
Sensitivity study of probing relic neutrino using 
beta decaying target with low temperature 

calorimeter

2018/08/26



1. Properties of relic neutrino

2. Total detection spectrum

3. Statistical sensitivity (analytic)

4. What to do

Outlook



1. Properties of Relic neutrino

• Relic neutrino : decouple from the plasma when temperature of the universe was 1~2 MeV  

• Momentum distribution : relativistic Fermi-Dirac distribution 𝑓𝑣 𝑝 = 𝑒𝑥𝑝
𝑝

𝑇𝜈
+ 1

−1

with neutrino 

temperature today 𝑇𝜈,0 = 1.676 ∗ 10−4𝑒𝑉

( average kinetic energy ≈ 6.5𝑇𝜈,0
𝑇𝜈,0

𝑚𝜈
< 3.7 ∗ 10−6𝑒𝑉 , 𝑤ℎ𝑒𝑛 𝑚𝜈 ≥ 50𝑚𝑒𝑉 (𝑜𝑠𝑐𝑖𝑙𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑥𝑝. ) )

• Density per flavor, charge and helicity : 𝑛𝜈,0 =
3𝜁 3

4𝜋2
𝑇𝜈,0

3 = 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” 



2. Total expected detection spectrum of LTD using tritium source

• 𝑁 → 𝑁′ + 𝑒− + ҧ𝜈𝑒

• decay rate spectrum of tritium beta decay per one tritium atom : 
𝑑𝜆𝛽

𝑑𝐸𝑒

• 𝜆𝛽=׬𝑚𝑒

𝑚𝑒+𝑄𝛽−𝑚𝜈 𝑑𝜆𝛽

𝑑𝐸𝑒
𝑑𝐸𝑒 = 𝟎. 𝟎𝟓𝟓/𝒚 -> calculated half-life of tritium =

ln 2

𝜆𝛽
= 12.61𝑦𝑒𝑎𝑟

( experimental value = 12.32year )

2.1 beta decay spectrum

𝐹 𝑍, 𝐸𝑒 =
2𝜋𝜂

1 − 𝑒−2𝜋𝜂
𝜂 =

𝑍𝛼𝐸𝑒
𝑝𝑒

𝑤ℎ𝑒𝑟𝑒 𝑍 = 2 𝑑𝑒𝑐𝑎𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖𝑠 𝐻𝑒 𝑎𝑛𝑑 𝛼~ Τ1 13 7

𝑑𝜆𝛽

𝑑𝐸𝑒
=
𝐺𝐹

2 V𝑢𝑑
2

2𝜋3
ℳ 2𝐹 𝑍, 𝐸𝑒 𝑝𝑒𝐸𝑒𝑝𝜈𝐸𝜈Θ 𝑄𝛽 − 𝐸𝑒 +𝑚𝑒



• 𝜈𝑒 +𝑁 → 𝑁′ + 𝑒−

• Relic neutrino capture rate spectrum : 
𝑑𝜆𝑁𝐶𝐵

𝑑𝐸𝑒
=

𝐺𝐹
2 𝑉𝑢𝑑

2

2𝜋
ℳ 2𝐹 𝑍, 𝐸𝑒 𝑝𝑒𝐸𝑒𝑛𝜈,0𝛿 𝐸𝑒 −𝑚𝑒 − 𝑄𝛽 −𝑚𝜈

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

•
𝜆𝑁𝐶𝐵

𝑛𝜈,0
=

𝐺𝐹
2 𝑉𝑢𝑑

2

2𝜋
ℳ 2 𝐹 𝑍, 𝐸𝑒 𝑝𝑒𝐸𝑒 𝐸𝑒=𝑚𝑒+𝑄𝛽+𝑚𝜈

= 3.84 ∗ 10−45𝑐𝑚2 (Andrew J. Long’s paper : 3.83 ∗

10−45𝑐𝑚2).

• Capture rate per one tritium atom = 𝜆𝑁𝐶𝐵 = 𝟐. 𝟎𝟑 ∗ 𝟏𝟎−𝟐𝟓/𝒚

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

2.2 NCB spectrum



2.3 Number of events 

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

𝐍 𝒕 = 𝐍 𝒕 = 𝟎 𝒆−𝝀𝜷𝒕

Number of beta events

= 𝑁𝑑𝑒𝑡N 𝑡 = 0 ∗ (1 − 𝑒−𝜆𝛽𝑇) = 𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 1 − 𝑒−𝜆𝛽𝑇

Number of NCB events   

= 𝑁𝑑𝑒𝑡 0׬
𝑇
𝜆𝑁𝐶𝐵𝑁 𝑡 𝑑𝑡 = 𝑁𝑑𝑒𝑡𝜆𝑁𝐶𝐵 0׬

𝑇
N 𝑡 = 0 𝑒−𝜆𝛽𝑡𝑑𝑡 = 𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝜆𝑁𝐶𝐵

𝜆𝛽
(1 − 𝑒−𝜆𝛽𝑇)

