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Neutrino in the Standard Model

Standard Model of Elementary Particles

three generations of matter
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Why are neutrinos so light?

neutrinos
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Neutrino oscillation — a proof of neutrino being massive

50.8-

Sl

Vogel et al., Nat. Comm. 6, 6935 (2015)
T T — T T
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) 10
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The neutrino questions

- What s the origin of neutrino mass?
- Why are neutrinos so light?

- Doright-handed neutrinos exist?

“Wu experiment”

AIP Emilio Segre Visual Archives, Physics Today Collection

ReEST

Experimental evidences that there are
‘something else’

DANSS 90% MicroBooNE (sin? 26,. = 0) + All Ga 3o

Prospect 95% MicroBooNE (sin® 26, marg.) — AllGa2o

Stéréo 95% — RAA 95% (allowed) — All solar v.'s 95%
RENO+NEOS 95% — Neutrino-4 26 (allowed) Excluded by VSBL

KATRIN 95%
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T T TTI
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- Neutrinos are all left-handed!
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Phys. Rev. Lett. 128, 232501
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Neutrino in the Standard Model

ELECTRON MUON TAU STERILE
NEUTRIND NEUTRINO NEUTRINO NEUTRINO
Sterile Neutrino!
 Simple extension to the SM Ve Vi Vf// VJ
* May resolve the neutrino mass
problems (E.g., Seesaw mechanism) MASS < 1 electronvolt >1 electronvolt
FORCES THEY Weak force Gravity
RESPOND TO Gravity
DIRECTION OF SPIN All three “left handed” “Right handed”
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Electron Capture and Neutrinos

EC decay nown o)
Two-body process 2 2 02 '
=TT === ======" 1 |- T T T T T T T T== = \UeA‘\ E l — Q m4
- I I : recoil —
€ () | ! , / Z(Q T+ Mnucl.)
\ Known Q value known

=)

Signature: shifted (~m,), scaled down (~ |U,4|?)
copy of V,qtive recoil spectrum.

recoil

)

’Be is ideal because:

Counts

* Large decay energy (862 keV)
* Highest NR energy (57 eV)

e Simple atomic and nuclear structure

Lawrence Livermore 4
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Superconducting Tunnel Junction (STJ)

Radiation

\\Ta J— N
Al

Al
Ta

-

100%100 ym?

,ch

7Be implanted directly in'the STJ
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Two electrodes separated by a thin insulating tunnel
barrier (S-I-S junction)

Superconducting energy gap is of order of ¥~ meV

—> High intrinsic energy resolution (~ 1 eV)

Timing resolution on the order of ps, making it one of the
fastest high-resolution cryogenic sensors available
—>”High” rate: 10%s? per pixel
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36-pixel array 128-pixel array

Signal = Current pulse

Two-body process
+

Advance(ilI detector
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The BeEST Experiment

/ Implanted ’Be Sample \ / Ta-Based STJ Detectors
gument s | | 11111 STAR “Test” chips with 10 pi |
Al Alignment Shield 8
gnment \ . CRYOELECTRONICS Test” chips with 10 pixels of 5 sizes

Al Mask
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Phases of the BeEST Experiment

Phase-I
Proof of Concept

Phase-lI

Initial Release

90% C.Ly r\

102 e

‘2

e

Phase-lll

Scaling to multi-pixel

— EC
— substrate

ReEST

Phase-IV

128 pixels, improved setup

: =
£ é’ 10°}
% [This uﬂur};] % 102 3
i; 95% C.L. 8 E
& 10"
ey g | . f
0 TS L T RN R—" ~400 500
Energy [keV] Energy [eV]
In progress f
[PRL 126, 021803 (2021)] In future
Lbbeas, U eri] | h h 0 eprelanEy el * 128-pixel array STJ operated in more
: * First results on heavy neutrino searc -
*  ’Be was successfully implanted e iblched [ y i *  Improvements on implantation, stable dilution refrigerator
S (el L2 e e c e published limits improve over the detector performance, statistics, ]
me;lsured / previous limit by up to an order of systematic understanding and * Useof A"STJS ety R pteRits =
magnitude analysis techniques resolution
¢ ¢ ¢ 2
2018 2020 2022 2024 2026
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First Limits from BeEST Phase-|l| [Phys. Rev. Lett. 126, 021803 (2021)]

S. Frledrlch et al., Phys. Rev. Lett. 126, 021803 (2021) 1 0_2 S Frledrlch etal., ths Rev Lett 126 021803 (2021)
—_——riLr S B T S rr - :. F T
- Recoil spectrum from electron capture
/ (~28 days of counting)
% Simultaneously acquired laser
o
calibration spectrum 3 ‘
= = e
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= o 10 ’ \ J
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\ generated by 300 keV sterile X \
i R N S - neutrino with 1% mixing i \,\
< \
2 Retsy \
.'g -4 '\\
& 10 100 1000
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Development in Phase-ll|

