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Open problem in physics
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¢« The gallium anomaly: The measurements of the charged-current capture rate of neutrinos
on Ga from strong radioactive sources have yielded results below those expected, based
on the known strength of the principal transition supplemented by theory.[3¢]
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[Review article] Elliot, Gavrin, Haxton

Nature of Gallium Anomaly and Brief History Prog. Part. Nucl. Phys. 134 (2024) 104082
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GALLEX, SAGE, and BEST Experiments on Gallium Anomaly
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Role of Nuclear Matrix Elements and Cross Sections Calculation on Gallium Anomaly
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The ratio of the measured 71Ge production rate
Shell model calculation for Nuclear Matrix Elements of 72Ga and %°Ga to the predicted rate for all 6 measurements.

The dotted blue line (shading) is the best fit
(uncertainty) to all 6 results.

Summary Ve + 71Ga - 71Ge + e~



Nature of Gallium Anomaly

Observation: The gallium anomaly refers to the unexpected shortfall in the number of neutrinos detected
by gallium-based detectors compared to theoretical predictions.

The key reaction used in the Gallium experiment is the neutrino capture reaction on gallium-71

Ve +71Ga » 71Ge + e~
The electron neutrino from the Sun or artificial sources (like chromium-51 in calibration runs) interacts with
the gallium nucleus.

Key Experiments: Detectors like GALLEX and SAGE observed fewer neutrinos than expected when
exposed to neutrino sources.

Potential Explanation: The anomaly may suggest the existence of , a type of neutrino that
doesn't interact via the weak force, making them undetectable by standard methods.

Theoretical Considerations: Discrepancies in nuclear matrix elements, cross-section calculations, or beta
decay rates could also contribute to the anomaly.

Significance: The gallium anomaly raises the possibility of new physics , prompting further
experimental and theoretical research.



Brief History Gallium Anomaly

1970s-1980s: Concept Development
The idea of using gallium as a detector material for neutrinos was proposed to study solar neutrinos, leveraging the
reaction
v. + 1Ga — "Ge+ e
1990s: Initial Experiments
* GALLEX (1991-1997): The first gallium experiment in Italy's Gran Sasso Laboratory detected solar neutrinos but
found a significant deficit compared to theoretical predictions.

* SAGE (1989-Present): A similar experiment in Russia's Baksan Neutrino Observatory also detected fewer neutrinos
than expected, consistent with GALLEX's results.

2000s: Investigation and Hypotheses

» Sterile Neutrino Hypothesis: The observed deficit led to speculation that neutrinos might be oscillating into
undetectable sterile neutrinos, potentially explaining the anomaly.
... Note that the existence of a sterile neutrino with a mass of about one-five-hundredth of an electron's own has
been rejected by other experiments (Nature 2023). But the results from BEST actually put the sterile neutrino’s mass
higher than that.

* Cross-Section and Nuclear Matrix Element Analysis: Researchers re-examined cross-sections and nuclear matrix
elements used in predictions to determine if theoretical errors could explain the anomaly.


https://www.nature.com/articles/s41586-022-05568-2

Brief History Gallium Anomaly Cont...

2010s: Continued Research and New Experiments

* Re-evaluation of Theoretical Models: Ongoing scrutiny of nuclear models and potential experimental errors
continued, but the anomaly persisted.

* Introduction of BEST Experiment (2018-2021): The Baksan Experiment on Sterile Transitions (BEST) was conducted to
specifically test the sterile neutrino hypothesis, confirming the anomaly with a dual-chamber approach that detected
fewer neutrinos than predicted.

2020s: Current Status

* Increased Interest in Sterile Neutrinos: The persistence of the anomaly across different experiments has strengthened
the case for sterile neutrinos or other new physics.

