


The 3-neutrino Mixing

B. Pontecorvo, Z. Maki, M. Nakagawa,S Sakata, E. Majorana
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Current Status of PMNS Parameters

NuFIT 4.0 012 0,3 013 Ocp Am3, Am3,
(%) (?) (%) (°) (x 10~5eV?) (x 10~3eV?)
2.44312:92¢8

Normal 33.441377 49.2199 8.57131% 197137 7.421321

Inverted 33.451078 49,3199 8.601912 282728 7.421021 -2.49813:928
Relative 10 2.3% 2.0% 1.4% 13.2% 2.7% 1.1%

precision
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Well measured: 015, 013, Amj,, |Am3,|
Not-so-well measured: 8,3 Octant, 6.p, neutrino mass ordering (sign of Am%z)

* 0,3 > m/4is mildly preferred with Ay?= 0.53 (2.2 with SK — atm)
Normal mass ordering is slightly preferred with Ay?= 2.7 (7.1 with SK — atm)
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Open Questions of Massive Neutrinos

e What's the neutrino mass

] M. v 2
ordering? '
: : Normal o Inverted
* Are neutrinos responsible for | _27 " e YV,
the matter anti-matter —
asymmetry?
. . Am2,
* Are neutrinos Dirac or Mat
Majorana particles?
 What is the neutrino mass? VY, e— EI 2
. . . T Amg,
* Do sterile neutrinos exist? Yy m— — V3

* Why neutrino mass is so tiny?
° ... NO: [Am?3; | = |Am?5 [+ Am?y,
10:  |Am?;;| = |Am?,,| - Am?,,

R (PR 5 = LT YR 2 4



x> e

RS'EN ny

Iy

Reactor Antineutrino Oscillation

P(Ve = Ve)

3 3
Pap = |(va|va(®)|” = ap — 42 Re[Uq;Up Uy iUg;|sin?A;; + ZZ Im|Uq;Ug; Uy iUp;s|sin2A;;

i<j

i<j

P(v, - V,) = 1 — sin? 20,5 (cos? 8, sin® A3, + sin? ;, sin? A3,) — cos* 8,3 sin? 20,, sin? A,,

~ 1 -{sin? 20,3 sin? A,, |-|cos* 8,5 sin? 20, sin? A,, A= Am2 L
Y Y AE
Immune to CP violation and matter effects
110 Key for a precise measurement:
1; B v Baseline Optimization
09— T\j L(m)~ m - E (MeV)
,,-Daya Bay Near T 2.54 - Am?(eV?)
- Daya Bay Far v Large statistics
= Large Vv, flux
06— Massive target mass
05F- v Background control
0af- / Large overburden
0_3;_ JUNO amLAND Detector shielding
E o T e v’ Systematics control
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Reactor v, Production and Detection

Source: Pure v, from cascade of beta decays

e ~ 200 MeV / fission
\
 ~2x10%°v,/GW,/Sec (1/5 above IBD threshold)09 102
g ]l £
Nd 0.8 i )
2 c C
O—+ Neutron Cascade of 5 dec4ays 144pr /@ 2 07E -4 é
o " Electron *ice e g(); L% E - §
« Anti-neutrino *La P 4 o\; ; 0'65— 3 @
Gamma m% /V@Q; 2 os5F ] g
W % oaF — ]
1a4g4 / \‘,’(someloss) E 04?— — 2 g
) G ) = 03F _ 1 a
¥, U ZJDU O" ‘ U .’JbU O” 8 F | E
0—»+@—>@—> 08+—>9++®—>®—> Qg«» E 0.2;—* _:1 %
@ 9 | Chain Reaction }—b 0 0-1;_ i g
89 \ 0—. L _0 E
\ 0 1 2 3 4 5 6 7 8 9
o + 38U Antineutrino Energy (MeV)
Kl'@o >
} \ 239 —_ +
,s“‘—‘Rb;o». @ . oreedingoipuonum Inverse Beta decay (IBD) Ve tp —nte
3\®9-»Np Coincidence signals to suppress background
B"S"’i?* 3\' * Prompt: Eprompt = E, — 0.8 MeV
oy @ & * Delayed: nH (2.2 MeV) or nGd (~8 MeV)
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The Daya Bay and JUNO Site

Status Operational Planned Planned  Operational Operational

Power 17.4GW 17.4 GW 17.4 GW 17.4 GW
: T 2 .