ReEST

36-pixel array STJ operation

* Increased statistics

*  Allows high-multiplicity events analysis

Data taking

* Data collection period:
10.24.2022—12.26.2022 (incl. test runs)

* Data taking with 3 different DAQ

* In-situ laser calibration

Repeller electrode
Potential barrier to suppress ions from target

(shifting of target and repeller voltages)

RFQ ion guide for radial
confinement of laser ions

Heat shield
(water cooled)

Element selective laser
ionization in cold
environment

10mm

Improved Be-7 implantation

* The lon guide laser ion source (IG-LIS): Highly
selective ion beam to only select 'Be

- ’Li suppression of x4,000 achieved
* ’Be rate achieved: 20-50 Bq per pixel

e TRIUMF

‘é ____________________________

2 PRELIMINARY
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Continuous data taking for pulse shape analysis
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Phase-lll data taking [phys. Rev. D 111, 052010 (2025)]

Adiabatic Demagnetization Refrigerator 10° —
(Base Temperature ~70 mK) Uh“‘ i
.ol W;’fl,‘hl}" N
* Pulsed laser (3.5 eV) fed through S . n’m‘h' l j”'?f«f'; Al
optical fiber to 0.1 K stage of the ADR g ‘ 1| MM’MM,
o il .
* lllumination of STJs provides a comb of WEW, MM
peaks at integer multiples of 3.5 eV N TR
= in-situ calibration source R T
>
* Intrinsic resolution of our Ta-based T ‘A } i
ices: EENN  —— ,”qnuiﬁﬂiﬁﬁfiiﬁ
devices: T o A
1-2.2 eV FWHM @ 20-120 eV L o T L
* Stable response and small quadratic '

non-linearity

Residuals (eV)
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-0 25 50 75 100 125 150 175 200

Energy (eV)

In-situ Laser Calibration
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Automated signal processing & spectrum building RetST
[Phys. Rev. D 111, 052010 (2025)]

Data Cleaning

Pulse shape analysis Precise energy calibration 10°
- — All
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SensSItiVItY [arxiv:2409.19085, accepted in Phys. Rev. D]

1072
105k L
10 4_ " ‘;".‘ "ﬁ". JH". ‘.‘ I‘H‘I I"u"l"u‘l‘ \H‘I "\.‘" "U.‘ “.‘ “ ‘IU"I "I‘”‘; | L
> f Al AR [
Sk
S F n
102 o '
5’ K
IO Ry /20 SN ) N N A » o N = | — BeEST Phase-1I
. == BeEST Phase-1II (projection)
10 1074 ; o (,3Ni/3_
5 - — 35p-
-<\1b OE i “Cuptip-
-5 | I | | I L ! | I | | 1 | I L 1 | L | | I 2”Fﬁ_
0 50 100 150 200 250 - " l
esun(ecuys
Energy (eV) 10—5 1 1 1 A | 1 1 1 | |‘
10! 107 10°
Background modeling my (keV)
* Precise background model is being studied Phase-lll sensitivity

* Sensitivity is obtained by profiling the likelihood
over the (my, |U,4|?) parameter space.

Unblinding the full data in progress!
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Limits on the Size of a Neutrino Wavepacket ReCST

[Nature 638, 640-644 (2025)] Observation

Emitted as v,, travels in mass eigenstate

5_
|
> <’ m
34 B
-
S0
. . . o 34 L
Uncertainty in spatial % -
0 L
wavepacket extent £ 21
O

may translate into
energy uncertainty,

... i.e., peak broadening ] ] ] | . .
0 20 40 60 80 100 120
Energy (eV) J. Smolsky et al., Nature (2025)

From energy viewpoint, From momentum viewpoint, Nuclear recoil peak widths are broader than laser peaks
1. oyp = OLig 1. OLip — m/ZEULi,E * No concrete explanation is found

2. Oyp =0yg 2. Oyp = OLip * The broadening could be due to decoherence due to
3. Oyx = 0yyp/2h 3. 0yx=0y,/2h finite size of the electron neutrino wave packet

Lawrence Livermore 13
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Limits on the Size of a Neutrino Wavepacket

[Nature 638, 640-644 (2025)]

J. Smolsky et al., Nature (2025)

BeEST o, ,

7 51
Li 1s electron ”'Cr atomic

v, (V)