* Ongoing Theoretical and Experimental Efforts: The gallium anomaly remains a focus of intense study, with ongoing
efforts to either confirm sterile neutrinos or find alternative explanations.



https://qallery.Ings.infn.it/en/gallery/past-experiment/qgallex_gno/

GALLEX (Gallium Experiment, Italy)

GALLEX or Gallium Experiment was a radiochemical neutrino detection experiment that ran between 1991 and
1997 at the Laboratori Nazionali del Gran Sasso (LNGS)

&

&
—
N
|
o s
o
=

&

The key reaction used in the GALLEX experiment is the neutrino capture reaction

on gallium-71
Ve +71Ga » 71Ge + e~

The electron neutrino from the Sun or artificial sources (like chromium-51
in calibration runs) interacts with the gallium nucleus.

Observations From GALLEX on Gallium Anomaly

* GALLEX detected fewer neutrinos than expected, observing about of
the predicted neutrino flux from the Sun, revealing a significant deficit.

e GALLEX used artificial neutrino sources (e.g., chromium-51) to test the
detector’s accuracy. The results showed a similar deficit in detected neutrinos,
reinforcing the observed anomaly.

* The deficit was consistent across multiple measurement campaigns and
detector calibrations, ruling out temporary or one-time experimental errors.



SAGE (Soviet-American Gallium Experiment, Russia)

SAGE was devised to measure the radio-chemical solar neutrino flux based on

Ve +71Ga » 71Ge + e~

The target for the reaction was 50-57 tonnes of liquid gallium metal
stored deep (2100 meters) underground at the Baksan Neutrino
Observatory in the Caucasus Mountains in Russia

Key Observations From SAGE on Gallium Anomaly

* SAGE detected significantly fewer solar neutrinos than
predicted, observing about 60-70% of the expected flux,
consistent with findings from the GALLEX experiment.

* The use of chromium-51 as an artificial neutrino source yielded
similar results, further confirming the observed shortfall in
neutrino interactions.

 The observed deficit led to the suggestion that neutrinos might
be oscillating into undetectable states (possibly sterile
neutrinos), which could explain the lower detection rates.

Gallium—Germanium Neutrino Telescope main
room (Wikipedia)



BEST (Baksan Experiment on Sterile Transitions, Russia)

In 2014, the SAGE-experiment's GGNT-apparatus (gallium-germanium neutrino telescope) was upgraded to
perform a very-short-baseline neutrino oscillation experiment BEST (Baksan Experiment on Sterile Transitions)

with an intense artificial neutrino source based on >Cr.

e

Key Observations from BEST on Gallium Anomaly

In June 2022, the BEST experiment released two papers observing a 20-24%
deficit in the production the isotope germanium expected from the reaction
Ve + 71Ga —» 71Ge + e confirming previous results from SAGE and GALLEX on
the so called "gallium anomaly" pointing out that a sterile neutrino
explanation can be consistent with the data [Physical Review Letters. 128 (23):
232501]

The experiment utilized a dual-chamber setup, allowing for independent
measurements of neutrino interactions, enhancing the reliability of the results
and reducing systematic errors.

Further work have refined the precision for the cross section of the neutrino
capture in 2023 which was proposed as a possible inaccuracy source back in
1998

BEST results provided additional confirmation of the half-life of 71Ge
(approximately 11.43 days), which is crucial for understanding the dynamics
of neutrino detection in gallium experiments. [Physical Review C. 109 (5):
055501]



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.232501#:~:text=Phys.%20Rev.%20Lett.%20128,%20232501%20%E2%80%93%20Published
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.109.055501#:~:text=Phys.%20Rev.%20C%20109,%20055501%20%E2%80%93%20Published%2030

Potential Explanations of Gallium Anomaly

1) Neutrino Oscillations to Sterile Neutrinos

Some theories propose the existence of a fourth type of neutrino, the sterile neutrino, which interacts even more
weakly than the three known neutrino flavors. Sterile neutrinos do not interact via the weak force and thus cannot be
detected in typical neutrino detectors. If electron neutrinos are oscillating into sterile neutrinos, it could explain the
lower-than-expected detection rates.

