Status of Light Sterile Neutrinos

Yu-Feng Li

. liyufeng@ihep.ac.cn
=% %\«5 Instltute of High Energy Physics, Beijing

8th‘Workshop on Flavor Symmetries and Consequences in Accelerators
and Cosmology. Shanghai & Hefei, China




Three Neutrino Paradigm

Standard Parameterization of Mixing Matrix
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Current Status:

de Salas et al, PLB782 (2018) 633, see also results from the Bari group & Nu-fit group

parameter best fit + 10 30 range
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Are there any new neutrino states, new interactions or new paradigm ?
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Beyond 3-v oscillations:
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Explanation of short baseline oscillations:

eV-scale sterile neutrinos (which have mixing with active mass eigenstates)
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Status of short baseline oscillations in

nu-e(bar) disappearance channels




Gallium anomaly

Gallium Radioactive Source Experiments: GALLEX and SAGE

Test of Solar Neutrino Detection

Detection Process: Ve + 1Ga— "1Ge+ e~

Ve Sources: e~ +°1Cr = 21V + 1, e +3"Ar — 3Cl + v,

> ~2.90 deficit

Neutrino energies: ~0.8 MeV
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» Anomaly supported by the new
* cross section measurement

- | *He+"Ga — "'Ge +3H
© R—084+005 | Frekers et al,, PLB 706 (2011) 134

R

0.8

M~ L
o

> Contributions from excited
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Reactor Antineutrino Anomaly

[Mention et al, PRD 83 (2011) 073006]

New reactor I_/e fluxes [Mueller et al, PRC 83 (2011) 054615; Huber, PRC 84 (2011) 024617]
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> Discrepancy between theory and measurements

> ~2.80 deficit (depending on the theoretical flux uncertainty)

» Nominal theoretical uncertainty from the Mueller+Huber model ~ 2.5%
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A closer look at reactor rates data

arXiv:1703.00860,  mperiment [7E  Jme  Jom  Jon | BT oS (% o3 (%l o (%) [T o]
1 Bugey-4 0.538 0.078 0.328 0.056 | 0.932 1.4 2.5 15
2 Rovno91 0.606 0.074 0.277 0.043 | 0.930 2.8 }1'4 2.4 18
3 Rovno88-11 0.607 0.074 0.277 0.042 | 0.907 6.4 2.4 18
4 Rovno&8-21 0.603 0.076 0.276 0.045 | 0.938 6.4 3.1 2.4 18
5 Rovno88-15 0.606 0.074 0.277 0.043 | 0.962 7.3 2.2 2.4 18
6 Rovno88-25 0.557 0.076 0.313 0.054 | 0.949 7.3 3.1 2.5 25
7 Rovno88-25 0.606 0.074 0.274 0.046 | 0.928 6.8 2.4 18
8 Bugey-3-15 0.538  0.078 0.328 0.056 | 0.936 4.2 2.5 15
9 Bugey-3-40 0.538  0.078 0.328 0.056 | 0.942 4.3 4.0 2.5 40

10 Bugey-3-95 0.538  0.078 0.328 0.056 | 0.867 15.2 2.5 95
11 Gosgen-38 0.619 0.067 0.272 0.042 | 0.955 5.4 2.4 37.9
12 Gosgen-46 0.584 0.068 0.298 0.050 | 0.981 5.4 2.0 33 2.4 45.9
13 Gosgen-65 0.543 0.070 0.329 0.058 | 0.915 6.7 2.4 64.7
14 ILL 1 0 0 0 0.792 9.1 2.4 8.76
15 Krasnoyarsk87-33 1 0 0 0 0.925 5.0 2.4 32.8
16  Krasnoyarsk87-92 1 0 0 0 0.942 204 }4' 1 2.4 92.3
17 Krasnoyarsk94-57 1 0 0 0 0.936 4.2 0 2.4 57
18  Krasnoyarsk99-34 1 0 0 0 0.946 3.0 0 2.4 34
19 SRP-18 1 0 0 0 0.941 2.8 0 2.4 18.2
20 SRP-24 1 0 0 0 1.006 2.9 0 2.4 23.8
21 Nucifer 0.926  0.061 0.008 0.005| 1.014 10.7 0 2.3 7.2
22 Chooz 0.496  0.087 0.351 0.066 | 0.996 3.2 0 2.5 ~ 1000
23 Palo Verde 0.600 0.070 0.270 0.060 | 0.997 5.4 0 2.4 2~ 800
24 Daya Bay 0.561 0.076 0.307 0.056 | 0.946 2.0 0 2.5 2 550
25 RENO 0.569 0.073 0.301 0.056 | 0.944 2.2 0 2.4 ~ 411
26 Double Chooz 0.511 0.087 0.340 0.062 | 0.935 14 0 2.5 ~ 415
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Two alternative solutions
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New burn-up Feature @ Reactors

