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| 1930: Neutrino existence is postulated

I
Particle properties:
3L * no electric charge
Beta Decay Spectrum « spin 1/2 fermion
« massless or tiny
N » Fermi's "weak” interaction

)
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.+ W. Pauli 1930

V telectron volts)

Scott, F. A. Phys. Rev. 48.5 (1935): 391.

‘| have done a terrible thing; | have
postulated a particle that cannot be
detected.”




. Neutrino Physics Through the Years

} Neutrino First observation } Solar Neutrino Oscillations Mixing angle
postulation of neutrino (mass)
Observation of Homestake KamLAND kiloton
Neutrinos introduced (anti)neutrinos at experiment detector at long DYE’/]’CD%R[E’\P u?e
by Pauli to save Savannah observed for the baselines, discovery nearitar detectors for ¢
conservation laws in Reactor through first-time solar of antineutrino pre;nlsmtn rpgasurerr:en
B decay experiments IBD with neutrinos oscillations (mass) ot fast mixing angie
scintillator

1930 2000 W

b 1] 12 [0

V telectron voltsy
Scott, F. A. Phys. Rev. D B
48.5 (1935): 391.
(1935) reactor Hgmestake KamLAND ayabay
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| Neutrinos in the Standard Model

Standard Model of Elementary Particles Current picture

three generations of matter interactions / force carriers

® 3 types of neutrinos corresponding to three lepton

| (ferrrll:ons) " (bosons) generatlons
mass  =2.2 MeVl/c? =1.28 GeV/c? =173.1 GeVic? ) =124.97 GeV/c? . Neutrinos are maSSIGSS in the SM
charge | % % % ] [1] . . .
o @ & @ || @ |- H o Electrllcally ngutral and wea_kly interacting
T J charm J top J gluon higgs ® Neutrino oscillations are evidence for the non-zero
i — . - =~ mass of the neutrino (BSM physics)
. @ . & . b X
— J = J 4 J d flavor states mass states
down strange bottom photon X .

=0.! eV/c? =105.! eV/c? =1. eVic? =91. eV/c? 9 y y Q lﬁ

72 511 Me\l 7105 66 MeV/ 71 7768 GeVi Dgl 19 GeV/ 2 3 E 1 ve F ’V!,l;

Lol &n|-Uln|®

electron muon tau Z boson 8 2 -
[e]

2 <1.0 evic? <0.17 MeVic? <18.2 MeVic? =80.360 GeV/c? ‘\ ﬁ § 0 UT y3 é fv_c
O |o [} 0 +1

% Ve 5 Vv V1 Ocx )
n & : mm: ’ - @ 28 interact propagate
ﬂ neutrino neutrino l neutrino ] W boson U] E

Ajk m2 L

Pos=8ag —4 > Re{ Us; Usj Uni Uy, } sin?
i~k
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|| Neutrinos in the
Standard Model:
- Open Questions

neutrinos
violate
CP?

Are
neutrinos

Majorana
Contrast

or Dirac? b s XA
" w
Many of these AP Lo

questions are | , matrix?
studied with @ @

experiments of sterile Neutrino

neutrinos masses

and their
How do ordering?
neutrinos

get mass?

-
=) JOHNS HOPKINS
C;f!'r ] KRIEGER SCHOOL



. Neutrino Oscillations: 3-neutrino picture

* Any quantum state can be written as a V
superposition — a linear combination — H Ve V1 )
of a complete set of basis states. Yy = UpMmns 1) @
\,e VT M Mixing Matrix V3 “

* Not an approximation: this is how
quantum states work. Flavor (ve,vu,vT)
and mass (v1,v2,v3) are two different,
equally valid bases for describing the
same neutrino.

Flavor Eigenstates Mass Eigenstates

P S —

« Same idea as an ordinary vector: written
in the standard x-y axes, or in a rotated
x'-y' axes — same vector, different
coordinates.

A7)

* The two sets of coordinates are related
by a matriX _ the Change_of_basis Figure 1.4: .NeuFri.no flavor basis (v., v, I/T) relative to mass basis
matrix. That matrix is the PMNS matrix (v1, v2, v3) with mixing angles (6,2, 623, 013) displayed.
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||Two state system: Two-neutrino approximation

» There are only two types of neutrinos: electron and muon.