Combined reactor oscillation, a; ,

Daya Bay only l

v, (JUNO)

Reactor nucleon-nucleus Reactor atomic

107" 10710 107° 10°® 107 10°® 10°°

7,,(m)

\\1.(.),713 T .....1\(;712 T

First direct experimental constraint on the size of a neutrino wavepacket

Only limit on neutrino wavepackets from EC decays

Only direct limit on nuclear decay product wavepackets

Lawrence Livermore

National Laboratory ~ LLNL-PRES-2006254

ReEST

* Energy conservationyields g, , =35nm
* Momentum conservationyields g, , =6.2pm

- BeEST conservative limit: 6.2pm

nature

Explore content ¥  About the journal ¥  Publish with us v

nature > articles > article

Article | Open access | Published: 12 February 2025
Direct experimental constraints on the spatial extent
of aneutrino wavepacket

Joseph Smalsk: B‘ Kyle G. Leach E, Ryan Abells, Pedro Amaro, Adrien Andoche, Keith Borbridge, Connor

Bray, Robin Cantor, David Diercks, Spencer Fretwell, Stephan Friedrich, Abigail Gillespie, Mauro Guerra, Ad

Hall, Cameron N. Harris, Jackson T. Harris, Leendert M. Hayen, Paul-Antoine Hervieux, Calvin Hinkle, Geon-

Bo Kim, Inwook Kim, Amii Lamm, Annika Lennarz, Vincenzo Lordi, ... William K.

Warburton =+ Show authors

Nature (2025) | Cite this article

3995 Accesses | 69 Altmetric | Metrics
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y-Coincidence measurement

[arXiv: 2411.08076, submitted to Phys. Rev. Lett.]

C. Bray et al., arXiv: 2411.08076

106 3
1 === All Events

= Accepted Events
= (Coincidence Events

Nuclear Recoi

§'£~ 57 eV QEC ~ 862 keV

Tin(Li*) = 731 478 keV y 102 3

— VAVAVAVAVAVAVAVAVAY
ety 10" 5
10° -

0 50 100 150 200 250 300 350
Energy [eV]

C. Bray et al., arXiv: 2411.08076

y-coincidence measurement of the EC decay allows for selective measurement of nuclear recoil spectrum
to a certain state

Lawrence Livermore 15
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v-Coincidence measurement RetST

[arXiv: 2411.08076, submitted to Phys. Rev. Lett.]
Implication: one can precisely test models of nuclear recoil interactions in materials

Example: ion slowing down model comparison

C. Bray et al., arXiv: 2411.08076

Repulsive MD A1 = ~-Coincidence Data
GEAM MD 1 A === Constant dE/dx
10 | = Power Law dFE/dx
Constant dFE/dx 10° 4 Gaussian
~ Power Law dE/dx = ] —— Repulsive MD . .
% 8 - ~ m— GEAM MD 1()5 - 1()i .
(N s 1 ] ]
> ~ 102 4
o0 ) 3
g 6 El i
= QS \
= 10! = ~-Coincidence Data \
'4% . === Constant dE/dx \\ = ~-Coincidence Data
o 4 10° = Power Law dE/dz \ 10? === Repulsive MD
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S 10° T T ; T . .
2 4
, o 10 y 10 7 T 10 i
\/Vﬁ E i o, b ha iy d«’“ﬂ"“*“"m"“w.
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BeEST Publications

L T T

Signal processing and spectral modeling for the BeEST experiment Phys. Rev. D 111, 052010 (2025) I. Kim et al.

(BeEST Collaboration)
Direct Experimental Constraints on the Spatial Extent of a Neutrino Nature 638, 640-644 (2025) J. Smolsky et al.
Wavepacket (BeEST Collaboration)
High-Precision Excited-State Nuclear Recoil Spectroscopy with Submitted to PRL (arXiv:2411.08076) C. Bray, S. Fretwell, L. A.
Superconducting Sensors Zepeda-Ruiz, I. Kim et al

(BeEST Collaboration)

Shake-up and Shake-off effects in the electron capture decay of ‘Be  To be submitted to PRD M. Guerra et al.
(BeEST Collaboration)

Final Results from BeEST Heavy Neutrino Search To be submitted to PRL I. Kim et al.
(BeEST Collaboration)

...and more!
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Conclusion

* BeEST experiment searches for the heavy neutrino mass eigenstate by examining the
EC decay of 'Be

* The Phase-lll involves significant improvements in hardware, analysis tools, and the
underlying theories that determine the electron capture spectra

* BeEST collaboration is actively publishing high-profile papers

 We plan to unblind the full data to set leading limits on mixing to heavy state
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