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Gallium Anomaly

The gallium anomaly can be stated: 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.

[Eliott,Gavrin,Haxton, PPNP 2024] 1 2
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Gallium Anomaly

After the BEST experiment, the global significance exceeds 5-sigma!
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SM Resolutions ?

DETECTOR: ve +Ga— e + MGe

* Increased Ge half-life ?
Ty /2" Ge) = 11.43 £ 0.03 days

« New Ga excited state ?

« Bias in Ge extraction efficiency ?

[Brdar,Gehrlein,Kopp, JHEP 2023]
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SM Resolutions ?

DETECTOR: Ve + MGa = e + "Ge SOURCE :%'Cr+e =%V + Ve
increased BR(°1Cr — °1V*)
 Increased Ge half-life ? Need to change by 1 day! SICr (27.7 d)
TUQ(HGB) = 11.43 4+ 0.03 days 9.94% - v, Q =752.45 keV
426.91 keV (eK 90%)
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SM Resolutions ?

DETECTOR: v. +"Ga— e +™Ge SOURCE : *'Cr+e — 'V + 1,
increased BR(°1Cr — °1V*)
« Increased Ge half-life ? Need to change by 1 day! 51Cy (27.7 d)
TUQ(HGB) = 11.43 4+ 0.03 days 9.94% - v, Q =752.45 keV
426.91 keV (eK 90%)
« New Ga excited state ? 431.85 keV (eL 10%)

Not found in recent expts! 90.06% - v,
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751.93 keV (eL 10%)

« Bias in Ge extraction efficiency ?
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21V (stable)

[Brdar,Gehrlein,Kopp, JHEP 2023] 6



SM Resolutions ?

DETECTOR: v. +"Ga— e +™Ge SOURCE : *'Cr+e — 'V + 1,
increased BR(°1Cr — °1V*)
« Increased Ge half-life ? Need to change by 1 day! 51Cy (27.7 d)
TUQ(HGB) = 11.43 4+ 0.03 days 9.94% - v, Q =752.45 keV
426.91 keV (eK 90%)
« New Ga excited state ? 431.85 keV (eL 10%)

Not found in recent expts! 90.06% - v,

746.99 keV (eK 90%)
751.93 keV (eL 10%)

« Bias in Ge extraction efficiency ?

Y
1320 keV
¥

21V (stable)

But Ga solar results agree!

[Brdar,Gehrlein,Kopp, JHEP 2023] 7



SM Resolutions ?

DETECTOR: Ve + MGa = e + "Ge SOURCE :%'Cr+e =%V + Ve
increased BR(°1Cr — °1V*)
 Increased Ge half-life ? Need to change by 1 day! SICr (27.7 d)
Tlﬂ(?lGe) = 11.43 £ 0.03 days Branching ratio| Reference | Method
0.1030(19) [70] Ge(Li)
 New Ga excited state ? 8(1333(;%?)1) EH E‘EIG
= ' . e
Not found in recent expts! 0.099(1) [72] HPGe (Beta-gamma coincidence)
« Bias in Ge extraction efficiency ? 0.0987(3) (73] Si(Li) with fixed activity

But Ga solar results agree!

. 4 751.93 keV (eL 10%)
1320 keV
¥

21V (stable)

[Brdar,Gehrlein,Kopp, JHEP 2023] 8



BSM Solutions ?

10 | 1
Vanilla eV-scale sterile neutrino ( /g) [sest collaboration, PRC 2022] I
[Giunti etal., JHEP 2022] 9 -
Decayjng /g [Brdar,GehrleinKopp, JHEP 2023] ? _.
v, with CPT violation  [ciuntiLaveder, PRD 2010] 7 -
Extra DimenSionS [Machado et al., PRD 2012] [Carena et al., PRD 2017] G 6 7]
[Forero et al., PRD 2022] > 1
1}]

- 5 -
Decoherence [Arguelles et al., PRD 2023],[Hardin et al., JHEP 2023] NE .
<1 4-
Vg coupled to ultrallght scalar [Davoudiasl,Denton, 3 _-
PRD 2023] 4
2 -
1 -
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BSM - Vanilla Sterile
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—1 1 111 1T T 1"
00 01 02 03 04 05 06 07 08 09 1.0

sin*2 6

10° -
102 -
>
)
~F 107 -
& ]
<
100 4
10_1 UL | T T L L A R A | T T 1 7 T T
107? 1077 10°
sin? (260.e)

DANSS
(95% C.L.)