2) Uncertainty in Gallium Cross Section

The detection of neutrinos in gallium-based experiments relies on the interaction of neutrinos with gallium atomes,
specifically via the reaction: v, + 71Ga — 71Ge + e~ . The rate of this reaction depends on the precise cross section for

neutrino capture by gallium. If the theoretical value of the cross section is off, it could explain the observed discrepancy
in neutrino flux measurements.

3) Nuclear Matrix Element Uncertainties

Inaccuracies in the calculations of nuclear matrix elements, which determine the probability of transitions during
neutrino interactions, may contribute to the observed anomalies.

4) Experimental Systematics

Systematic errors or uncertainties in the measurement techniques of gallium-based experiments,

including detector efficiency, background noise, and calibration processes, could affect the observed
neutrino capture rates.



Importance of Nuclear Matrix Elements (NME) on Ga Anomaly

The charged-current weak reaction that is central to the gallium anomaly is:

Ve +71Ga » 71Ge + e~

Probability of such interactions (the cross section) is highly dependent on the NME.

The cross section for neutrino capture is directly proportional to the square of the nuclear matrix element. This

means that any uncertainty or inaccuracy in the NME leads to errors in the predicted neutrino capture rate, and
therefore in the number of neutrinos detected.

Required Gamow—Teller (GT) transition strength for neutrino capture cross section can be written as

i>|2

- |<f||M(p,n)|

Bgr(p,n) = >

i

Where nuclear matrix element M®™ can be written as

M®P™ = Mgr + SMy § ~ 0.1 Mgt = (f||0¢rl|i) = <f||ori|| i>

= Y, is spherical Harmonics of rank 2
My = (f||oT|| < || 6 X Y,] LT—|| > L=1,2,3 (rank of tensor operator) Iz 1S Sp

How nuclear matrix elements Mgt and Mt are calculated in Nuclear Shell Model are discussed next



GT Type NME Calculations Using Nuclear Shell Model

Mgr = (f][0grl[i) = <f||ori|| i> = Z OBTD(fikik, A)(Kf [Jot¥]|ky)
K}k,

* |i) is the ground state of initial nucleus 7*Ga having the spin-parity J{* = >

* |f) is the ground and excited states of final nucleus 7*Ge having the spin-parity J§f = %_ ,g_ E_
* kyand kq represents (n, [, j) quantum numbers for nuclear orbits
One body transition density (OBTD ~ ,

i AL e oy ® i, |10

OBTD(fik kA) =
e V22 + 1
a’'s are creation and annihilation operators, A is the rank of transition operator

One Body Matrix Elements (OBME)

, . - - 1/2 1/2 1 5

(16 |l [y) = 2-D5H3/2 [ @fy + D@y + 1){ o 1,1} x (s]131]3)8y:1. 8, .

{} represents 6j symbol

OBTD can be calculated in nuclear model like Shell model and OBME are calculated manually with simple programming