* The entire phenomenon takes place in a vacuum during the propagation from

the Sun to the Earth

Flavor (weak interaction) Mass eigenstates:
eigenstates:
Same vector, two bases
y
va) , |vB) 1) S |ve) ..
\
\\
\\ y
Unitary transformation: AN
\
\

IL"A> o COS 912 sin 912 |L’1> e
|IJ'B) o — sin 912 COS 912 |L’2}




I Initial state, created by weak interaction (e.g. p-decay):

12(0)) = |va) = cosbia |vy) + sin by, |) e.g., vi= Ve
Time evolution:

I’lf)(t)) = B—iElt COS 9]2 |U1> + B_'iEzt sin 912 |U2)

What is probability of being in state |v, ) at
time t after creation ?

P ( VA —» VA ) “Survival probability”




| Survival amplitude:

(UA I’(p(t)} = E-iElt COs 912(1“'1-1 |U1> -+ E-iEzt sin 912 (L‘"A |L‘"2)

E-zElt [C082 912 + SiIl2 912E—E{E2—E2}t]

Survival probability:

P(UA — UA) =1-— 4(3082 912 Sjll2 912 Sjll2 [(E2 — El)t/Z]

Massive, relativistic neutrinos (why ?)

/ / mZ—m2 mi—m?
Eﬁ_Elz p2+m%_ p2+m¥ﬁ Ezp 1# 22E .

t=LjlvxL



(mg —mi)L
AE

P(va— v4) = 1 —4cos® b, 8in? 0, sin” [

= 1 — sin® 26, sin® [

(mg —mi)L
AE

Two massless neutrinos: 6,,=0

At least one massive neutrino: 6,, ¥ Oand P(vy,— v,) <1

Dependence on Am? x (L/E)

Transition probability: (v, — vg) =1- P(vy,— v,)

29




Neutrino Oscillations: 3-neutrino picture

Oscillation probability

9 Ajkmz L
J— * . * H
V. ) y Paig =005 -4 R{ U, Usj Uak Uﬁk} sin? | ————
1] e 1k Qﬁ ik
M = UPMNS 12} @ . . _ Ajkmz L
V \ ve ) o\ v = +2 " Ln{ Uz, Usy Uai Uy } sin | —2—
e T |xmlg atrix L Vi Pk
; : igen
Flavor Eigenstates i Mass Eigenstates where A;jkmz = m? _ mi _
v parameter best fit = 10 20 range 30 range
Am3, [1075eV?] 750402 7.12-7.93  6.94-8.14
—10
ci2 s12 0 C13 0 s13¢™* 1 0 0 c. = cos6. [Am2,[[10-%eV?] (NO)| 2.5570%2  2.49-2.60  2.47-2.63
UpMNs = —812 ci2 0 0 1 0 0 o3 S23 S” _ sineu |Am2,[[10-%eV?] (10) | 245%0%2 239250  2.37-2.53
. B i
0 0 1 —s13€ 0 c13 0 —s23 co3 sin? 81,/10~1 3184016 286352  2.71-3.69
012/ 343410 323364 314374
Measured from i | i sin f33/107! (NO) | 5.74+0.14 541599  4.346.10
the following [ [ P ) B23/° (NO) 10.26+0.79 47.37-50.71 41.20-51.33
neutrino 50‘"‘9., : ST, sin® f23/1071 (I0) | 578301 541598  4.33-6.08
B 2 4\~ ‘ B23/° (10) 49467050  47.35-50.67 41.16-51.25
“ T
5 'S sin’ 613/107% (NO) | 2.20070080 2.069-2.337 2.000-2.405
’ ‘f S 3/° (NO) 853701 827879  8.13-892
am sin® f15/1072 (10) | 2.225709%%  2.086-2.356 2.018-2.424
) o +0.12 =
Solar Reactor Accelerator Atmospheric t13/° (10) 8587017  830-8.83  B8.17-8.96
&/m (NO) 108791 0.84-142  0.71-1.99
§/° (NO) 19472 152-255 128-359
§/m (10) 1.58701%  1.26-1.85  1.11-1.96
5/ (10) 284720 226-332 200-353




l. Anatomy of a Neutrino Oscillation Experiment

* How do you make a neutrino oscillation experiment?

