor

-> below 0.1eV is possible??

« Simulate the sensor signal and see how well the pile-up could be rejected

(signal shape of one beta event of 2E, could be different from pile-up of E,+E, in absorber’s
temperature response)

« Vertex information?