# of detectors
# of total 

tritium atom 
# of tritium 

atom at time t
Running time

Pile-up 
resolving time

Energy 
resolution(gau

ssian)

𝑁𝑑𝑒𝑡 𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙 N 𝑡 T 𝜏𝑅 ∆𝐸 = 2.35𝜎



Pile-up event

• Activity of single detector at time t : 𝝀𝜷𝑵(𝒕)

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

: P t, 𝑡 ′ = 𝜆𝛽𝑁(𝑡) ∗ 𝑒
−𝜆𝛽𝑁(𝑡)𝑡

′
(normalized to 1)

• probability of next event occur within the pile-up resolving time is

න
0

𝜏𝑅

𝑃 𝑡, 𝑡 ′ 𝑑𝑡 ′ = න
0

𝜏𝑅

𝜆𝛽𝑁(𝑡) ∗ 𝑒
−𝜆𝛽𝑁(𝑡)𝑡

′
𝑑𝑡 ′ = 1 − 𝑒−𝜆𝛽𝑁 𝑡 𝜏𝑅 ≈ 𝜆𝛽𝑁 𝑡 𝜏𝑅

Number of pile-up events for period T 

= 𝑁𝑑𝑒𝑡 ∗ 0׬
𝑇
−

𝑑𝑁 𝑡

𝑑𝑡
∗ 𝑃𝑝𝑖𝑙𝑒−𝑢𝑝 t 𝑑𝑡 = 𝑁𝑑𝑒𝑡 ∗ 0׬

𝑇
𝜆𝛽𝑁 𝑡 = 0 𝑒−𝜆𝛽𝑡 ∗ 𝜆𝛽𝑁 𝑡 = 0 𝜏𝑅𝑒

−𝜆𝛽𝑡

=
1

2
𝜆𝛽

𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑁𝑑𝑒𝑡

𝜏𝑅𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙 1 − 𝑒−2𝜆𝛽𝑇



2.3 Expected detection spectrum

2.3.2 total detection spectrum 

• Beta event : 𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 1 − 𝑒−𝜆𝛽𝑇 ∗ 𝑓𝛽 𝜎, 𝐸𝑒

• NCB event : 𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝜆𝑁𝐶𝐵

𝜆𝛽
1 − 𝑒−𝜆𝛽𝑇 *𝑓𝑁𝐶𝐵 𝜎, 𝐸𝑒

• Pile-up event : 
1

2
𝜆𝛽

𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑁𝑑𝑒𝑡
𝜏𝑅𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙 1 − 𝑒−2𝜆𝛽𝑇 *𝑓𝑝𝑖𝑙𝑒−𝑢𝑝 𝜎, 𝐸𝑒

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

• 𝑓𝛽 𝜎, 𝐸𝑒 𝑚𝑒׬=

𝑚𝑒+𝑄𝛽−𝑚𝜈 1

2𝜋𝜎
𝑒
−
(𝐸𝑒−𝐸𝑒

′)2

2𝜎2
1

𝜆𝛽

𝑑𝜆𝛽

𝑑𝐸𝑒
𝐸𝑒

′ 𝑑𝐸𝑒
′

• 𝑓𝑁𝐶𝐵 𝜎, 𝐸𝑒 =
1

2𝜋𝜎
𝑒
−

𝐸𝑒−𝑚𝑒−𝑄𝛽−𝑚𝜈
2

2𝜎2

• 𝑓𝑝𝑖𝑙𝑒−𝑢𝑝 𝜎, 𝐸𝑒 = 2𝑚𝑒׬

2(𝑚𝑒+𝑄𝛽−𝑚𝜈) 1

2𝜋𝜎
𝑒
−
(𝐸𝑒−𝐸𝑒

′)2

2𝜎2 0׬
𝐸𝑒

′

𝑓𝛽 𝐸𝑒
′′

𝜎=0
∗ 𝑓𝛽 𝐸𝑒

′ − 𝐸𝑒
′′

𝜎=0
𝑑𝐸𝑒

′′ 𝑑𝐸𝑒
′



∆𝐸 = 0.15eV

Total detection spectrum ( 𝑀𝑡𝑟𝑖𝑡𝑖𝑢𝑚= 100𝑔, 𝑁𝑑𝑒𝑡=1.8 ∗ 1019, 𝜏𝑅 = 1 ∗ 10−15𝑠, 𝑇 = 5𝑦𝑒𝑎𝑟 )