X

R
'-Z

7Gﬁa‘ng Zhou

T uw‘m

Shen Zhen 4

R ﬂﬂlﬂﬁ%) o = Jm R R 2 7



11 Daya Bay Layout
Far Hall b

- U .
1540 m from Ling Ao | EH3. g TS
& 1910 m from Daya Bay EYME (AD-4, 5, 6, 7) :
324 m overburden o

Ling Ao Near Hall
470 m from Ling Ao |

Relative Measurement:
3 Experimental Halls (EH)
8 “identical” antineutrino

detectors (AD

o Ling Ao Il Cores

Ling Ao | Cores

363 m from Daya Bay ,
¥ 93 m overburden m 17.4 GWy, power

m 8 operating detectors

m 160 t total target mass




6-AD (2-1-3)
24/12/2011 — 28/07/2012

217 days/
AD7-8 Special AD1 FADC AD1 End of
installation calibration installation GdLS— LS operation
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5.5 Million nGd IBD Candidates
o Ly s o) | Y Y T

e 55MIBDs
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Run Time
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Prompt Energy Spectra
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Rate+Spectra Oscillation Results

| 15;_ \\ // AL I LA B AL L DL L AL L B AL AL B DL L AL LA BN AL AL B DL L L LA LA R
= 10F
<9 5B B 1.00
C _ —— No oscillations
28 = ” ‘; 0.98 I —— Best fit
2.7 o A EH1
> 26 . // 7 0.96 L ]
S 25F S EH3
= 5 4E A 0.94 -
4 2.3F A
= _F 0.92f !
22F S ;
2.1 SR ; 0.90 b ]
YGROYGE 0|08 068 YRR 0'1 ‘ 5110115 0 100 200 300 400 500 600 700 800 900
07 0.075 0.08 0.085 0.09 0.095 0, 2 Lo/ (E,) (m/MeV)
sin“20, ; Ay
Best-fit results: v2/ndf = 559/518
sin®26,5 = 0.08537:8:8833 (2.8% precision)

Normal hierarchy: ~ Am3, = + (2.45470027) x 1072 eV?
' (2.3% precision)

Inverted hierarchy: ~ Am32, = — (2.559709%7) x 1073 eV?
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Daya Bay nGd
RENO nGd ——
Daya Bay nH
Double CHOOZ °
T2K NO ®
6 8 10 12 14
sin’ 2043, 102
Normal masslordering
Daya Bay nGd ————
NOvA —_———
T2K ———
MINOS+ o
IceCube °
RENO nGd *
SuperK =
2.2 9.3 2.4 2.5 2.6 2.7 28

|Am3,|, 1073 eV?

Precision Measurements

8.9340.24

8.96+0.67

7.1 +1.1
10.5 +14

11.641329

2.454+0.057
2.41 +o.07
2.45 +o0.07
2.40 7405
2.31 513
2.63 +0.14

0.22
2.53 1o,

World most precise measurement of sin? 26,5 and |Am3, |

A Rk
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2.3%
2.9%
2.9%
3.5%
5.2%
5.3%

6.7%

13



light sterile neutrino oscillation

v v Iv v B
e n T S 1
V  ee—— Ny, 0 0——EHL )
1 i —%— EH2
.2 i —e— EH3
sin6 >07? Eﬂ) ------ 3 n best fit
, 142 ) £ 095 B 3 n + sterile (illustration !
Am =m -m = -
41 4 1 o i
A% | I~
3 . D T
0.9
v B
2 I | | | | 1 1 | 1 1 1 | ! O|8 !
E—— 0 0.2 0.4 .6 :
v, L /E [km/MeV?
eff n _
2
Dm;, E

2
P(fi, — 7)) @1-{cos* g, sin’ 2g,,sin’ (DmeeL]

4F,

sin‘2¢q., sin’
s

J

* A minimum extension of the 3-v model: 3(active) + 1(sterile)-v model
* Search for a higher frequency oscillation pattern besides |Am?_, |
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(Measured) / (Expected from EH1)

1.1

0.9

T T

 EH2 —e— Data [ | unc. of 3v prediction

------ Am;, = 4x10° eV? - Am3, = 4x107 eV?
sin’20,, = 0.05 assumed

! !
-ttt Attt

i
o ST

1 2 3 4 5 6

Prompt Energy (MeV)