1 1 . arXiv:1704.01082 Fy3s
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Global Analysis of Reactor Flux Data
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57 arXiv:1901.01807
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DYB+RENO joint data:

disagree with both rates and slopes, 2.9¢
preference of U235 over oscillation-only

Global Flux Data (DYB+RENO +rates):

a) A common inaccuracy of all beta
conversion predictions: disfavored at
2.90 - question on the ILL data

b) Oscillation-including hypothesis is
favored over the oscillation-including
one: at 1-20

Needs future results from highly-
enriched uranium (HEU) reactors !
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New Spectral Feature @ Reactors
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[RENO, arXiv:1511.05849] [Double Chooz, arXiv:1406.7763] [Daya Bay, arXiv:1508.04233]

(1) The "5 MeV bump” cannot be explained by neutrino oscillations
(averaged in RENO, Double CHOOZ and Daya Bay)

(2) Theoretical miscalculation of both the rate and spectrum?

(3) Detector energy nonlinearity? /Mention et al, PLB 773 (2017) 307]
(DYB/DC achieved better than 1% precision)

(4) One may need to increase the uncertainty: e.g. 5% or larger.
[Hayes and Vogel, 2016, YFL, Zhang 2019]

e §F O ! "1'E |



Spectral ratio result@NEOS

NEOS

[PRL 118 (2017) 121802 (arXiv:1610.05134)]
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Spectral ratio result@DANSS

DANSS
[Solvay Workshop, 1 December 2017; La Thuile 2018, 3 March 2018; Neutrino 2018, 8 June 2018]
Detector of reactor AntiNeutrino based on Solid Scintillator

WWER1000
rea/c;:tor .

» |Installed on a movable platform
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- o

Large neutrino flux. 2 o
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» \ariable source-detector distance T S :
" DANSS
with the same detector! i TioBadiistions E
D 12 7 § —— Oscillations Best Fit E
1.0 2.0 3.0 4.0 5.0 6.0 7.0

Up 10.7m Positron Energy [MeV]

-14_



Model independent SBL oscillations

Gariazzo et. al., PLB 782 (2018) 13
10 2 |
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[See also Dentler, Hernandez-Cabezudo, Kopp, Machado, Maltoni, Martinez-Soler, Schwetz, arXiv:1803.10661]
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Implications for Reactor and Gallium anomalies
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Implications for Reactor and Gallium anomalies
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» Indication of m35 < 1.
» Likely small overestimate of the GALLEX and SAGE efficiencies.
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Model independent fit and the future tests
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NEOS and DANSS.

Reactor rates with free 23°U

and 239Pu fluxes: 35 and
I239.
Gallium data with free

GALLEX and SAGE
efficiencies: 7n¢ and 7.

New reactor experiments:
STEREO, Neutrino-4,

SoLiD, PROSPECT

Kinematic 4 mass
measurement: KATRIN

[See also Dentler, Hernandez-Cabezudo, Kopp, Machado, Maltoni, Martinez-Soler, Schwetz, arXiv:1803.10661]
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Latest results

from Spectral Ratios
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Status of short baseline oscillations in
nu-mu(bar)=>nu-e(bar) and nu-mu(bar)
disappearance channels




LS N D [PRL 75 (1995) 2650; PRC 54 (1996) 2685; PRL 77 (1996) 3082; PRD 64 (2001) 112007]
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MiniBooNE

[ ~541m 200MeV < E < 3GeV

VIJ _> I/e [arXiV:1805.12028] I/’u_ —> I/e [PR[_ 110 (2(}13) 161801]
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Purpose: check LSND signal with different L&E, but the same L/E
(>475 MeV)

~4.50 (2.80) excess: unidentified backgrounds in low energy ranges?
- further test at MicroBooNE.

A pragmatic approach: (E > 475 MeV) [farXiv: 1308.5288]
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MiniBooNE low energy bins
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Fit of MB Low-Energy Excess requires

small mass splitting and large mixing angle, which are in contradiction
with ICARUS/OPERA and the disappearance data.