OBTD Calculations with Nuclear Shell Model

’1Ga—°®Ni (Core)+ 12 valence neutrons and 3 valence protons Snapshot of JUN45 Hamiltonian of jj44 Model Space
’1Ge— ~°Nj (Core)+ 11 valence neutrons and 4 valence protons 9] junds - Notepad
69Ga— >®Ni (Core)+ 10 valence neutrons and 3 valence protons File Edit Format View Help
. I M. Honma et al., PRC8@, 064323 (2009
®9Ge— >°Ni (Core)+ 9 valence neutrons and 4 valence protons |!#:|ur~m5 1=p3/2 2-F5/2 3-pl/2 4=g;ﬂ {iﬁajf‘_aj
. ! relabel for jj44 model space
126 1-999 -9.8280 -8.7887 -7.8388 -6.2617 56. 58. 0.3
i3 1$IUNAS  1=F5/2 2=p3/2 3=p1/2 4-g9/2 (A/58)"-0.3
B ——=-apn -999 -8.7087 -9.8280 -7.8388 -6.2617 56. 58. 0.3
Sho) 4 1f ——— I 2 2 2 2 1 8 -1.06848
Oh ————e ™ 11 - 2 2 2 2 3 8 -2.84458
R — — 2 2 21 1 8 e.es8sle
) Yo/2 O 2 2 21 3 @ 0.40400
“COh112 iiA4- R 2 2 2 3 1 8 1.60460
% mene i vz:JIence ~ 1p12 3 2 2 11 1 @ 0.13540
L ) 2 211 3 @ 0.00690
4hey 4 1 14502 - Ofs); | 2 2 1 3 3 8 0.93530
b 0gI———— space _
£ 50 T 2 2 3 3 1 @ e.583e
el 2 2 4 4 1 @ 8.57230
3he {lp L — ~ 1ps/, S 2 2 4 4 3 @ 0.43170
) Of —“"""-omz Ip3iz= - / 21 21 1 8 -1.91180
20 2 1 2 1 2 8 -1.31830
s . 0dan 2 1 2 1 3 @ -8.69740
o e 56Ni Core 2 1 2 1 4 @ -1.57650
0d512 2 1 2 3 1 @ -0.60390
8 L 2 1 2 3 2 @ -8.45510
lho  0p ————nne- 112 2 111 1 0 0.44949
) Op372- 2 11 1 3 @ 0.3725
2 Valence protons and A4 a4 3 A a A Ti0m
neutrons occupy the above . . . !
Oho 05 ———-----om 0512 ; bite of 144 pyd | OBTD are calculated with determined Eigen states using
Nuclear Shell structure Oroits ot J)=5-Mocdel Space shell model code KSHELL




NME Type Initial Spin- Final 5pin | NME Value
Parity (/) Parity
Ur)
(FlIaT= [17) TofiGa | » ofGe | 07909
(fllet® ||i) 2 of 'Ga ;'ufnf_:,e 0.1452
(FlloT= ||t) FofGa | 2 ofGe | 0.0957

"I

Results For GT Type NME Calculations

State (flO0cr|li}
112, —0.795
5127 0.144

3/2; 0.100

325 0.430

1j2; —0.620

J. Kostensalo et al., PLB 795, 542-547, (2019)



Tensor Type NME Calculations Using Nuclear Shell Model

My = (£|0+1]i) < 1[0 x V1, ) Z OBTD(fiki k; ) (K || % Y1, v ko)
R,

* |i)is the ground state of initial nucleus 7*Ga having the spin-parity J©* = =
1

57 3
2 2

. . . : . . 1
* |f) is the ground and excited states of final nucleus 7*Ge having the spin-parity J§* = >
* Kkjand k] represents (n,1,j) quantum numbers for nuclear orbits

+ ~ .
One body transition density (OBTD) OBTD(fik! k;A) = {1 Haki ® akll/l 14
1K1A) =
V21 +1
One Body Matrix Elements (OBME)
<k1 || o X Y], T+ || k1> ”1; 11, s1,j1lllo x Y], 7% ||7’l1;l1;51;]1>
i s )1 ’
= /@ + D@+ DL+ D1, sy gy W lYalL)sillollsy)
2 1 L

Here we have used the Angular Momentum Algebra Formula
ja jb ]
(Gai) WG]’y = V(2] + D@r + D@ + DGl TPl G U Hia) ie Ga )
Where W' = TP x U/} p a T




Tensor Type NME Calculations Using Nuclear Shell Model
Further the angular matrix element of spherical harmonics is

written as

1Y, 1) = —(Dh

Spin part can be written as

(21’1+1)(2>|<2+1)(211+1)(1'1 2 11>
4m 0O 0 O

(sil18l]s1) = 3(1/2]151]1/2) = V&/2

With the Above Approach One can calculate OBME and the OBTD Calculated with Shell Model Will Determine the