’
fo") B, o B G T

Sterile Neutrino Search

PRL 125, 071801 (2020)

10: T T IIIIIII T T IIIIIII B T T mTTT
- — Daya Bay Excluded FC 90% C.L. :
[~ +==:Daya Bay Sensitivity FC 90% C.L.
N (median, 1o and 20)
—— Daya Bay Excluded 90% CLS
1 £~ ---+Bugey-3 Excluded 90% C.L.
[~ —Daya Bay+Bugey-3
B Excluded 90% CL
r— B
> 1o
107'E
() = 6
Red = 5
& o o
< 02 o
10°F
10" £ 1230 days
B 1 1 L1 111 II 1 | LE 1.1 llI 1
3 i E
10 102 10’

sin’20, ,

Data is consistent with 3-v model; No light sterile neutrino signal observed
Consistent results from Feldman-Cousins and CLs methods

The most stringent upper limit for light sterile neutrinos (Am? < 0.2 eV?)
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Joint Sterile Neutrino Searches

,(eV?)

PRL 122 091803 (2019) PRL 125, 071801 (2020)

103EI‘|TFFIT|_|_I‘ITI1TI] |||||rr|| ||||||ll| T 1 ||rll| |||||r|T| |||||T§
MINOS/MINOS+ i, E :
e / Daya Bay + Bugey 3 - 90% C.L. Allowed m
3 T T T T L | UL T III\IE 10E LB R R R SRR NS BUNLELRLRL- ~ DLSND _
i : et O 10° £ — winiBooNE (2018) 3
10° ] | (median, o and 20) i [ []Dentler et al. (2018) 7
E E —— Daya Bay Excluded 90% CL ¢ - i .
F E 1E---Bugey-3 Excluded 90% C.L. — 10 DG&I‘I&ZZO et al. (2019) _
i ] E oaye baysugers | : ‘ E E
10 é_ _g r Excluded 90% CLg < _ ] E E
- 1 & i ——=n 7 i < i ]
3 4 2 10F o % 1 E
e ’_ ] (\IE; . “é; B ]
10 13, 10'F =
: 102 < E 3
102 = = » o -
[ MINOSMINOS+ 8l 10 E E
£ === oensilivity % C.L. (me: lan, 1o an (s I~ |
[ — Excluded 90% CLg . 102 & — NOMAD _
7o) S L R | e T m E -~ KARMEN2 3
10 o 10 ! sin?26 F —MINOS, MINOS+, Daya Bay and Bugey-3 .
S|n924 14 10—4 T RN R TETT MR AR R R MANIRRRTTT BERERRATT T MR IRNET
2 ) 5 2 ) 10° 10®° 10* 10° 10% 10" 1
J— 1 —_— i P2 _
|Upa|” = sin?60,,c05%6,, |Ueal” = sin“6y4 Sir20), = 4U, PP

e The combined results can exclude the LSND and MiniBooNE signal region at
Am%,< 5eV2at 90% C.L.

/
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Neutrino Oscillation at Jiangmen Underground
Neutrino Observatory (JUNO)

C T | T T T T | T T T T | T T T T | T T T T
35k o ] . v, Mv.

- s

B K No oscillation ] 8
- 30 v AR 7] Normal Inverted

- * A x
E r s 1 A V3 0 \A

25 ' * ]

L . 4 IV
£ r : [ ] !
~ C '

; 20F ] -
o - . . . \\ T 2
@ - With oscillation ' ] AMGy,
S 15F (normal NMO) . ]
g °f ' :
I C With oscillation
2 10 (inverted NMO) ]
: N ] Vv, em————
~. — 2
> C ~. ] 0 I Am:m
r U= = . V, e—— ———— V
0 = 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 - 1 o 3
10 15 20 25

L/E (km MeV-1)
_ — N _ 1 _ 4 . 2 . 2 S.T. Petcov et al., PLB533(2002)94
P(v, - V,) =1 — c0s"0135in"204;sin"Az, s.Choubey et al., PRD68(2003)113006
sin?20,3(cos?0,sin% A3y + sin%0,,sin?A3,) 1. Learned et al., PRD78, 071302 (2008)
L. Zhan, Y. Wang, J. Cao, L. Wen, PRD78:111103,