Stereo
(95% C.L.)

Prospect
(95% C.L.)

BEST+GA
(20)

BEST+GA+SAGE
best fit

RAA
(95% C.L.)

Neutrino-4
(20)

KATRIN exclusion
KNM1-5 (95% C.L.)

KATRIN sensitivity

" KNM1-5(95% C.L.)

KATRIN exclusion
KNM1-2 (95% C.L.)

10



Sterile-DM MSW Resonance

[Brdar,Gehrlein,Kopp, JHEP 2023]

Tuned MSW resonance induced for steriles through interactions 101

with ultralight dark matter.

0.8F
Am2 GA (30 C.l)
—72< sin 207;¢ i

sin 292,? — 2By = = E [
Am?2 Am?2 o 0.6f IPP Be
V — = _vac g 2 VEI,C) _|_ ( vac SlIl 2 vac) ) I
\/( 2F, 2F, £ : |
' 0.4F
Am2e = Am?(sin 20Y3¢/ sin 26°) |

(Am?),4c = 100 eV?

0.2F sin?(26,,.) = 4.87x10°

» Evades the solar constraints, since resonance even narrower Case 1

i = -14 4
for solar case. i V‘MS:'S'GMO ev CNO flux Brdar et.al (JHEizozs)-

%% 400 600 800
» Sign of the potential ensures resonance only in neutrino sector. E, (keV)

1000

e Chosentoliearound dominant Cr neutrino line. AmefL
e

PMSW(E, L) =1 — sin? 20° sin?
 The kinematical bounds from KATRIN like-experiments, evaded
by choosing a small vacuum mixing angles.
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MSW Resonance
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MSW Resonance

1000k
Effective Parameters
E, = 747 keV
100¢
Liquid-O, L, =5 cm

(‘G—-\ -------------------------------------

?g Liquid-O, L, =7.5cm
<~ 10f

g

a

1 =
0_1 (] i i 2 PR | o . N M
0.05 0.10 0.50

Sin*(26)es
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Vacuum Parameters

102 10~ 0.001 0.010 0.100 1
Sin%(26)yac
(b) 13



Solar Neutrinos at BOREXINO

dR d®o, |do. . do do
i is gi : Y =N, | dE,——" | -5 P..(E, 082 B3 4 sin® O3 —— ) (1 — Pee(E,
The electron recoil event rate is given by T / dE, Lﬂ‘ (E.) + (cos® fa3 g7 T sin” Oz )( e )}_
80 -
Therefore, we expect CNO solar neutrino flux to be HZ-55M 68% CI
LZ-S5M 68% ClI ’,’
affected. Borexino Cl ;‘
----- 2D fit w/CID (w/o systematics)
BOREXINO has a recent result on CNO flux! — 2D fit w/CID (w/ systematics)
PRL 2022 BX results /,

®(CNO) = 6.7i{1):§ x 108 cm™2s7!

BUT can only measure the recoil spectra and hence
not possible to resolve the dip!

-
-

e e e e e e e e e e e e e e e e T e e e e T |

Fl

In fact, actual measurements are
systematically higher!

Final results of Borexino on CNO solar neutrinos 0 2 4 6 8 10 12 14 16 18

BOREXINO Collaboration = D. Basilico (INFM, Milan and Milan U.) et al. (Jul 27, 2023) CNO_V rate [de/loo tonnes]
Published in: Phys.Rev.D 108 (2023) 10, 102005 » e-Print: 2307.14636 [hep-ex]
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* Even theoretical uncertainities on solar models limit what you can do!

Events per day x 100t x Nj,
2
o

0.005

Solar v Flux

pep

300 400 500 600 700
Recoil energy T, (keV)
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Into the WonderLand :
Where do we go now?

 We need a detector being able to observe the energy dip

clearly.

 Detection should be free of radiochemical extraction bias.