Tensor Type NME




Results For Tensor Type NME Calculations of 71Ga

Existing Resul
T ———

E (Fllorli)

3/2-to 1/2 - (gs) 0.235
3/2-to5/2 - -1.110
3/2-to 3/2- (1) 0.127

3/2-t0 3/2 - (2)
3/2-to 1/2 - (2)

Results of W.C. Haxton [Physics Letters B 431 1998 110-118]

[] These are old results which may be quite different from the recent results of
Corrigendum to "The Gallium Anomaly Revisited” [Phys. Lett. B 795 (2019) 542-547]

Table 3

Large-basis shell model results for "'Ga — 7' Ge Gamow-Teller and spin-tensor matrix elements and the comresponding BGT predictions.
The (p.n) BGT calculation was done for & = 0.097

Transition NG i) oLl l.‘i'&.'r'.l'jiM Bﬂ.’r’l',i":,,
3727 = 1717 (0 keV) =451 0.34% 0051 0044
3/27 = 5/27 (175 keV) 0.082 =223 0017 0.0045

3727 = 3727 (300 keV) 0056 0104 0.000E 00011

Table 1
Results for 7'Ga with § = 0.097 and cc
ements.

State (MOcrlli)  (flOL-2]li)
12;, -0795 0521

52, 0144 ~0.763
32, 0100 0.0687
32, 0430 0.155
12, -0620 0353

from Corrigendum to “The Gallium
Anomaly Revisited” [J. Kostensalo et al., PLB 795, 542-
547, (2019)]

We are looking into the source of differences arising

with recent shell model calculations results




Our Results of Tensor NME of 69Ga
L (f1l07|1i)

Results For Tensor Type NME Calculations of ®°Ga

Existing Results

Corrected Results of 69Ga from Corrigendum to “The Gallium
Anomaly Revisited” [Phys. Lett. B 795 (2019) 542-547]

Table 2
3/2-to0 5/2 - (gs) -0.918 Results for %9Ga with § = 0.097 and corrected tensor matrix elements.
3/2-t01/2 - 0.318 State (Ml0crlliy  (MA0w2lliy  BGT™M, BG‘l-sm(p.n)
3/2-t03/2-(1) 0.185 527¢s —00139  -0934 4802x 10> 2730 x 107’
1/ 2‘_ —-0.592 0318 0.0876 0.0787
32, 00298 0218 2220x 10 6.488 x 10~

Although results for 3/2- to 1/2- transition matched with existing shell model

calculations, other results are little bit different from existing shell model

calculations. We are also looking into it.



Comparison of Different Cross Sections Calculations

Table 5.1
A summary of the published neutrino reaction cross section estimates for "'Ga(v_,e~)"'Ge in units of 107%5 em?. The
value for Q- used in each calculation is shown. All results are given at 68% C.L. See text for details.

Author Year a(*1Cr) a3 Ar) Q- ("Ge) (keV)
Baheall [57] 1997 5.8102! 7.0070% 232.69(15)
Haxton [44] 1998 6.39 =+ 0.68 - 232.69(15)
Barinov et al. [80] 2018 591 + 0.11 7.14 + 0.15 233.5(1.2)
Kostensalo et al. [83] 2019 5.67 = 0.06 6.80 + 0.08 232.49(22)
Semenov [84] 2020 594 + 0.12 717 £ 0.15 232.44(9)
Elliott et al. [3] 2023 5.691025 6.8570% 232.44(9)

 Taken From S.R. Elliott et al., The gallium anomaly, Progress in Particle and Nuclear Physics Volume 134,
January 2024, 104082

It summarizes the published neutrino reaction cross-section estimates for the reaction: v, + 71Ga —

71Ge + e™. These estimates are provided for two different neutrino sources: chromium-51 and argon-37Ar

* This table serves as a comparison of different theoretical and experimental estimates of neutrino cross
sections, essential for understanding neutrino interactions and calibrating neutrino detectors like those
involved in gallium experiments (GALLEX, SAGE, BEST).