. 2 — 2 2 2008, PRD79:073007, 2009
NO: [Am?;; | = |Am?,, |+ Am?,, 08, PRO7E:073007,
. ) _ A ) I A 2 J. Learned et al., arXiv:0810.2580
10: |Am 31| - | m 32 m 21 Y.F Li et al, PRD 88, 013008 (2013)
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JUNO Detector Design

LS Mass [kton] 0.278 ~0.04 x 8

E resolution@ 1 MeV 6% 5% 8% 3%
Photo-coverage 34% 30% 12% 77%
E calibration 1.4% 1% 0.5% 1%

Calibration room
Top Tracker

PMTs

17,600 20” PMTs +
25,000 3” PMTs:
coverage 77.5%

Central detector
SS latticed shell
Acrylic sphere

Liquid scintillator
20 kton

Water Cherenkov

35 kton pure water
2,000 20” veto PMTs

ERA (PR 5= Jmb Y RTVSET 2 18



Neutrino Mass Ordering (NMO)

P(¥, - 7,) X.Qian et al. Phys. Rev.D.87, 033005 (2013)

=1 — c0os*0,35in?20,,sin* A5, — sin?20,3(cos*0,,5in*A3; + sin?0,,sin*A3,)
=1 — c0os*0,35in?20,,sin*A,, — 2sin*0,3c05%03

+25in26,3c05%260,3+/ 1 — 45in260,,c0520,,5in%2A,,c0S(203, + Pop) i Normal
: Inverted
Am?; L(m
100 Aij= 1.27 ] ( )
E (MeV)
*) tang = c05%0,,5in2A,4
E 60 : C052912C052A21 + Sin2912
a4
! 6 E(m)
Am?Z (eV?) = :
’ Mgee (V) =157 TiMev)
20

Mass ordering degeneracy at a certain L and E:

|Am3, (10)|=|Am3,(NO)| + Am3 (L, E)

The degeneracy of NMO can be broken with the reactor neutrino energy spectrum
when the detector baseline > ~50 km.
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Sensitivity of NMO Determination

Event type Rate (per day)
IBD candidates 60
Geo-vs 1.1
Accidental signals 0.9
Fast-n 0.1
Li-*He 1.6

1C (a, n)'*0 0.05

Rate uncertainty (relative)

Shape uncertainty

30% 5%

1 % negligible
100% 20%
20% 105
50% 50%

25 T T T T T T
L Normal true MH
20 -
—~ I
- O SR
<
-
w10}
=
q = = True MH (g, = )
5L = = False MH (o,, = @)
True MH (o, = 1.0%)
——— False MH (o, = 1.0%)
0 2 I ) 1 . 1 . | s A ] ] .
234 236 238 240 242 244 246 248 250

|AMZee| (X10” eV?)

BHRA Rl k)

= R VAT T 2

JUNO MO sensitivity with 6 years' data
assuming full reactor power

Ideal 52.5 km +16
Core distr. Real -3
DYB & HZ Real -1.7

Spectral Shape 1% -1
B/S (rate) 6.3% -0.6
B/S (shape) 0.4% -0.1

20



NMO Sensitivity with External v, Constraints

Amg [107%eV?]

Ve 4MeV + 50km (JUNO)

0.15 vy 0.6GeV + 295km (T2K) -
- === v, 2GeV + 810km (NOvA)
0.10
0.05F
0.00..|....I....I....| el P - |
-3 -2 -1 0 1 2 3
Ocp

2
true

=X

2
false

=X

Ax?

. . - 8o
60 A\ JUNO a
E T2KeNOvA /
50 4. mmm JUNO®@T2K@NOVA 7o
— true NO
40 4 === false IO
\ 60
N
30 - *
50
20 A
do
10 30
20
0 . ; . ] ; . lo
230 235 240 245 250 255 260 265
Am3, / 1073eV?