« Due to differences in theoretical and experimental
measurements of solar neutrinos, we need a calibrated

source.

« Observing length oscillations will also be a crucial element.

PoolE,=747 keV)

747 keV)

Feo(E,

1.0 10

0.8F GA (3o Cl) 08F GA (3¢ C.L) '\/Q

0.6 2 06k ] PP IBe
I l l
-

0.4t = 04t
= (Am?), 100 eV?

2 - 2 m = [
o2h  (Bm¥)m= 100 &V o2l sr2op s = a8y 105 ]
SIN%(26yec) = 4.87+10° SIN(260ec) = 4.87+ Case 1
Viyrewy =6 671071 v Case 1 Vigy =6.67x107" eV CNO flux Brdar et.al (JHER 2023)
Brdar et.al (JHEP 2023)
0.0 \ . : 00 d L n . F>
05 10 15 20 200 400 600 300
L (m) E, (keV)
(a) (b)

10 v T T 10

o8 W 08 GA (35 C.1)

06p 2 06 ]pp
s

0.4f = 04t
a (Am?), 100 eV?

Am2),.. = 100 eV2 M hiae = 100'€
0. (AM®)yae 020 sin?(26,5,) = 2.7%10*

[ Sin?(26,,0) = 2,710

Visw =6.86x101 eV Case 2

1000

Visyy =6.86x101% eV
d L

CNQO flux

e
o

05 1.0 15 20 "% 400 600 800
L (m) E, (keV)
(c) (d)
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Indium Detector

* [In 1976, Raghavan put forward a novel proposal to
detect the low energy pp-solar neutrinos using Indium.

* Through charged-current driven neutrino capture
process,

ve + 1PIn — 198n* + e~

* Reaction threshold Q =114 keV

Cross—section (10 %cm?)

* Snundergoes delayed de-excitation by emitting two
photons of energies 116 keV and 498 keV.

A%]
[=]
|

—
=]
T

Neutrino capture on '*°In

200 400 600 800
Neutrino energy E,(keV)

[Chauhan,Huber, 2506.abcde]

1000
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Indium Detector in Scintillator

 Originalidea : to dissolve 5-10 wt% Indium in liquid organic Neutrino capture on"in ' '
scintillator. /

* Background from natural In-radioactivity suppressed by using
delayed coincidences and a segmented detector.

N
(=]
T

-
o
T

* Fundamental limitation : at high In concentration, scintillation yield
and transparency of the scintillator deteriorate quickly.

Cross-section (10 *°cm?)

* We propose to overcome these issues : an opaque liquid scintillator 5t
with short scattering length than transmission length.

200 400 600
Neutrino energy E,(keV)

1000

* This localizes the light without segmentation and by using
wavelength-shifting optical fibers the localized light can be [see early work by LENS collaboration in 2000s]
transported over practically arbitrary distances.



Indium in LIQUIDO

* Thisis known as the LiquidO conceptand is a promisingtechnology to use ton-scale indium
targets.

* LIQUIDO: LIQUId scintillator Detector for Oscillation physics. [LQUIDO collaboration, Commun.Phys. 4 (2021) 273]
* Consists of a volume filled with opaque scintillator traversed by a dense array of fibres, read out by
photosensors. '

(a)

* Opaque scintillator has a long absorption length, but a short scattering length
* Causes scintillation lightto undergo a random walk, resulting in the creation of a so-called “light
ball” around its creation point.

* Turns out their future-project roadmap lists “solar neutrinos 2 indium loaded detector to
observe pp-neutrinos”!

* Inthiswork, we will specify the amount of indium instead of the total detector mass.
* At minimum for energy resolution we want the two Cr peaks to be resolved.
* We assume 10% loading by weight (although they can go even higher!).

