Current Status of Search for Sterile Neutrinos

Pranava Teja Surukuchi

Sep 16,2021

40t International Symposium on Physics in Collisions

Yale el



Yale Disclaimers

Focus of this talk
* eV scale sterile neutrinos
* Finished or currently running experiments

* Experiments built to search for eV-scale sterile neutrino oscillations
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Yale Anomalies
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Anomalies drive searches for eV-scale sterile neutrinos
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Yale LSND Anomaly
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LSND detected 87.9 + 23.2 (3.80) excess V¢ events
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Yale MiniBooNE Anomaly
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Yale Reactor Antineutrino Anomaly (RAA)

* Double Chooz initially only had one detector Improved predictions of reactor antineutrino spectra
and SO an OSCi”atiOn measurement had tO be LZrﬁfoMn,u,il.llir(')r?é,Lgr?(i::“I:e.r’YZr.nfizllOt, A. Letourneau, S. Cormon, M. Fechner, L. Giot, T. Lasserre, J. Martino, G.
. Phys. Rev. C 83, 054615 — Published 23 May 2011 _
done by comparing to a model

) Determination of antineutrino spectra from nuclear reactors
*Improvement in reactor neutrino model to - Patrick Huber’ -
Center for Neutrino Physics, l?epartment of Physics, ‘./zrgznza Tech, Blacksburg, Virginia 24061, USA
make a Prec'se 9[3 measu rement (Received 16 June 2011; published 29 August 2011)
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Reactor experiments observe ~30 deficit compared to predictions
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Yale Galium Anomaly
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Gallium experiments measure ~30 deficit compared to predictions ~ JHEP06(2017) 135
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Yale Interpretation of Anomalies

* LSND and MiniBooNE (appearance experiments) see
excess

ALEPH
* Reactor and Gallium experiments (disappearance) see DELPHI
deficit L3
OPAL Il
* If interpreted as neutrino oscillations, suggests eV- +
Scale neUtrinOS ¢ average measurements,

error bars increased |
by factor 10 '

* Active neutrino flavors constrained by Z boson
invisible decay width measurements at LEP

* Another light neutrino state must be a sterile state Nv=2.92 + 0.05
0 86 88 90 92 94
E_ [GeV]

Sterile neutrinos could explain anomalies independently
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Yale

Sterile Neutrino Refresher

Extended PMNS matrix
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J. Coelho: Neutrino Telescopes

*Similar situation In inverted ordering
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Yale Interpretation of Anomalies: Appearance Experiments

* LSND and MiniBooNE excess in appearance channels could be explained —~102 —
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MicroBooNE
470 m, 86T

* SBN program to test both LSND and MiniBooNE anomalies

* Three detectors share same beam line (booster neutrino beam at Fermilab) and uses
Liquid Argon TPC

Wright
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Testing LSND and MiniBooNE Anomalies: SBN Program
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* Detectors baselines optimized for eV-scale sterile neutrino

search

* Relative measurements provide significant cancellation of

systematic uncertainties

* Test both appearance and disappearance modes
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Yale SBN Program Status

ICARUS
600 m, 470 t

ICARUS commissioning: neutrinos from BNB and NUMI have

been collected since the end of March 2021 to setup the data

processing workflow and event reconstruction tools.
o SN 4 comclcive v Beam data with ICARUS will be collected this fall, SBND will be

with a direct test of operational late 2022.

both in appearance
data-taking (6.6 10%° pot).

e |[CARUS alone: can confirm or refute in less than one wW¥ar the

results from the Neutrino-4 experiment, which repgtts 2.90

indications for oscillation consistent with Am* = 7 % eV (Phys.

