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A search for neutrino-induced inverse β-decay in 210Bi spectrum
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We present results of 210Bi β-spectrum analysis. A search for monoenergetic peak around the spectrum endpoint

was performed. The presence of such peak would be the evidence of direct observation of inverse β-decay reaction,

which can be caused, in particular, by capture of relic neutrino by the bismuth nucleus. The absence of statistically

significant excess of such events allowed for setting of the upper limit on product of relic neutrino flux 8ν and

capture cross-section σν : σν · 8ν ≤ 1.4 · 10−12s−1 .
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A possible method for observing relic neutrinos using

the reverse β-decay on tritium nuclei was proposed by

S. Weinberg and it is being considered in recent project

PTOLEMY [1]. Optimistic forecasts for the detection of

relic neutrinos are based on the assumption of their gravita-

tional clustering effect in the vicinity of Earth [2]. As a result
of the neutrino capture reaction a peak of monoenergetic

electrons occurs at the endpoint region of β-spectrum

Qβ . Consideration of a possibility of detecting the relic

neutrinos capture by heavier nuclei, undergoing β-decay,

is of fundamental interest. This paper outlines the end-

point energy region study of β-spectrum of 210Bi isotope,

which undergoes a first forbidden non-unique transition

(to ground state 210Po: 210Bi(1−) → 210Po(0+) + ν̃ + e−

(Qβ = 1162.7 keV, T1/2 = 5.0d). The 210Bi nucleus has a

number of unique characteristics, such as a strong difference

in the shape of β-spectrum, allowed one and an abnormally

long lifetime, and it has been widely studied since the

30s of the last century in a large number of experimental

and theoretical works. In present paper, the search for

the peak of monoenergetic electrons was carried out in

(Qβ , Qβ + 30) keV energy range in order to include heavy

sterile neutrinos with a mass of ∼ 10 keV that are motivated

candidates for the role of dark matter particles [3].

The isotope 210Bi belongs to the natural chain of 238U

radioactive decay, being the product of 222Rn gas decay and

subsequent long-live lead isotope 210Pb (T1/2 = 22 years).
The carrier-free planar 210Pb source was prepared by ther-

mal oxidation with deposition on steel foil. The scheme of

β-spectrum measurement was based on a simple geometry

of β-spectrometer —
”
target-detector“. Si(Li) detector

together with 210Po-target was placed in a vacuum cryostat

where it was cooled down to liquid nitrogen temperature.

The signal from the detector was sent to charge-sensitive

preamplifier, then to standard analog shaper and digitized

by a 14-bit ADC [4]. Fig. 1 shows β-spectrum of 210Bi

obtained during 634 h of measurements. In the beginning

of spectrum one may clearly see the spectrum of electrons

and gamma-lines of the 210Pb→ 210Bi decay.

The energy resolution of the Si(Li) detector, determined

for conversion electrons with an energy of 30 keV, was

1.0 keV, the lower detection threshold was set to 5 keV. The

data was accumulated in short 1-hour series to monitor the

stability of the spectrometric path. The total of 108 electron

events has been registered in total.

The measured β-spectrum of 210Bi was expressed as

N(E) =

W0∫

E/mc2+1

S(W ) · R(W, E) · dW, (1)

where R(W, E) is normalized response function of the

spectrometer obtained with Monte Carlo simulation of

electrons flux with energy W ; S(W ) is distribution of β-

particles over energy that can be written as

S(W ) = P ·W · (W −W0)
2
· F(W, Z) ·C(W ), (2)

where P and W is momentum and full energy of electron,

correspondingly; W = T/m · c2 + 1, where T is kinetic

energy of electron; W0 = T0/m · c2 + 1 is the β-spectrum

end-point energy; F(W, Z) is Fermi function that takes into

account interaction of the outgoing electron with the nucleus

and atomic shell; C(W ) is nuclear form-factor that considers

the effects of internuclear interactions.

The canonical Fermi function F0(W, Z), calculated ini-

tially in the point-like nucleus approximation, has been

modified to include additional corrections:

F(W, Z) = F0(W, Z)·L0(W, Z)·M(W, Z)·S(W, Z)·Gβ(W ),
(3)

where Z is daughter nucleus charge, L0(W, Z) and

M(W, Z) is corrections for finite nucleus size (electromag-

netic and weak interaction), S(W, Z) is correction for atomic

shell screening, Gβ(W ) is radiative correction.
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Figure 1. Spectrum of 210Pb source measured by Si(Li) detector in 634 h.

The nuclear form-factor C(W ) was described using two

parameters C1 and C2:

C(W ) = 1 + C1 ·W + C2 ·W 2. (4)

When modeling the response function, a homogeneous

distribution of the electron’s origin point inside the source

and an isotropic angular distribution of the electron’s

momentum direction were assumed. GEANT 4.10.04 soft-

ware with the standard electromagnetic interaction package

G4Em Standard Physics Option4 was used for modeling.

When fitting the measured spectrum, 6 parameters were

varied: general normalization coefficient, slope of the

calibration line, form-factor parameters C1 and C2 and two

additional parameters of the spectrometer response function.

Fitting was performed in the energy range of

120−1175 keV with linear approximation of background.