B 23




Appearance data

v, — Ve and v, — v. Appearance
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Far Detector
* Underground
= 735 km from target

* 5.4 kton mass

n Soudan mine

Soudan

Cruluth Z&

Detectors are on-axis for
NuMI neutrino beam

Mear Detector
» At Fermilab

+ 1 km from target

= 1 kton mass
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All the results in (anti)v, disappearance

E L
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Global fit of nu-e(bar) disappearance, nu-
mu(bar)>nu-e(bar) and nu-mu(bar)
disappearance data

Based on the 2019 update of
Gariazzo, Giunti, Laveder, YFL, arXiv:1703.00860
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Oscillations in the 3+1 scheme

In SBL experiments Ay; < A3; < 1.

Am3. L
F(’E’)BL(_) ~ sin® 21,5 sin” ( ;nél ) sin® 20,5 = 4| Una|*|Usa?
Va—Vg
Amz, L
F(’E’)BL(_) ~ 1 — sin® 204 sin’ ( ;ngl ) sin° 2040 = 4| Unal? (1 — |Ua4|2)
Vo —7Vq

> Amplitude of v, — 1. transitions:

1
sin® 20, = 4| Ueq|?| U, 4] ~ " sin® 20 e sin” 200,

» Upper bounds on ve and v, disappearance = strong limit on v, — ve

[Okada, Yasuda, IJMPA 12 (1997) 3669; Bilenky, Giunti, Grimus, EPJC 1 (1998) 247]

» Similar constraint in 3+2, 3+3, ..., 3+ NI (Giunti, Zavanin, MPLA 31 (2015) 1650003]
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Appearance-Disappearance Tension

4 F g .,
| Global Fit — v.Dis| 107" H Global Fit E
| m— G —— v, Dis | A 3c
— 20 —— Dis F 2G —— Dis H
36 —— App - 36 — App |
T T T 1 IIIII 1 1 11 IIIII 1 1 11 1 ITTT T T )

o 107 107° 1072 107" 1 10{104 N 164* B ....1..;_2 N ....1.;_1 1
$in*20e, = 4|Ueq|?| Upal® SiN228, = 4| U g 2| U, af?
» Without (left) and with (right) MINOS+ data (both without the
MB low energy bins)

Xpa/NDFpg = 7.8/2 = GOFpg = 2% Ypa/NDFpg = 42.8/2 = GOFpg = 5 x 107
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Appearance-Disappearance Tension

- 1o 3 I 1

I M | -1 | i

Gilobal Fit — v.Dis 107" H Global Fit ]
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- 20 — Dis i 26 — Dis |
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10 102 10 ) 10_2 1 107 1072 1072 107" 1
SiN“20g, = 4|Ueq|| Uyl $iN%21 gy = 4] U gl Uya?

» Without (left) and with (right) MINOS+ data (both without the
MB low energy bins)

Xpa/NDFpg = 7.8/2 = GOFpg = 2% Ypa/NDFpg = 42.8/2 = GOFpg = 5 x 107

» From Mild to Strong tension > New physics beyond 3+1 (3+N) vacuum
mixing ?
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Future test of the appearance channel

SBN PROGRAM @ FERMILAB J3NS2 @ J-PARK

Sensitivity of the JSNS2 experiment with the latest configuration (1 MW x 3years x 1 detector).

Definitive program to address LSND/MiniBoone anomalies in 0% -
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10"s mmiswoercL 10°F
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C LSND Best Fit
- Global Best Fit (arXivi1303.3011)
| e Global Fit 80% CL (arXiv:1303.3011)
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~  #= Global Fit 90% CL (arXiv:1308.5208)
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Conclusion

a) Model-independent indications of short baseline
oscillations (SBL) from reactors (DANSS & NEOS > ~3 sigma)

b) Reactor and Gallium Anomalies >

latest analysis favors hybrid solutions with SBL and nuclear effects

¢) Many on-going experiments will check the indications
DANSS, NEOS, STEREO, Neutrino-4, PROSPECT, SoLid, CHANDLER, ...

d) The MINOS+ & LSND signals disfavors the 3+1 (3+N)
vacuum mixing scheme

- future direct test at SBN@Fermi Lab and JSNS2@J-PARC

Status of light sterile neutrinos: They do not seem to feel well
ke F O ! 1'E




Thanks!
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Light Sterile Neutrinos@Ovf3f3
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Light Sterile Neutrinos@Ovf3f3
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Examples of New Physics for the MB Excess
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