First ICARUS neutrino candidates (BNB): CCQE

Rev. D 104, 032003). BNB: Run 4811, event 21060 Collection plane
— . . < p : : : _
ICARUS commissioning: neutrinos from BNB and NUMI have | & ~ = Quasi-Elastic Charged-Current: v, n->pu
been collected since the end of March 2021 to setup the data §5| primary PSS A
y , et preliminary
processing workflow and event reconstruction tools. < e
Beam data with ICARUS will be collected this fall, SBND will be | £ E:dimﬁon/gr,apped S | Slide from
: ~ it cosmic track i ]
operational late 2022. e 2.7 m_Wires ., ICARUS collaboration
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Yale Testing MiniBooNE Anomaly: MicroBooNE
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Yale Testing LSND Anomaly: JSNS?

50 ton (17 Gd-loaded + unloaded) LS

Stainless Steel Tank
Spill Tank

Liquid Level I
Stabilization Tank L4

Acrylic Vessel

¢

PM Support
Flame

10-inch PMTs

GeV

beam

* Directly test LSND anomaly

* DAR 40 MeV v, baseline 24 m (30 m for LSND), Gd-loaded LS
* Data taking: June 5-15,2020 (10 days) + Jan12 - Jun 23 2021 (6 months)

* Analysis underway
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* Plan for a second detector at 48 m 1000 10° E o 1
arxiv:2012.1080/ 8in'26
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Yale

Interpretation of Anomalies: Disappearance
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Yale Interpretation of Anomalies: Disappearance
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Yale Testing RAA
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Yale Testing RAA: Short Baseline Reactor Experiments

Reactor
power (MW;)

Experiment Baseline(m) Reactor type

11-13 m LEU 3000 ~1 m3

24 m LEU 2800 ~1 m3

6-12 HEU 100 ~1.8 m3

PROSPECT /-9 m HEU 85 ~4 ton
STEREO 9-11m HEU 57 ~2.4 m3

Target

PS +Gd
coating

GdLS

GdLS

6LILS

GdLS

* Other reactor neutrino SBL experiments that haven't performed oscillation search not included

Search
strategy

Movable

Relative to
Daya Bay

Movable

2D
Segmentation

2D
Segmentation
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PROSPECT Experiment

PROSPECT

Reactor

Baseline(m)

Reactor type power (M

Win)

Search
strategy

2D

7-9 m HEU 85 ~4 ton oLLS o .
egmentation
5 T T T =
96 (73) rx-on (rx-off) days Emz—Feldman-Cousms E
~ % [ CLs method )
Segmentation provides baselines g : :
Excluded RAA best-fit at 2.50
1 =
Limited by statistics (~50k events) - :
. — FC Exclusion, 95% CL |
 — CL Exclusion, 95% CL 1
Phase-|l detector planned [ Sensitivity, 95% CL, 1o
i Sensitivity, 95% CL, 20 1
SBL + Gallium Anomaly (RAA), 95% CL
107" S S
107 107 ,
N2
PRD:03.03200. Sy
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STEREO Experiment

s o %
Q/ET : : Reactor Search
o Experiment Baseline(m) Reactor type power (MWin) Target strategy

pool

2D

HEU 57 ~2.4 m3 GdLS .
Segmentation
101 —
e 334 (543) 'X-0N (I’X-Off) days | Pre|iminary
* Segmentation provides
baselines =
O RAA 95% C.L.
N *  RAA: Best fit
* Excluded RAA best-fitat >40 = 4| <
A <H L
5
e Data taking ended
5 CLs method
-~ STEREO (334 days reactor-on):
1 Exclusion Sensitivity CLs 95% C.L.
1 Exclusion 95% C.L.
10 10 1
sin? (26, )
\/ HPLgINS Pranava Teja Surukuchi, Physics in Collisions, Sep 2021 2|




Yale NEOS Experiment

Reactor Taraet Search
power (MWi) 9 strategy

Experiment SEE N E () Reactor type

Relative to

24 m LEU 2800 ~1 m3 GdLS
Daya Bay

C'\l—. i I T T | | | I 1T 1T | \ | ? | | 3
24 meter distance % . RAA allowed N . Z_
* 180 (46) days reactor-on(off) = | o eo%cL S | ]