As a result, minimum of χ2/NDF = 1806.1/1738 was

obtained, corresponding to significance level of P = 0.12

and form-factor parameters C1 = −0.4470 ± 0.0013 and

C2 = 0.0552 ± 0.0004 [4].
In order to search for a peak near the end-point energy, a

model of the experimental β-spectrum (1) has been supple-

mented with two parameters: ENC and NNC. Parameter ENC

that is equivalent to the energy of monoenergetic electron,

when the peak was searched, fixed its position, whereas

NNC parameter was returned as an amplitude (number

of events in the peak). β-spectrum was fitted similarly

to the above procedure with the shape of spectrum (1),
the parameters of the form-factor remained free, and the

range of fitting was extended to 120−1200 keV. The most

probable values of parameter NNC were obtained within the

energy range of 1162−1192 keV, which corresponds to the

0−30 keV interval of neutrino masses, with a spacing of

0.5 keV. No NNC values deviating from zero value by more

than 3 standard deviations were detected, indicating the

absence of statistically significant peaks. For each value

of NNC the upper limit N90 was calculated by a number of

neutrino capture events for the 90% confidence level, taking

into account only positive part of the area of distribution

function f (NNC) (Fig. 2).
Fig. 3 shows the expected additional contribution to the

measured spectrum at electron energy that is close to the

end-point one ENC = 1162 keV (mν ≈ 0). This corresponds
to 790 events, which is 10 times more than the established

upper limit at this energy.

The expected number of neutrino captures NNC may be

expressed as

NNC = σν · 8ν · I · t · τ , (5)

where σν is cross-section of neutrino capture reaction, 8ν is

relic neutrino flux t is exposure, I is Si(Li) detector 210Bi

count rate that is defined by the long-live 210Pb decay rate,

and τ is lifetime of 210Bi nucleus.

Based on condition that NNC < N90(mν), upper limits can

be obtained for a product of interaction cross-section and the

neutrino flux for different neutrino masses. In particular, the

absence of peak in β-spectrum with the energy that is equal

to the end-point one (mν ≈ 0, N90 = 79) results in limitation

for product σν · 8ν ≤ 1.4 · 10−12 s−1.

Assuming that relic neutrinos with a concentration of

330 cm−3 move with non-relativistic velocities of dark

matter particles ∼ 300 km/s, we can obtain an upper limit

for the interaction cross-section of relic neutrinos with
210Bi nuclei: σCNB ≤ 1.4 · 10−22 cm2. The upper limit for

the mass of the heaviest neutrino state from the Planck
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Figure 2. The most probable values NNC and the corresponding upper limits N90 for various values of neutrino mass.
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Figure 3. Measured spectrum in the interval 1100−1200 keV and detector response function at the energy level of ENC = 1162 keV.

telescope data and the values of the oscillation parameters is

65meV [5,6]. If we assume that all dark matter with density

of 0.3GeV/cm3 consists of such neutrinos, the upper limit

for the neutrino capture cross-section turns out to be more

stringent: σDM ≤ 1.0 · 10−29 cm2 [7].
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A. Höcker, J. Holder, L. Hsu, J. Huston, T. Hyodo, Al. Ianni,

M. Kado, M. Karliner, U.F. Katz, M. Kenzie, V.A. Khoze,

S.R. Klein, F. Krauss, M. Kreps, P. Križan, B. Krusche,

Y. Kwon, O. Lahav, J. Laiho, L.P. Lellouch, J. Lesgourgues,

A.R. Liddle, Z. Ligeti, C.-J. Lin, C. Lippmann, T.M. Liss,

L. Littenberg, C. Lourenço, K.S. Lugovsky, S.B. Lugovsky,

A. Lusiani, Y. Makida, F. Maltoni, T. Mannel, A.V. Manohar,

W.J. Marciano, A. Masoni, J. Matthews, U.-G. Meißner,
I.-A. Melzer-Pellmann, M. Mikhasenko, D.J. Miller, D. Mil-

stead, R.E. Mitchell, K. Mönig, P. Molaro, F. Moortgat,

M. Moskovic, K. Nakamura, M. Narain, P. Nason, S. Navas,

A. Nelles, M. Neubert, P. Nevski, Y. Nir, K.A. Olive, C. Patrig-

nani, J.A. Peacock, V.A. Petrov, E. Pianori, A. Pich, A. Piepke,

F. Pietropaolo, A. Pomarol, S. Pordes, S. Profumo, A. Quadt,

K. Rabbertz, J. Rademacker, G. Raffelt, M. Ramsey-Musolf,

B.N. Ratcliff, P. Richardson, A. Ringwald, D.J. Robin-

son, S. Roesler, S. Rolli, A. Romaniouk, L.J. Rosenberg,

J.L. Rosner, G. Rybka, M.G. Ryskin, R.A. Ryutin, Y. Sakai,

S. Sarkar, F. Sauli, O. Schneider, S. Schönert, K. Schol-

berg, A.J. Schwartz, J. Schwiening, D. Scott, F. Sefkow,

U. Seljak, V. Sharma, S.R. Sharpe, V. Shiltsev, G. Signorelli,
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