Use a strong neutrino source(s): : ; ;
9 (s) Sample the neutrino flux in at least one location:

Artificial: Natural:
— Nuclear — Sun — Sampling at multiple baselines — reduce flux uncertainties
reactors — Earth — Using identical (or functionally-identical) detectors —
— Accelerators — Supernovae reduce correlated detection systematics (e.g. efficiency
— Radioactive — Atmospheric and cross-section)
sources (cosmic rays)
v

Neutrino
SOUI’CG(S) _> ------------------------------------------------

v
Account for matter effects (if applicable):
Fit your observations to — Oscillation probabilities are modified when propagation occurs in matter
the model and extract — Arises from v,’s ability to experience CC scattering with electrons in
the parameter(s) of addition to the NC interactions available to all flavors
interest — Provides sensitivity to mass ordering!
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| Neutrino oscillations with reactors

i fission process in a nuclear reactor

‘Nd [ #r stable
44 13
O—» Neutron 44 @ S 10" yr

-
el Y -

e '“ffé ,.v@o; « Nuclear reactors are the most
W i T intense terrestrial sources of

wy ey @, Ty ney ®,. | - neutrinos

@G-8~ e _’E: Q"@" il "« They produce an immense flux of
2\ cton |-» antineutrinos in the MeV range.
oo '@ Jieproduing e Flavor pure, only electron
\ - P antineutrinos are produced
"rb @o-, .  Allow for proximity to the source,

&' ? \ 239yp
v
895, O O @ .

and it is usually paid by others

10% s

x. ", ; ‘
source: nokelprize org ¢ @ Pu 2 source: Wikipedia | | | “,d. ¥
‘Y@ p 20 30 0 %0 100 S
Inverse beta decay Neutrino electron elastic scattering Coherent elastic neutrino-nucleus

: . 5 : : ; ) ) scattering (CEvNS;
An incoming antineutrino (neutrino) exchanges charge Anincoming neutrino scatters off of an electron. It may The entire:fcfeus reco”)s as asold body off of  incoming

with a proton (neutron) in the nucleus, convertingittoa  exchange charge with the electron or it may not. Ineither  neytring whose quantum wavelength is comparable to
neutron (proton) and becoming a positron (electron). case, a recoiling electron emerges in a direction that is the diameter of the nucleus. No charge or internal energy

Outgoing neutron very close to that of the incoming neutrino. is transferred to the nucleus.

Incoming antineutrino 2 *— . ) Incoming neutrino Recoiling nucleus
- Incoming neutrino S ——
Outgoing positron :
5 , Outogomg electron

2 . Outgoing neutrino
Outgoing neutrino teoing

y JOHNS HOPKINS
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| Neutrino oscillations with reactors

l —
Expected flavor composition of the Rx flux as Expected spectrum for JUNO (L = 53 km)

x103
i i 100F )
10 a function of L for 4 MeV neutrinos. "6 years of data taking No oscillations
I Only solar term
—— Normal ordering
.6f 80
S 0.8 —— Inverted ordering
- >
o 0.6} g I
o = 6of
G 0.4 g
o g2 |
— c 40
L 0.2 .% - ,
lsil’l 2913
0.0 1 10 100 20]
Distance [km] :
0-\I\|||| T T S A SN TN T T AT W R I N N 1 PRI SR S
Py p = 1 — AU ||UZ| sin® Agy — 4|U%||UZ | sin® Agy — 4|UZ [|UZ| sin® Ay 0 1 2 3 4 5 6 7 8 9

E;, (MeV)
= 1 — sin® 26,3(cos® 615 sin® Az; + sin® f15 sin® Agy) — cos® 63 sin” 26,5 sin® Ay,

» Only disappearance channel available at current
distances for MeV neutrinos

JOHNS HOPKINS
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- w0, 2
Primary goals: sin~ 6,3, | Am3, |,

' Neutrino oscillations with e

a lesser degree)

acce I e rato rs Strategy: use v, disappearance

and v, appearance in neutrino
and antineutrino beams to
disentangle the effects from CP

NOVA is a long-baseline neutrino oscillation experiment. il s crelerie, o

oscillation parameters

Far Detector

Y [vﬂ

Near Detector v Mass Ordering (MO):
Normal (NO) or Inverted (10)?

------------------------------------------------------------------ v, [V, SRbRb ve % .

Baseline (L)

Normal Ordering Inverted Ordering

Fermilab

v,
E— ME'I:_ vz
| — RN

mass?

