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Historical Short-Baseline Anomalies

2011 Reactor Anomaly: 7. — Uy (2.50) 2005 Gallium Anomaly: ve — v« (2.90)
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Beyond 3-v oscillation: Sterile neutrinos
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Explanation of short baseline oscillations:

eV-scale sterile neutrinos (which have mixing with active mass eigenstates)
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Reactor Antineutrino Anomaly




HM fluxes (conversion method) v.s. data
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» Original 2011 Reactor Antineutrino Anomaly: 2.50 [Mention et al, arxiv:1101.2755]
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[Mueller et al, arXiv:1101.2663], Huber, arXiv:1106.0687]
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2.5 0 deficit = Anomaly!

Giunti, YFL,Ternes, Xin, arXiv: 2110.06820
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Recent developments
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[RENO, arXiv:1511.05849] [Double Chooz, arXiv:1406.7763] [Daya Bay, arXiv:1508.04233]

(1) "5 MeV bump" (cannot be explained by oscillation) questioned
the theoretical reactor model (HM model).

(2) New development in theoretical models
> New summation model
> Kl (Kurchatov Institute) correction to the conversion model

(3) New development in experimental measurements
> Fission evolution data from Daya Bay & RENO

. § 000 O i 1'E»x |



New reactor flux models

Phys. Rev. Lett. 123, no. 2, 022502 (2019)

~ | Summation EF model

Modern method: Take more Pandemonium-free data

Theoretical Phys. Rev. D 104 (2021) L071301
A: Rate corrections from Kl
Kl model HKSS-KI 235U B spectra
. Conversion I A I A
B B: Shape corrections from
HM model HKSS model part of forbidden transitions

Phys. Rev. C 85, 029901 (2012)  Phys. Rev. C 100, no.5, 054323 (2019)
Phys. Rev. C 83, 054615 (2011)

Diagram Courtesy: XIN Zhao




2019: EF fluxes (summation method)

[Estienne, Fallot, et al, arXiv:1904.09358]
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1.2 o deficit = No Anomaly!

[See also: Berryman, Huber, arXiv:1909.09267, arXiv:2005.01756]

» UNKNOWN UNCERTAINTIES!

» Rough estimation used in our calculations: 5% for 23°U, 23°Pu, ?41Pu

and ]_O% fOI’ 238U . [Hayes, Jungman, McCutchan, Sonzogni, Garvey, Wang, arXiv:1707.07728]
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2021: Kl fluxes (conversion method)

[Kurchatov Institute: Kopeikin, Skorokhvatov, Titov, arXiv:2103.01684]
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Giunti, YFL,Ternes, Xin, arXiv: 2110.06820

1.1 o deficit = No Anomaly!

Approximate agreement with ab initio EF fluxes!

» HM 4+ KI uncertainties.
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2019: HKSS fluxes (conversion method)

[Hayen, Kostensalo, Severijns, Suhonen, arXiv:1908.08302]
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2.9 o deficit = Anomaly larger than the 2.50 HM anomaly!

[See also: Berryman, Huber, arXiv:1909.09267, arXiv:2005.01756]

» HM 4+ HKSS uncertainties.
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Reactor fuel evolution data

Reactor 7, flux produced by the 3
decays of the fission products of

235U 238U 239 PU 241 PU

» Effective fission fractions:

Fo3s  Fo3g  Fozg  Foax

» Cross section per fission (IBD vyield):

of = E Fr o k
k

for k = 235,238,239, 241
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Model v.s. Data Comparison

AR adat ; I —_— A L s L B Aaaazaznao s ——— ——— ——— — ——— —————— ———
Daya Bay Fit 5.89+0.12 | | Daya Bay Fit -1.88+0.18
HM Model 6.27+0.15 HM Model —-2.54+0.06
EF Model 6.02+0.20 EF Model -1.83+0.08
HKSS Model 6.34+0.16 HKSS Model -2.57+0.07
KI Model 6.03+0.13 KI Model -2.07+0.06
HKSS-KI Model 6.15+0.14 HKSS—-KI Model -2.08+0.06
FERETI ARTTRRRARE RRRRRNRRN] ARUATANAT] FRTRARRRTE ERRRURRRNY ARRURNRATE FRTRRRARRE [YRRRRRRT ARRRRNNEN INRRRARTT] FERARRRATE ANURRRRATI FNNRRATIT] B SRR A RN REN] [FETEREREE [FEERRNREE ovwvinin (FEERREREN Dovuiinins [FNEERRNEE Lovunannis [FEREREREE [FERRRRRRE
5.5 5.7 59 6.1 6.3 6.5 6.7 -30 -28 -26 -24 22 -20 -18 -16 -14

S, [107*2 cm?/fission] doy/dfasg [107* cm?/fission]

_ Giunti, YFL,Ternes, Xin, arXiv: 2110.06820
A global fit of all reactor rates + evolution data shows

> Tension with HM (2.6 o), HKSS (2.8 ), and HKSS-KI (1.9 o).