Am?2,= cos?0,,Am3, + sin?0,,Ams3,

Amf, = sin®01,Am5; + cos?6,,Am5, + coscpsinb,3sin26;,tanb,zAms,

Sensitivity with 100k events (20k ton LS + 6 years with 26GW,,, reactor power)

R (Pl R

3% energy resolution@1 MeV, <1% energy calibration
* Ax%?>9 (Ax? > 16 with external 1% |Amj,, | constraint)
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Sensitivity to NMO and CPV

10 10
9 4 true NO 9+ true 10
= T2K = T2K
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Precision Measurement at JUNO

Current precision

/_\“n':,%l \Am%l\ sin? 019 sin” 13 sin s | 6
Dominant Exps. | KamLAND | T2K SNO+SK | Daya Bay | NOvA | T2K
Individual 1o 2.4% 2.6% 4.5% 3.4% 5.2% 70%
Nu-FIT 4.0 2.4% 1.3% 4.0% 2.9% 3.8% 16%

Probing the unitarity of U,,,\s to ~1%, more precise than CKM matrix elements!

2000 C Antineutrinos
1500 At Statistics +BG, +1% b2b
ijgg:— e +1% EScale , +1% EnonlL
1200§— . sin? 0., 0.54% /ﬁm
1000 -
s00f- Am2,, | 0.24% ([ os9% )
o Am2, | 0.27% N 044%
200
J. Phys. G43:030401 (2016)

S ;
c e
) —
Y E resolution
< : s
: E_res [%/sqrt(E)] ’
$.45 T;’;O 7.55 ?Eil] 7.65 2,38 ' 2.:%0 ' 2.:1.2 2.I44 ' 2.:1-6 ' 2.48 23
AM?,(10° eV?) AMZ.(10° eV?)



Unitarity Conditions

Ve U el U e2 U e3 g
Yy = (]”,1 (]”2 (]”,3 . /9
UV U. 1 U. 9 U. T3 /3

Ui+ |UBLP+UBP =1, a=epurT,
U P +|U P+ U P =1, i=1,2,3,
v r3v,* v r3v,* Burrdv,x _
UalUﬁl + UaQUﬁQ + Ua3Uﬁ3 - Oa a, /8 =6 n, T, 7& /83
RIS I 2 v 73U,% Surrdv,x —_ ) .
Uei Uej -+ UP%' Uﬂj -+ UTi UTJ = O, 1,] = 1, 2, 3, 1 7& J-
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Global Neutrino Data

Various neutrino experimental data can provide constraints on the different neutrino
mixing elements

» Different energy scale
» Different baseline
» Different systematics

Types Exps Measurements
RENO, Daya Bay 5 9 9
MBL Reactor Double Choog A Ues|*(|Uer|” + |Ue2|*)
LBL Reactor KamLAND 4|Ue1|?|Ueo]?
Solar SNO |Ueo?
LBL Accelerator
(v = 1) NOvA, T2K 40812 (U |12 + U2 %)
LBL Accelerator N X %
(I/'u N Ve) NOVA’ T2K 4§R[U83U#3(U61 U,U,l + UEQU;LQ)]
LBL Accelerator
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Unitarity Triangle

. JHEPO1 (2021) 124
Matrix Orthogonal Test

UelU/,t*l"' UeZU:;Z"' UeSUu*S =0

UerUp1| |Ue2Up2
UesUps| |UesUps

10 20 —3c * Bestfit
AF— T T T T T T T T T T T DL L

i u.u:
L A= el aul i
— 0 B UeSU,uS n
[, YU L
I 1= m * A Bestfit
| 1 i * B Bestfit )
I * 3v
N I TR S S N S T R S
0 1 2 3
Re(Z)

wHEA (Pl k) 5 = LT YR 2 26



Unitarity Test

5:}':1 'IU mlz'lu .'x2|2-|U;x3|2 6;':1 -IUej F'IU#;F'lu ”_|2

Q
o

R (Pl R

Columns

—- 8,

10°°
Electron-type neutrinos have the best unitarity constraints due to

large data sample
* Tau-type neutrinos are very limited by the experimental data
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Summary

* Daya Bay has made the most precise measurements
on sin®20,3 and |Amj,| with 2.8% and 2.3%

precision
* Daya Bay set the most stringent upper limit for light
sterile neutrino with Am%,< 0.2 eV?

— A joint fit with MINOS/MINOS+ is able to exclude most of
LSND/MiniBooNE signal region

* JUNO can measure NMO with 30 sensitivity with 6
years
— boost to >50 with accelerator experiments

BRA (k) B = Jmb T B RS £
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