810 km Far Detector

Batavia, IL

Neutrino

Beam Detector

Ash River, MN Vo E——

Near

Do neutrinos violate the
Charge Parity symmetry?

Is sin 8cp = 07




Neutrinos in NOVA:

. .  vmode NOVA Simulation 5 UGS NOvA Simulation
Target Focusing Horns Decay Pipe 2 ' NOvA Far Detector £ o NowkRarbeler
arge g % 8 v, Spectrum % Ln VuSpectrum - —
© %, Spectrum g T, Spectrum
— >
— . i 'Vu S o Flux1-5GeV 8 Flux1-5 GeV |
> o N ———— | = T - t 95% v, E 8% v,
e - = @ - R @ 0, =
W —, . =t 8 o 4% v, E o 93% v,
Protons - : ' Vu £ 1% v, 3 1% v,
3 z
Hadrons i ? E :
Neutrinos *= Nt csrgy (@) Neutrino energy (GeV)

Two complementary oscillation W%, + dsppearnce= 1y oid QD)

channels atthe FD: = ©Y— -

* Muon (anti)neutrino
disappearance W

I Ve appearance

» Electron (anti)neutrino w
appearance




|Neutrinos in NOVA: Muon (anti)neutrino disappearance

v mode 384 v, candidates
% [ T T T T | T T T T T T T T | T T T T | T T T T
w .y o 300~ + FD data N
V-IL ” - - . —
____________________ — No oscillation
> i
. ST — 2024 Best-fit Pred.
0 v, survival / W O 200|- =
v, disappearance s [ 1-o syst.range
2 t 1 Background .
[
>
(-) (-) . . L w100+ ol
P (Vi 1) ~ 1 - sin® 0 sin? (4E) _ _
[ 1Am3,| ] I
= Leading order dependence on Am3, and sinZ 0,3 00_ . i

. . . Ce 1 2 3 4
= Aims to answer the question of maximal mixing in Reconstructed Neutrino Energy (GeV)

923
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|Neutrinos in NOVA: Electron (anti)neutrino appearance

181 v, candidates
- sc_NévAl.:d,,.,..,,,,..,.
e ! in220..=0.085 |
v, Ve 266110 POT-equiv(y) o 2ow=0-085 1
____________________ L 12.50 x 10% POT (v) .
o 50 & -
_ =t
m Ve appearance w - i @
12 4ol T
ol | °
= c
Mass Ordering g - _ 8
. 2 = [&x ]
- - sin“ (A al () = NG 3 ©
P((u]u — (u)e) ~ sin® B3 sin® 26,3 —A( 51 :FL 3 ) Agl = 30, Sl e S \ >
[ (As1 F aL) ] S [ — Normal s . S‘)
= [~ —— Inverted ~a
F [CP-odd] |+ [CP-even| + [solar] ol I
[0 8,p=0 © §p= 12 ]
sin 8cp 0 Sep=T W Jup=3M/2 Sce ]
=4y FP. P ?P‘ (]| PR P (T N W LA So1er) B
= Dependence on 0;3 8,3 &¢cp and the neutrino 50 100 150 200 250

mass ordering through the matter effect.
Constraint on 0,3 via the reactor neutrino
experiments.

Total events - v mode

= Comparing the rate of v, appearance with v,
appearance provides a measurement of 8 and
mass ordering.




Neutrinos in NOVA: CC vs NC

CC — real event display NC — schematic (illustrative)
E, =f (&, Enaa)

Source: Vallari, NDM22 (2022) No real NC display in source material — illustrative

« W boson exchange « Z boson exchange

* Produces a charged lepton matching * No charged lepton — just a hadronic
flavor shower

» The lepton is the flavor tag: y — long « Same rate for every flavor — flavor-blind

track, e — shower

Key idea: the charged lepton (or its absence) is what tells CC and NC apart
JOHNS HOPKINS
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' Reconstructing Oscillations: cc/NC Ratio, Near vs Far

Near Detector (~*1 km) — before Far Detector (810 km) — after
oscillation acts oscillation
Near Detector (~1 km) Far Detector (810 km)

CC NC CC NC
CC/NC =R CC/NC =R <R

A different ratio at Far than Near = oscillation occurred — no absolute flux
prediction needed
JOHNS HOPKINS

KRIEGE HOOL
of . )



\ Summary

Neutrinos: nearly massless, electrically neutral, and barely interacting yet
essential to understanding matter, stellar energy loss, and physics beyond the
Standard Model.