» Agreement with EF (0.8 ¢0) and Kl (1.2 0).

The EF (summation model) and Kl (conversion) models are the best ones!
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Limits on the SBL mixing

" | e 8 1 » The favored Kl and EF
[| _ HKss : models are compatible with
[—— | the absence of SBL
— 0r 1 oscillations and give only 20
E upper bounds on the effective
_ mixing parameter
E o1 L sin? 20, = sin? 2014,
» Independently from the
o ] reactor neutrino flux model,
- : we have

1 sin® 20¢e < 0.25 at 20.




Gallium Anomaly




Gallium Anomaly

Gallium Radioactive Source Experiments: GALLEX, SAGE, BEST (2021)

Ve Sources: e~ +°1Cr =%V + 1, e +3"Ar — 3°Cl + 1.
o —
e — ve T 'Ga — 1Ge + e
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- R=0.80%x0.04 - eeoea
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— Cr2 uree
a :
5 & | v -
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Il i Cr-R1 Cr-R2 DU <1
c Np I 15 | ‘
= B e
GALLEX BEST
= L ! | ~ 5-60 deficit = Anomaly!
o
L ~ 1.9m L ~ 0.6 m [SAGE, arXiv:nucl-ex/0512041, arXiv:0901.2200; Laveder et al,
< >G21‘LEX ( égAGE NPPS 168 (2007) 344, arXiv:hep-ph/0610352,
L ~ 0.7m [_ ~1.1m arXiv:0711.4222, arXiv:1006.3244; Kostensalo et al,
< )BEST 0.7 2< >BEST arXiv:1906.10980; BEST, arXiv:2109.11482, arXiv:2109.14654;
Am%BL Z 1eVe > AmiTM Berryman et al, arXiv:2111.12530]
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Gallium Anomaly
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» No clear model-independent anomaly from different path lengths.

» Puzzling quasi-equality of the two BEST measurements at different
distances.

» After the BEST measurements, the Gallium Anomaly is still an anomaly
based on the absolute comparison of observed and predicted rates.
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Cross section

» A deficit could be due to an overestimate of
o(ve +"1Ga — "Ge+ e7)

» First calculation: Bahcall, PRC 56 (1997) 3391, hep-ph/9710491
3/2- 0.500 MeV

5/2° 0.175 MeV

1/2-
? "1Ge
10.233 MeV
3/27 v
"Ga
» ocs from T1/2(71Ge) = 11.43 4+ 0.03 days [Hampel, Remsberg, PRC 31 (1985) 666]

ocs (P1Cr) = (5.54 £ 0.02) x 10~*% cm?

BGT175 BGTSOO
> o(°1Cr) = *1Cr) (1 4+ 0.669 0.220
o(>Cr) =06s.(Cr) [ 1+ BGTcs + BGTcs
» The contribution of excited states is only ~ 5%! [Bahcall, hep-ph/9710491]
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Cross section: contribution of excited states?

Ve + "1Ga — " Ge + e~ cross sections in units of 10~4° cm?:

Sley 37Ar

Otot 5exc Otot 5exc ﬁ GA
Ground State T1/2("Ge) 5539+ 0.019 —  6.6254+0.023 —  0.84440.031 5.00
[Phys.Atom.Nucl. 83 (2020) 1549]
[Bah‘;a” | 1Ga(p,n)" Ge 5814016 4.7% 7.00+021 54% 0.802+0.037 5.4c
hep-ph /9710491
[KOStensa'O] et al. Shell Model 567+0.06 23% 6.80+0.08 26% 0.824+0.031 5.60
arXiv:1906.10980
Semenov 1Ga(3He,3H)"1Ge 5.9384+0.116 6.7% 7.169+0.147 7.6% 0.786+0.033 6.60

[Phys.Atom.Nucl. 83 (2020) 1549]




Cross section: "1Ge decays

Tﬁgzz(ﬂ(}e) =12.54+0.1d (Bisi, Germagnoli, Zappa, and Zimmer, 1955) [39],
T1y,("'Ge) = 10.5+0.4d (Rudstam, 1956) [40], Gijunti, YFL,Ternes, Xin, arXiv: 2212.09722
7157 ("'Ge) =11.15 £ 0.15d  (Genz, Renier, Pengra, and Fink, 1971) [41],
TE,EQ{(TlGe) = 11.43+0.03d (Hampel and Remsberg, 1985) [42].