Sterile Neutrino as Explanation of Gallium Anomaly

A sterile neutrino is a hypothetical particle that is postulated to interact only via gravity and not
through any of the fundamental forces of the Standard Model of particle physics (like

electromagnetism or the weak nuclear force) Sterile Neutrino as Explanation For Gallium Anomaly

Desperately seeking sterile * The gallium anomaly could be explained if some of the electron

The three known types of neutrino might be neutrinos produced in the Sun or artificial sources are oscillating into

“balanced out” by a bashful fourth type . . . . . .
sterile neutrinos before reaching the detectors. Since sterile neutrinos

do not interact via the weak force, they would not trigger the reactions

ELECTRON MUON TAU STERILE _ :
NEUTRINO NEUTRINO NEUTRINO NEUTRINO that gallium detectors are designed to capture.
v v v v * The electron neutrino would mix with sterile neutrinos through
e ¥ T S . . . . . epey s
J J neutrino oscillation, described by quantum mechanical probabilities,
meaning that only a fraction of the original electron neutrinos arrive at
MASS <1electronvolt >1electronvolt the detector as electron neutrinos, while some become sterile
FORCES THEY Weak force Gravity neutrinos that cannot be detected.
RESPOND TO Gravity
DIRECTIONOFSPIN ~ All three “left handed” “Right handed” * The sterile neutrino explanation for the gallium anomaly is consistent

with other neutrino oscillation anomalies, such as those observed in the
LSND and MiniBooNE experiments, which also suggest oscillations into
a fourth neutrino state with a mass-squared difference around 1 eV2.



Half-life of 7!Ge and the gallium anomaly

The half-life of 71Ge plays an important role in the detection of neutrinos in gallium-based experiments.

The half-life of 71Ge is crucial for timing the extraction and measurement of germanium isotopes in the detectors.

PHYSICAL REVIEW C 109, 055501 (2024) 1M86F 7
el s Hampel (11) | Collar (17) this work
@ 11.43(3)d 11.46(4)d — 11.468(8)d
2 s} (@)d ¢ 1148 @d |
Half-life of "'Ge and the gallium anomaly o = } } L — 5
o \ = ]
E. B. Norman®,! A. Drobizhev,? N. Gharibyan®.? K. E. Gregorich.” Yu. G. Kolomensky .12 < il . + L | |
B. N. Sammis @, N. D. Scielzo®,* J. A. Shusterman,’ and K. J. Thomas ®* ' B b
YWiniversity of California, Berkeley, California 94720, USA
*Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA -
*Lawrence Livermore National Laboratory, Livermore, California 94550, U'SA 113

@ (Received 26 January 2024; accepted 23 April 2024; published 30 May 2024) FIG. 4. Results from all reported measurements of the ’' Ge half-

life since 1985.

Using a nuclear reactor at the McClellan Nuclear Research Center at the University of California, Davis, they irradiated
“very pure germanium material,”

Norman said, producing germanium-71. They then analyzed the samples over 80 days to
see how long it took the atoms to decay.

They arrived at a half-life of 11.468 days, extremely close to the 1985 measurement, ruling the half-life out as
the explanation for the gallium anomaly



Summary

Gallium Anomaly Puzzled Scientists For Last Few Decades Where shortfall is observed in the
number of neutrinos detected by gallium-based detectors (GALLEX, SAGE, and BEST)
compared to theoretical predictions.

Various Possible Explanation of the Anomaly has been discussed in literature

We briefly discussed NME calculations with shell model and their role in cross section
calculations and Gallium Anomaly ... Tensor part

We mentioned how existence of sterile neutrinos can explain the Gallium Anomaly

Finally recently measured half-life of 71Ge confirm that half-life of 71Ge can’t be the source
of Gallium Anomaly

For now, the anomaly remains unsolved, with no sign of a resolution on the horizon. “It has
us all puzzled,” as Prof. Haxton said.
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