Oscillations: the direct proof that neutrinos have tiny but nonzero mass.
Flavor states are superpositions of mass states that quantum interference lets
a neutrino born as one flavor arrive as another.

NOVA: turns that effect into a measurement: comparing CC and NC rates at
the Near and Far detectors reveals muon-neutrino disappearance over 810 km
— exactly what you will do during the workshop.

The math you saw today, superposition, change of basis, interference, is
the same math behind every result in this field. Enjoy the workshop, and
thank you for bringing this into your classrooms!
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PﬂIROSPECT Motivations and Goals: Sterile Neutrinos?

Sterile Neutrino, 3+1 Scenario Ve Ue4 1

* Expanding PMNS matrix to include V), Uy Vs
sterile neutrino components N — U &

« Sterile Neutrino searches become ¢ B i e
simpler at short baseline Ys Uss Us Us |Us H4

* Sin?(20) modulates the oscillation T —
amplitude il

* Am?Z is the oscillation phase
 Am? assumed to be ~1eV?

-

o
©

Observed/Predicted Ratio
o
(-]

l[lll'lllllli!l

Am?2 L il
P(v, — v,) = 1 —sin® 204 sin® | — 22— 06 1
4E = ~ ‘No oscillation
0.5 [~ With cfscillations (3 active v's + 1 sterilev)
0_47“11‘ Elxrfelnlr?m‘s R T O 1 O A 11 Y A WA T,

10° 10’ 10° 10° 10 10° 10°
Reactor To Detector Distance (m)

https://doi.org/10.1016/j.physrep.2021.06.002
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Mbtivation for an SBL program: Experimental Anomalies

Electron (anti)neutrino appearance

Exploring
the

Quantum
Universe

From P5

Over the past decades neutrino
oscillation searches at
length/distance scales of 1 MeV/m
have found a number of anomalous
results: The liquid scintillator
neutrino detector (LSND) anomaly,
the reactor antineutrino anomaly, the
MiniBooNE low-energy excess and
the gallium anomaly. These
anomalies have not been confirmed,
and the reactor antineutrino anomaly
has been recently resolved.

JoH

p(measured) / p(predicted)

Beam Events
W W
S O

]
T

LSND

® Beam Excess

B8 pe,—v.e)n

E= pe.e)n

25 30 35

40 45 50

55 60

Events

200!

+ MiniBooNE

200

400 600

- Other
W oin
(e
.n" misid
.vu from K°
.v, from K™
Dv, from p*
 _ Bestit

~@- Data

800 1000 1200
Visible Energy [MeV]

Electron (anti)neutrino disappearance

20
E, MeV
1.1r Avg.
GALLEX Cr, SAGE Cr &
o S B SO
GALLEX CR,

e A A Lt s
sy s sy S “/ s S iy
AIIIIII I, N SIS
AN SIS AN N S N,

0.8

07 r

Gallium

1.20

T T
[ & Bugey-3 —+ DayaBay -+ IL

T
-4~ PaloVerde &~ Rovnod1

-6~ Bugey-4 = Double Chooz-&- Krasnoyarsk —#- RENO + SRP
+  —= Chooz -~ Gosgen —+ Nucifer - Rovno88 STEREQ
: ale o
l } 'Y i {4
T "i i

T =090

10° 10°




blobal context for the RAA: What now?

J. Phys. G: Nucl. Part. Phys. 49 (2022) 070501

T T | LR | T T T T /AmbiQUitieS interpreting LBL resurts
- b RosPECT Gurent Exciusion g * Need to nail down 6,, and 6,, to better than ~5
degrees to correctly mterpret CPV results.

—
N
>
()
‘—"_ ~~ DANSS Current Exclusion
NEV
< 102 300

NEOS Current Exclusion
— STEREO Currejpt Exclusion
1QL - KATRIN Current Exclusion, 95% CL
[ Neutrino-4 Alloded, 95% CL
[ SBL + Gallium pnomaly RAA, 952

(eN ~,)(20 lo")—
(15°,107) S—

| A N |

events / 0.25 GeV

10 2 107! 1
- 2
Sin ¢14 E, (GeV)

* CPV active+tsterile sector can mimic CP-conserved
LBL signatures
* CP-conserved ones can look like CPV at DUNE
» Can reduce mass hierarchy sensitivity
1072 107" 1

2 » Need to constrain 6, in the region from 1 to more than
sin“20
100 eV?