19



Event Rate - LIQUIDO

* The differential neutrino capture eventrateis

d’JNF Mlm:l 1 E_‘h T be all Cr v-lines i
510

i=1

* where the energy reconstruction function is taken to be Gaussian,

1 (E, — Er)?
.R‘(Ev: ER) = mﬂ'E Exp (_ 2{}_25\

e Forourcase,we assume o = 5%/+/Eg(in MeV)

*  We define the chi-square as follows :

) all r bins (Nid‘i;l?m ~ N ﬁ;@)z (Ngl}rl;u - N} %}@)J 430 ? EBeFl ? €ol ’ {BR ’
"5 [ ] () (s (s ()

di di 430
i=1 N, -;:,41?1[1 N, ,;,?l:r:;u T CrFlux TBeFlux Toln OBR

[Chauhan,Huber, 2506.abcde]
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Event Rate - LIQUIDO

* We define the chi-square as follows :

2 2
all r bins dip  arSM dip  aArSM . ‘ ‘ ‘ .
Xz(é:j _ Z (Nm:m Ni,-i:—:u(a) | (Ni,'?ﬁ[] Ni,?ﬁu(é) N ( a0 ) 2 N ('fBthm ) 2 X (faln ) 2 X ('fBH )g

di di 430
i=1 N, i,-’-ll;;[] N, 1:,71;;[1 T CrFlux TBeFlux Toln TBR

NE%D (éj — (1 + 541:1%‘111)( (1 + gcrIn) . Ngﬂr,low

SM . . £BRBE (1 + gélfiil}q'lux
VO = e | (1- 72585 ) S s

0 0
* N; 6rnigh + (1 + EBeFlux) - Ni,Bc?]
0(4]:?-!]]?]";.; ~ 0.5% OTBeFlux ~ 2.2%
_ 07 ol 0 430 47
oot = 1%, 3%, 5%} opr ~ 0.5%

* We use a3.4 MCi CrSource foran observation time of around 200 days.

[Chauhan,Huber, 2506.abcde]
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MSW Resonance
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Energy Dip and Length Oscillation

Events
20 keV x 0.2¢ %200 days

Events
20keV x 5t %200 days

100 T T T T T T T T T T T
t 0.2 ton, AL, =5cm, 0,1,=3% Case 1 0.2 ton, AL.s=5cm, 0;1,=3% Case 1
50F x?: 57.8,7.60 Brdar et.al (JHEP 20234 .. 100} x%:57.8,7.60 Brdar et.al (JHEP 2023)q
i B [ ]
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m| X !
: )
10 o - 2 (o]
] 5le
[ P
S ) =
- ¥ )
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x?:26.4,51¢0 100+ x?: 264,510 ]
100 F = - d
1 — Standard P, _E’ i — Stgnda_rd Pee :
50F — With Dip : 2 el — With Dip ]
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HE
10k 4 ; ! J W )
r =]
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1ot 1
L L 1 I-' L L 5 A A L A A A A L A A A A L A A A A L .
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[Chauhan,Huber, 2506.abcde]
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Testing GA

(Am?)egr (€V?)

100

50

10

AL =5cm

Indium Mass (>50)
0.2 ton
o1 ton
=2.ton
= 5. ton
= 10.1 ton
m15.5 ton
= 20.1 ton
m25.5 ton
= 30.6 ton

50.1 ton
m>50.1 ton

In-LiquidO (3.4 MCi®'Cr)
A01,g=5%, AL =5 cm

(effective parameters at E, = 747 keV)

O_I:
0.05

0.10

$in’(20)efr

0.50

[Chauhan,Huber, 2506.abcde]

100p=
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Testing GA
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[Chauhan,Huber, 2506.abcde]
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| juet need
the“main ideac

Summary

Gallium anomaly has been an outstanding problem for about two decades.
Resolutions involving vanilla eV-scale sterile neutrino run into strong tensions with solar and reactor measurements.
we have studied tests for a new class of proposed solution based on fine-tuned resonant dips at energies

we show narrow width resonances cannot be probed in neutrino-electron scattering, e.g. through precision measurement
of CNO neutrino flux with BOREXINO.

Therefore, we propose detecting these low-energy neutrinos through charged-current driven neutrino capture process on
Indium.

This can be readily realized by doping the opaque liquid organic scintillator experiment proposed by the LiquidO
collaboration.

We show how under 50-ton of Indium in a LiquidO-like detector can completely test the GA at more than 5-sigma in about
200 days with a 3.4 MCi Cr source.
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Thank you!

Email : garv.chauhan@asu.edu
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