95% CL — = ;'
. . 5 o 7= * )

lometer  * Single volume stationary detector i WL e — - y

" Gallery underground —_— - :
* Excluded RAA best-fit at >40 1 :_ > Excluded :
- NEOS 90% CL -
- e NEOS-II: Refurbished NEOS detector - — — Bugey-390%CL  _
TN Dgya Bay 90% CLS _
 Data taking finished: Sep 2018 - Oct2020 | ¢, ]

* Results expected this year
-1

10 _|||||l.-_—-"""| R | RN
107 107" 1
PRL 118, 121802 (2017) SIN"28.4
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DANSS Experiment

Reactor Taraet Search
power (MWi) 9 strategy

Experiment SERE E W) Reactor type

11-13 m LEU 3000 ~1 m3 PS +Gd Movable
coating

DANSS

10l ———x T — A T T
1 RAA+GA >~
o [190%, 95%, 99% 4= .
° 5 years Of data: 55 m||||0n events || allowed regions _ |

| *beSt flt »,. A ........ .....

* Oscillation search using movable detector

1001

 Excluded RAA best-fit at >50

Am?,, eV?

* Detector upgrade underway
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Yale Neutrino-4 Experiment: Claim

Reactor Search
power (MW:») strategy

Experiment Baseline(m) Reactor type

,,,,,, / 23000 /. Neutrino-4 HEU 100 Movable
] .
AN -
Uld f F e ”
Active zone 2000 Antineutrino detector in * 5 yea’rs Of data’ 125, 250, 500 keV. 6=+250 energy resolution. 2 cycles. Am = 7.3eV?, sin26 = 0.36. 2.90 CL
passive shielding
. s | . . .

o e— / / - *» Oscillation search using movable detector
. | S SRS e RS [}
.172 u»%%&ﬁ%ﬁ%awﬂfw&7»2%@%&»¢%¢%&%%ﬁ?%ﬁﬁg%ﬁégﬁ%f%mf%m@%% )

==

e Claim oscillation:

* (Am2 =7.3,sin220 = 0.36) @ 2.90

2
Amé,, eV
T Uz WLl “\

.."‘. E

* Detector upgrade underway

—
w.'l.
L I

mtziEinks

P RER
Y

6 01 02 03 04 05 06 07 08 09 1
sin’(2e, ,)
PRD:104.032003

7. Wright
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Yale Neutrino-4 Experiment: Questions

Experiment SEE N E () Reactor type

7 g
/ : 23000 / I
,,,,, Y 7, 7 7 A
; NH s 7 a4 Al !
: 2 L W LBy S \ o
Al iy St 3] - L
Active zone 3000 Antineutrino detector in
passive shielding
9 3 4 5
) :_-__:i-' N\ >
r r' '..H.. I‘IIT'J"I - .nz/.A 1.
) : : : ‘ 4 —
S B R S LT e - | ;
| — 2 .
. I“‘li[. i|i‘i “i : / |
\ /1 '
s VAl 6 7 S
4 4 a = - - i Il'\\. 3
i = - ' e e T Ew:ﬂ]:\ f"

| Several questions raised:

* Statistical approach to oscillation search (arXiv:2006.13147; EPJC.81,2; PLB.136214)

* Inclusion of systematics in the analysis (arXiv:2006.13147, JETP Lett 112, 452-454)

100

Reactor
power (MW;)

AME. [eV?]

Movable

Search
strategy

disfavor Neutrin

- PROSPECT an

95% CL
— PROSPECT Exclusion
STEREO Exclusion
— — KATRIN Exclusion
& Neutrino-4 Allowed Region
i SBL + Gallium Anomaly RAA

10—1 5 ] ] ] ] ] L1 1 |_ ] ] L1 1
* Impact of backgrounds on the results ( JETP Lett 112, 452—454) 1075 107" <inop 1
14
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Yale

Other Reactor Expts

* Experiments designed to measure 03 also searched for sterile neutrinos

* Sensitivity at low Am? values

* Exclude portions of suggested parameter space

10

Details in P Soldin’s talk
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Yale

More Reactor Neutrino Context

* Reactor Antineutrino Anomaly: Flux predictions disagree with measurements

* Could the flux predictions be wrong !