10~ Global context

11 ! ool N B R B I




|_ Need for more reactor-based data sets

® Sterile oscillations remain an important
plank in phenomenological discussions Phys. Rev. Lett. 130, 011801

2
of the neutrino anomalies 10 - t
; ‘ MicroBooNE 6.369x10™° POT
® Reactor experiments play a key role in - ; 95% CL,
an integrated global effort to 10 \ = Data, profiling
understand these anomalies - ) ===+ Sensitivity, profiling
- B l/ — = Sensitivity, V. App. only
* Diversify dataset: 2 i L
® MeV and GeV regimes = IF
® Electron and Muon g -
® Disappearance and appearance i
Uel Ue? Ue3 Ue4 10'1 E_
Un U Ui [Uu F I LSND 90% CL (allowed)
Un Ur Uz Un i LSND 99% CL (allowed)
U31 Usz USS US4 10—7 L L lllllll 1 1 llllll' 1 1 lllllll 1 Ll L1141
® Extend model to more complex sterile 107* 1073 1072 107! 1
neutrino scenarios: 3+1+NSl, sin°26,,,

3+1+decays, ..

JOHNS




| Extensions of the 3+1 formalism: 3+1+Decay

° G|lba| 3+1 mode|s fa|| to f|t the |OW {d,mpy} = {2.8 x 1077 GeV~!, 376 MeV} Phys. Rev. D 104, 095005 (2021)
] E . (p,n) > N(p,n)
energy excess reported by , ] — VI
MIHIBOONE . . [;:)é 200 ?ZZ?J,/;HQ(%)} = {13¢V2 69 x1074}
® Considering more exotic models in = b MiniBoolVE: Data
which a sterile neutrino decays into = 100 “l'
active states could help explain § ]
this anomaly O —
v, 500 1000 1500
E
o :; N A Vo EQF [MeV]
NN e ) a;:’}’ {d, my} = {2.8 x 1077 GeV ™!, 376 MeV}
1 v(p,n) — Nipn)
Heavy neutral leptons only relevant at 1907 e w4 - A

Yy =% Ve
{Am?,sin?(20)} = {1.3 eVZ, 6.9 x1074}
100 '-I-' MiniBooNE Data

higher energies O(100) MeV

® Currently, this model predicts no
excess in MiniBooNE data

® As reactor data will be insensitive
to these decays, more 3+1
disappearance data will help
constrain this model

MiniBooNE Excess

JOHNS HOPKINS




E)ltensions of the 3+1 formalism: 3+1+Decoherence

7 decay o
Nuclear decay at rest 7 decay in flight 10!
10 . ¢ 107 ] 20 Pl
B L e S| Reactor and radioactive 3o Wave packet
R LT ———280 s | sources experiments are | BEST 20 PW
AT o OCC 7 "Tog MINOS/OPERA/ICARUS . ]
1075 zzzzza L, 0”7 me— | | ideal to study _ BEST 20 WP
I o e s _t | decoherence effects
T—-w T e DAESALUS Lo ’r” £10?
: & E:lubl\??ihmz coh,nue z’ﬁm;mNE — nca—n‘nﬁ _103~J %
Mo e o oot e = 10°
1018 4 ' - MINERvA 1
Buey % = Touans CDHS E107 ey
- LSND
10474 NE%;:___—S 4
P Neutrino-d 1soDAR KARMEN _101
1016_’_‘@&]‘:}1,’ PROSPECT )
S‘%@EIST . . . F10
1073 1072 107! 100
E,[GeV]
® Simple 3+1 picture assumes that neutrinos propagate as o
plane waves (PW) ! - - e
¢ Corrections accounting for finite-size wave packet (WP) sin? 20y,
have an impact on the dampening of the oscillation
n L e /1 \? ® Solid lines correspond to the
Pag = [UaaP|Usil® + 2Re Y UniU%,UsUsy exp { —2mi— — 21 (- ) —  —- A
o8 T L Pl 1T i L, L. L7, combination of Daya Bay, NEOS and
, PROSPECT data
g _AmE i 4V2E%0, Phys. Rev. D 107, 036004 (2023)

1

ose Am2 coh Am2
Jt
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