1. 𝑚𝜈 = 0.2eV

∆𝐸 = 0.125eV

beta

pile − up

NCB

beta

pile − up

NCB

𝐾. 𝐸𝑒(𝑒𝑉) 𝐾. 𝐸𝑒(𝑒𝑉)

Seems unrealistic conditions



1. 𝑚𝜈 = 0.1eV

∆𝐸 = 0.08eV ∆𝐸 = 0.07eV

𝐾. 𝐸𝑒(𝑒𝑉) 𝐾. 𝐸𝑒(𝑒𝑉)



3. Statistical sensitivity (analytic)

Expected number of background events 

= b = ׬
𝑚𝑒+𝑄𝛽+𝑚𝜈−

∆𝐸

2

𝑚𝑒+𝑄𝛽+𝑚𝜈+
∆𝐸

2 {𝑁𝑝𝑖𝑙𝑒−𝑢𝑝 𝐸𝑒 , 𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙 , 𝑁𝑑𝑒𝑡, 𝜏𝑅 , 𝑇, Δ + 𝑁𝑏𝑒𝑡𝑎 𝐸𝑒 , 𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙 , 𝑁𝑑𝑒𝑡, 𝜏𝑅 , 𝑇, Δ }𝑑𝐸𝑒

Expected number of signal(NCB) events 

= s = ׬
𝑚𝑒+𝑄𝛽+𝑚𝜈−

∆

2

𝑚𝑒+𝑄𝛽+𝑚𝜈+
∆

2𝑁𝑁𝐶𝐵 𝐸𝑒 , 𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙 , 𝑇, Δ 𝑑𝐸𝑒

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

95% confidence level of probing relic neutrino(3sigma result) : 
𝑠

𝑏
= 1.96



• Analytic 90% confidence limit of neutrino mass for rhenium

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

• Use the saved formula and calculated single atom activity of rhenium 𝜆𝛽 = 𝟏. 𝟔𝟗𝟕 ∗ 𝟏𝟎−𝟏𝟏/𝐲

Reliability check

“Expectations for a new calorimetric neutrino mass experiment”

𝑀𝑟ℎ𝑒𝑛𝑖𝑢𝑚 𝑇 𝑁𝑑𝑒𝑡 𝜏𝑅 ∆𝐸

1.84kg 10 year 3.3 ∗ 105 2 ∗ 10−7 1eV

0.108eV was acquired for the 90% confidence limit



Pile-up

Beta 𝑚𝜈=0 

Beta 
𝑚𝜈=0.108eV 



Results

1. Background : beta spectrum only

Required energy resolution for total tritium mass : 100g, 200g, 300g, 1000g,…..

𝑀𝑡𝑟𝑖𝑡𝑖𝑢𝑚(g) 𝑀𝑡𝑟𝑖𝑡𝑖𝑢𝑚(𝑔)

∆𝐸(eV)∆𝐸(𝑒𝑉)



2. Background : pile-up spectrum only

In the case beta could be neglected(∆𝐸=0.1eV, 𝑚𝜈=0.2eV, 𝑀𝑡𝑟𝑖𝑡𝑖𝑢𝑚=100g, T=5year) as a background 

𝑠

𝑏
=

𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝜆𝑁𝐶𝐵
𝜆𝛽

1 − 𝑒−𝜆𝛽𝑇 ׬
𝑚𝑒+𝑄𝛽+𝑚𝜈−

∆E
2

𝑚𝑒+𝑄𝛽+𝑚𝜈+
∆E
2 1

2𝜋𝜎
𝑒
−

𝐸𝑒−𝑚𝑒−𝑄𝛽−𝑚𝜈
2

2𝜎2 𝑑𝐸𝑒

1
2 𝜆𝛽

𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑁𝑑𝑒𝑡

𝜏𝑅𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙 1 − 𝑒−2𝜆𝛽𝑇 ∗ ׬
𝑚𝑒+𝑄𝛽+𝑚𝜈−

∆E
2

𝑚𝑒+𝑄𝛽+𝑚𝜈+
∆E
2 𝑓𝑝𝑖𝑙𝑒−𝑢𝑝 𝐸𝑒 𝑑𝐸𝑒

= 
𝜆𝑁𝐶𝐵

𝜆𝛽

𝑁𝑑𝑒𝑡

𝜆𝛽𝜏𝑅

1−𝑒
−𝜆𝛽𝑇

1+𝑒
−𝜆𝛽𝑇

∗ 447.693

𝑵𝒅𝒆𝒕 = 𝟏. 𝟕 ∗ 𝟏𝟎𝟑𝟒𝝉𝑹(𝒔)

When 𝑁𝑑𝑒𝑡 = 1.7 ∗ 106, 𝜏𝑅 = 10−28𝑠



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 2𝐸𝑒 could be different from pile-up of 𝐸𝑒+𝐸𝑒 in absorber’s 
temperature response) 

• Vertex information? 