_’é‘ 1.1
8 1.05
Q9 | i ]
g RN T
095 ‘&—-——-n---—u‘ o [y,
0.9 ¢ Reactor data
0.85 — 3+1v oscillation
— Gilobal average data summarized by Mention,
0.8 — 31 oscillation et al, Phys. Rev. D83 (2011) +
DYB, DC, RENO
0.75 . a e e
1 10 10 10
Baseline (m)
Wright

Lab
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Yale Reactor Neutrino Predictions

Predicted
Spectrum Decay Rate

Electron
Neutrino

Spectrum

Zl_

Branching Fraction

ab initio approach

o ° :1\\{ I | 1 1 1 ! |
* Use existing databases and sum the spectra from all the beta decay branches roFL .
& N
* 1000s of branches, Databases are incomplete/wrong z10" \ E
§162 ........... .-\.-"3.* g
Conversion method s " :
 Measure beta spectrum and fit it to virtual branches to convert to neutrino spectrum 4 """ e d
e [s all relevant physics captured by virtual beta branches “3‘
.......... .;}& -5
........ j 3
. .
y R
: : . L : Schreckenbach, et al,
Reactor antineutrino predictions are very complicated Phys Lett B160 (1985)

2 3 o 5 6 1 8 9 10
KINETIC ENERGY OF BETAS IN MEV
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More Reactor Neutrino Context

Entries / 250 keV

Ratio to Prediction
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Neutrino 2018

erile neutrinos cannot explain this anomaly

* Points towards reactor models being wrong
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bectra shapes measured by 8)3 experiments at LEU reactors disagree with state-of-the art models

LEU Reactors:

235U ~ 45-65%

239Pu ~ 25-35%
2381J,241Py < [0% each
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Yale Even More Reactor Neutrino Context

* Daya Bay measures neutrino flux as a function of fission fractions of 23°U/23%Pu
* One can extract the contribution (IBD yield) of single isotope to the measured flux

* Measured 235U disagrees but 239Pu agrees well with the predictions

e Similar results from RENO 9
235U seems like the problematic isotope Ax?
4
~ 100 g
N = —e— 235 1 4 9
= 90 - 5.5
g = —— “"Pu A Daya Bay
g 80 3 238 c —e— Huber model w/ 68% C.L.
& - —=— U 0 5.0
S 70 3 “lpy 0
2 60 =
2 - Others 4.5
50 E- g A /
40 ;— 3 4.0
30 =3 = C.L
: — 68%
20 £ 532 95%
- © oss = (10.141.0) x 10 * b0 7o,
10 &5 B e U PR 30 0241 = (6.04 +0.60) x 10+ '
OOEH; | 350!00‘ - 10(!)06 - iS(;Od - :20(;001 2 20 60 64 68 7.2
- [10 % cm? / fission
Burn-up (MWD/TU) 7235 | / ] Dayabay: PRL 118 (2017)
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Yale Even More Reactor Neutrino Context

* Conversion method is reliant on the S-decay measurements done at ILL, R
France in 1980s 3.00 -
| —— ILL
* Recent claim: Issue with calibration for the original ILL B-decay 1 —+= K
measurements 2.50
] ) \
0 . 25 \
* Kopeikin et.al., (arXiv 2103.01684) performed a measurement of 23>U/ 227 ’"p -4’
239Pu [B-decay spectra 2.00 7 -
: /e
. . . . L.48 =
* Shows that 235U normalization was overestimated (assuming 23Pu 5
normalization is correct) =03
1.254 _
* No systematic uncertainties presented and peer-reviewed results not yet -
published 2 3 4 5 6 7 8
E:. (MeV)
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Yale Testing Galium Anomaly: BEST Experiment

* BEST: Gallium source experiment similar to GALLEX and SAGE

e Source: 3 MCi of >!Cr source

 Two zones for flux cross-checks

* Data taking July - Nov 2019; Data processing Dec - Nov 2020 cooling system

O

source

 Results to be out soon
10 R —

Gaussian d:stnPutnoQ:

- 1

1o

Am?(eV?)