o  ThTETE TR See a similar study in
~ PNkl F cround e || Brdar, Gehrlein, Kopp, 2303.05528
S —me 1 » New measurement of *Ge life
o | — s ] time: Collar, Yoon, 2307.05353
it 11.46 + 0.04 days
5 » New decay branch to unknown
| 1Ga states:
° L < 0.4% BR (v.s. 10% BR for GA)
ST > Relative EC rates from different
o | atomic shells:
L PL/PK = 0.125+0.008 (v.s. 0.117)
g ' All nuclear aspects of Ge are NOT
10.0 11.0 12.0 13.0 14.0 15.0

: I
o' ] viable!
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Gallium - Solar neutrino tension

102 S———— ]

Gallium (20) i
| — Ground State 1 Solar neutrinos +

| — Bahcall ]
Ksstct:aall'lsalo | v 13 [T2 K&N OVA]

—— Semenov
1 AXI%G GOFPG
c\; 10 L i Ground State | 10.65 0.49%
9, : : Bahcall 14.14  0.085%
NI Kostensalo | 12.79  0.17%
<E] - Semenov 17.24 0.018%
1 - Giunti, YFL,Ternes, Tyagi, Xin, arXiv: 2209.00916
1 » Both Gallium and solar
—— Solar+:5[T2K&NOVA] (20) |1 experiments detect
‘ neutrinos.
107" 1

» No CPT-violating solution

. D
sin“ 29 )
ee of the tension!

[see also: Goldhagen, Maltoni, Reichard, Schwetz, arXiv:2109.14898; Berryman, Coloma, Huber, Schwetz, Zhou, arXiv:2111.12530]
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Gallium - Reactor rates tension

10

10

[eV?]

2
441

Am

-| —— Ground State
| —— Bahcall

| | —— Semenov

Gallium (20)

Kostensalo

| | Reactor (20)

| — ki

— EF

EF Kl
AXI%G GOFPG AX%G GOFpG
Ground State | 9.1 1.1% | 11.9 0.26%
Bahcall 129 0.16% | 16.3 0.029%
Kostensalo 115 0.31% | 153  0.049%
Semenov 17.0 0.02% | 22.5 0.0013%

Giunti, YFL,Ternes, Tyagi, Xin, arXiv: 2209.00916




Gallium - Reactor spectral-ratio tension

III T T T T T IIII T T T T II\II !'.III
Reactor Gallium 157 NEOS+PROSPECT+DANSS
10 H — SN | — g s T4 +STEREO+Bugey-3
i Kostensalo ! : ]
| Dotted: 16 — Semenov I
- Dashed: 26 r;( 1
o - Solid: 3¢ 13} 1 P The Reactor Spectral
= i /) Ratio Fits (RSRF)
— - . prefer SBL oscillations
~N T with small mixing
S 4L 1 (sin? 20ee & 0.02).
I 1 P Tension with the
- 1 Gallium Anomaly!
107° 1072 107" 1 [ RSRF(N/DB) RSRF(N/R)
- 2 AX%G GOFPG AXI%G GOFPG
SIN"20ee Ground State | 12.95 0.15% | 891 1.2%
Bahcall 12.86 0.16% | 8.74 1.3%
o o . Kostensalo 1291 0.16% 8.89 1.2%
Giunti, YFL,Ternes, Tyagi, Xin, arXiv: 2209.00916 Semenov 12.88 0.16% 3.70 1.3%
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Beyond Simple 3+1 mixing scheme

Explanations beyond the Standard Model

v coupled to ultralight DM  several exotic ingredients; somewhat tuned MSW resonance; % % %<
(MSW resonance, Sec. 5.1.1) new v4 decay channel required for cosmology.

vs coupled to dark energy several exotic ingredients; somewhat tuned MSW resonance; % %y
(MSW resonance, Sec. 5.1.2) cosmology similar to the previous scenario.