Ga l‘

0.1 S SR S Q RI=0.66 m
'0,01 0.1 1 punips compressor R2= 1.096 m

PRD 99, 111702 gin229)

ONLY BEST (1,1)
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Yale Other Negative Results : KATRIN

* KATRIN is a direct neutrino mass measurement using beta decay of tritium
* Also sensitive to sterile neutrino oscillations at high Am?
* No oscillation signature found

* Projected sensitivity to cover a significant portion of suggested parameter space

- a) { KATRIN data with 1 o error bars x 50 - |

| — 3-vmodel ‘ 3 N N . -
7 101 ! | 10 — ..................... o (
o, ; [ \
N : o
8 . ~
= J [ NI T 7, =10 v -~ g e [
= 0°F e
‘:::3 100_. 1 R .........
I ’ > |

* C\IS:I' 10" E
1 1 1 1 1 4

-40 -20 0 20 40 = 5SS '
S oofy T T 0F ——RAA+GASSHCL @
L% L 0%y °S s’ : . ——KATRIN95% CL. "= ]
g 0 .:. .. ..... .......;...............o.-. - .. .. . - o— o - . .. .:: e Projected KATRIN final 0”“
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.091803

Yale Other Negative Results : v, Disappearance

* Several disappearance searches don’t find any evidence of sterile neutrino oscillations

* Rules out most of the 3+ | suggested parameter space by LSND and MiniBooNE anomalies

10°F B Lu T lceCube Experiment
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Yale Global Context

s
e
™

* Suggested parameter space under eV-scale
sterile interpretation appearance and

v K 2 dof

L
-------
=

poMo||e

1 Sy
disappearance experiments disagree 10 = Ve — Ve
e
4.7 O tension between the data sets N
- . . CJ vV, —7 UV
* All the existing anomalies can't simply be ~ — b €
. . . = 109 Appearance
explained by eV-scale sterile neutrinos = w/o DiF)
* Other non-minimal BSMs may need to be >
invoked Disappearance
— Free Fluxes
10_1 - - - Fixed Fluxes
10~ 1073 107° 107!
sin? 26, ~ HEP08(2018)010

*Some new data since, but the qualitative picture remains
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Yale Conclusion

* Several appearance and disappearance experiments observed anomalous results
* eV-scale sterile neutrinos invoked as a solution to the anomalies

* Experiments very diverse; different sources and detector technologies

* Several experiments already exclude regions of parameters space

* Awaiting more results and experiments

* Need to invoke more complicated models if anomalies persist

Oscillation channel Source Anomalies

LSND (3.8 0)
MiniBooNE (4.8 0)

V), — Ve

Accelerator

Accelerator,

. No anomalies
atmospheric

vV, — Uy,

Reactor (~30)
Ve % V@ Reactor, source Source (~30)

Status

Unresolved; awaiting results

N/A

Significant parameter space
covered; awaiting more
experiments and results

\\ t‘g;ght . Pranava Teja Surukuchi, Physics in Collisions, Sep 2021

36



Yale Conclusion

* Several appearance and disappearance experiments observed anomalous results
* eV-scale sterile neutrinos invoked as a solution to the anomalies
* Experiments very diverse; different sources and detector technologies

* Several experiments already exclude regions of parameters space

* Awaiting more results and experiments

* Need to invoke more complicated models if anomalies persist ‘“a

Oscillation channel Source Anomalies Status

V), — Ve

LSND (3.8 0)

Accelerator MiniBooNE (4.8 0)

Unresolved; awaiting results

Accelerator,

. No anomalies N/A
atmospheric

Significant parameter space
covered; awaiting more
experiments and results

Reactor (~30)
V@ % Ve Reactor, source Source (~30)

N
N
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