vs coupled to ultralight DM  several exotic ingredients; somewhat tuned parametric res- Yk k ks
(param. resonance, Sec. 5.1.3) onance; cosmology requires post-BBN DM production via

misalignment.
decaying vg difficult to reconcile with reactor and solar data; regeneration % vsvr¥r
(Section 5.2) of active neutrinos in v decays alleviates tension, but does not

resolve it.
vanilla eV-scale v, preferred parameter space is strongly disfavored by solar and ¥
(Refs. [17, 18]) reactor data.
vs with CPT violation avoids constraints from reactor experiments, but those from
(Refs. [130]) solar neutrinos cannot be alleviated.
extra dimensions neutrinos oscillate into sterile Kaluza—Klein modes that prop- (L%
(Refs. [131-133]) agate in extra dimensions; in tension with reactor data. 66
stochastic neutrino mixing based on a difference between sterile neutrino mixing angles ﬁ“%
(Ref. [134]) production and detection (see also [135, 136]); fit worse tl{b

for vanilla .
decoherence non-standard source of decoherence needed; know, &pemmen—
(Refs. [137, 138]) tal energy resolutions constrain wave packet | maklng an

explanation by wave packet separation aéevchallengmg.

vs coupled to ultralight scalar ultralight scalar coupling to vs and {gfardinary matter affects
(Ref. [139]) sterile neutrino parameters; can void reactor constraints

220 ' e




Conclusion

The Reactor Antineutrino Anomaly, discovered in 2011, is
practically resolved with a reduction of the 235U flux.

> This consensus is supported by new summation model, by the K
correction to conversion model, and by global fit of reactor data
(including evolution data).

> Solution (not yet) to the spectral anomaly may change the game.

The Gallium Neutrino Anomaly, discovered in 2007, has
been revived by the BEST result.

» No viable solution from nuclear physics yet
» Strong tension between Gallium and reactor (solar) data

The global fit of light sterile neutrinos (see backups)

> strong disappearance and appearance tension

.. ’Iﬁcmﬁ You tor your attention!
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Two methods:

Reactor Flux Calculations > Summation method (ab intio)

» Conversion method

Reactor 7. flux produced by the 5 decays of the fission products of

235 238 239 241
U U Pu Pu
Cumulative Fission Product Yield from Thermal Neutron-Induced Fission
0.08 T T T T T T T T
—x— 235

007 - | ——2°py ]
e} =
E 0.06
>
e~
S
8 0.05 —
(T
(0]
=
S 004 =
=
£
s |
s 0.03
= 003 - |
[
S
°
E 0.02 |- .

0.01 —

0 1 | - > | 1 |
70 80 90 100 110 120 130 140 150 160

Fission Product Mass Number

[Dayman, Biegalski, Haas, Rad. Nucl. Chem. 305 (2015) 213]
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Summation (ab initio) Method

» Aggregate reactor spectrum (electron or neutrino):

Stot(E, t) = Y  Fi(t) Sk(E) (k = 235, 238,239, 241)
ko 7

fission fractions

allowed or
forbidden
_ k b b
Sk(E) = ?j > B$n SHE)
n b
t
cumulative  branching spectrum
fission ratio
yield

» The calculation of each Si(E) requires knowledge of about 1000 spectra
and branching ratios.

» Large uncertainties, because nuclear databases are incomplete and
sometimes inexact.

s § 00 O i 1'Ex |



Conversion Method

» In the 80’s Schreckenbach et al. measured the aggregate 5 spectra of
235, 239Pu, and ?*'Pu exposing thin foils to the thermal neutron flux of
the ILL reactor in Grenoble.

» Semi-empirical method: conversion S¢(E.)—S/(E,) considering ~ 30

virtual allowed [ decay spectra. (k = 235,239, 241)
>100§ “\u» ' " r 1 ' : — T T T T T \235 T
¢ N 1 U
& 1 o i —
B0 \ -
E E S [
z [ ., o
217 ™ E B 10"
10'3:— — D
;__ 3 g
i : 01072
16":— ‘._ - |=>
] P
i 235 v '
10:_,' U S L [Huber, PRC 84 (2011) 024617]
_E ‘[’ : : 1 0—3 1 \ L | L | | L ! ! \ ] |
10—6- [Scr'.rtlckcnth'L Colvml, GDHCU\,; Von Fulllwtzsch F;-La 160 111985! 3?5] © 4 2.0 3.0 4.0 5.0 6-0 7-0 8.0
! : ? ‘o 5KIME‘?IC EN-ERGY gF F.TgAS IN1IEI|EV EV [MeV]
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Model Indep. Measurements at Reactors

Ratios of spectra at different distances
N EOS DANSS [Alekseev @ NOW 2022]

DANSS on a lifting platform

PROSPECT [roca Catl NOW 2022] STEREO [del Amo Sanchez @ Now 2022]

Gamma-catcher

scintillator liquid
d)

scintillator liquid
(Gd loaded)

ne
utrino propagat’on




Model Indep. Measurements at Reactors

1 O C 1 O C T LR |
- | Combined | Combined
- g -— g
2c 2c
3o 3o
- &
= =
2, 2,
1 - 1+
oI o~
IS S
< <
2c 2c
—— NEOS/Daya Bay (2017) —— NEOS/RENO (2021)
—— DANSS (2022) —— DANSS (2022)
—— PROSPECT (2020) —— PROSPECT (2020)
—— STEREO (2020) —— STEREO (2020)
—— Bugey-3 (1995) —— Bugey-3 (1995)
1071 1 Ll A | | I 1071 f T |
107 1073 1072 107" 1 107 107°

SiN“29,,

Giunti, YFL,Ternes, Tyagi, Xin, arXiv: 2209.00916
» Fit with NEOS/Daya Bay: Ax3, ,, =126 = 3.1 0

» Fit with NEOS/RENO: Ax3, ,, =91 =— 260
ks F O ! """1I'Ee= |



3+1 Appearance vs Disappearance

> SBL Oscillation parameters:  Amj;  |Ueal*  |Uual®  (JUrsl?)

» Amplitude of v, disappearance:

sin® 20ee = 4|Ueq|* (1 — |Uea|?) =~ 4|Uea|?

» Amplitude of v, disappearance:
sin? 20, = 4| Upal® (1 — [Uyual?) =~ 4|Upial?

» Amplitude of v, — v, transitions:
1
sin® 20, = 4|Ueq|*| Upa|* ~ . sin® 20 ee sin” 219,

quadratically suppressed for small |Ug|? and |U,4|?
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Appearance-Disappearance Tension
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Appearance (v, = v,) channel
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el — MicroBooNE
1 F E
Al ﬁ' : : 102E
E : : MicroBooNE 6.369x10*" POT
< - 10 :_ %i(;;:ta, profiling
E = === Sensitivity, profiling
1 0_1 — r — = Sensitivity, V. App. only
= . = >
- Combined 1 2 L
| —— 1o ~. | ° |
- aEE—— 2 G 10—1 =
= 36 1 [ LSND 90% CL (allowed)
i LSND 99% CL (allowed)
_2 L1 II| 1 1 1 1 L1 II| 1 1 1 1 L1 III 1 | 1 1 L1 11 —2 vl Lol Lol Lol 11l
1 0 3 5 ; 1010—‘1 107 120-2 107! 1
- - - sin“20
10 10 10 1 .
: 2 2 2 MicroBooNE, 2210.10216
sin“28,, = 4|U U NE, £229..192.10,
eu |Ueal| “4| See also Xiangpan Ji’s talk




Disappearance (v,) channel
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CDHSW
CCFR
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SB-MB v,
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IceCube
DeepCore
MINOS+
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107 '

10?
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| —— Super-Kamiokande

90% CL allowed
— lceCube

Areuiwiplg YAON
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—— NOvA
—— MINOS+
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CCFR
T2K (NH)
—— T2K (IH)
—— SciBooNE & MiniBooNE
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sin® 6,,

[Aurisano @ NOW 2022]




Global Appearance-Disappearance Tension

ve DIS v, DIS
sin® 219 ee ~ 4| Ueyq|? sin? 209, ~ 4 U;,J4|2
vy — Ve APP
sin? 20, = 4|Uea|?|Uua|? =~ % sin® 20¢e sin? 299,

¢T3 P» 1, — U is quadratically suppressed!

> 2019 Global Fit:
x?/NDF = 843.6/794

3o :
— D I GoF = 11%
— Dis |
— A x3c/NDFpg = 46.7/2

GoFpg =7 x 107" + ©

» Similar tension in
107 102 102 10~ 1 3+ 2, 3—|—3, Ce 3+ N,
Sin®20g, = 4|Uoq|?| Upal® 1508.03172

ks 5§ 00O I 1'E»x |




New Dedicated Experiments
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L
92,
1L _
~ T
S
<
APP
| e 1
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1071 T I IIIII II||| IIM 1 1 | ]
107 1072 1072 107" 1

sin®29,,
» SBN: Stanco @ NOW 2022 and Karagiorgi @ NOW 2022,

Sin“20¢,

(=) (=)
vy, —

Yy
10 T

—— SBN (3yr, 30) I
—— KPipe (3yr, 30) ||

|

107" 1

1073 1072

» JSNS? : August 2022 Long-Baseline Neutrino News: They are working
on the blind analysis of the 1.45 x 10°? POT data taken until June 2021.
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