Measurements of oscillation parameters
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WHAT ARE NEUTRINOS®<¢

Denoted by v

A Ieplllon hmass '_)1511Mr'v."c-'
Three flavors: electron, muon, tay «- = &
Electrically neuvtral electron

Abundant -
Inferact very rarely with matter, - = De
therefore difficult to detect Reuling

neutrino
Originally thought to be massless

Lepton family

105.7 MeV/c? 1.777 GeVic?

-4 -9

1/2 u 112 T
muon tau

<0 17 MeV/ic? <15.5 MeVi¢?

0 0

. & . &
muon tau

neutrino neutrino

The Fizzics Organization (2021)



SOLAR-NEUTRINO PROBLEM

Missing neutrinos

Homestake Experiment in 1960s

Detect and count neutrinos emitted by solar
nuclear fusion

Only sensitive to eleciron neutrinos v,
Only ~1/3 of prediction was measured

I

4p —» *He + 2e™ + 2v,




SOLAR-NEUTRINO PROBLEM

Solution
« Super-K and SNO experiments
« Total number of neutrinos is unchanged
« Some neutrinos change flavors,
l.e. neutrino oscillation

Discovery of neutrino oscillation




FLAVOR AND MASS EIGENSTATES

2 equivalent ways of describing neutrinos
Flavor eigenstates
V) [V, [ve)
Correspond to flavors detected in weak interaction
Orthonormal
Mass eigenstates

V1), [v2), |v3)

Correspond to masses useful in describing
propagation

Orthonormal



NEUTRINO MIXING

Simplified case: 2 neutrino mixing

Mass states Weak states

First Second First Second
- V2
e

) - (a0

0 . mixing angle

Slansky et al. Los Alamos Sci. 25 (1997)

A flavor (mass) eigenstate is the superposition of
different mass (flavor) eigenstates.



WHY DO NEUTRINOS OSCILLATE®

Propagation of mass eigenstate |v;)

{ ‘vj (x, t)) =ei(_Eft+ﬁf"?)‘vj(O, O)) J E? =m? 4+ p?,
takingh =c =

1.
Change in waveform due to phase difference
ponents with different speed Components with the same speed
Assume E; =

Ek, Theﬂ Am2=

0
A .-*P'



http://elusives.eu/outreach/entry/ceaseless-transformation-three-neutrinos.html

3 NEUTRINO MIXING

PMNS matrix
4 - )
Ve Uet U2 Upes Vi
Flavor Vu | = | Ui Upz Uys V2 Mass
eigenstates 5 Vi U Uy U V3 ) eigenstates

S. F. King (2007)



PMNS MATRIX

s I 0 0 C13 0 s13e7CP\ [ Ciy  Siz 0\
U = (O 023 Szg) 0 . 1 0 <_512 C12 0)
0 —S»3 Co3 _813el5(;p 0 C13 0 0 1
\_ = Uz3U13U1 )

where s;; = sin;j, ¢;j = cosb;;.
6;;: mixing angle
Properties 5cp: CP phase
« Complex
« Unitary
« Can be decomposed o 3 2D
rotations



IMPLICATION AND IMPORTANCE

Neutrino oscillation arises from phase difference
between mass states, leading to change in state
composition during propagation.

Am? # 0 = Neutrinos have mass!

2015 Nobel Prize for the discovery of neutrino
oscillation

Possible existence of right handed neutrinos




WHAT TO LOOK FOR®?

Flavor states dependence on each mass state,

governed by mixing angles 6
Mass differences between the mass eigenstates
CP violation for non-zero §.p
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NEUTRINO MASS HIERARCHY

Difference in Ams3, due to mass ordering

n — (m3)2 ) — —
‘ (Am®), o
(ml)
2 __ 2 2
Ami;=m; —m;
H v
2 Am? 2
Am32 ( )atm D y Ang
“ (B,
H v
Y (mz)
2) :
= (m,)° (m,)’s " —
normal hierarchy inverted hierarchy

R.N. Cahn et al. (LBL, Berkeley) (2013)



OSCILLATION PROBABILITY

[P(va(0,0) > vp(x, 1) = |(ve(x, t)‘va(O,O)HZ}

Simplified case: 2 neutrino mixing

- _, Am? .
Pop(L) = sin“(20)sin“( 1E, ) L: baseline
taking h = ¢ = 1.
if Am? =0,

then P(va - vﬁ) = 0.



OSCILLATION PROBABILITY

: . 5 AMZ?L
Pap(L) = sin?(20)sin® (=) Paa(L) =1—Pap(L)

Am? =0.003eV%,  sin’26 =0.8, E, = 1GeV
1

08— ; \ First oscillation
= L AOSC
0.2 |— / = -
%00 200 300 11(;(')' — 500 600 700 800 o0 1000 Qf Wthﬁ the detector
; "™ should be set
B dnE SNou

Aosc

 Am?

Reproduced from Mark Thomson (2011)



v, DISAPPEARANCE

v, survival probability for small L/E and 6. = 0
[Pee ~ 11— Sin22913sin2Aee]

where A,,= c0s?8,sin*Az; + sin“6,sin*As,
and A= 1.267Am% = for i, j = {1,2,3}.

A,.. effective mass square differen

Short-baseline reactor experiment
« Daya Bay, RENO and Double Chooz



REACTOR EXPERIMENT

Nuclear reactors produce intense flux of v,
Liquid scinftillator loaded with Gadolinium Gd
Low energy threshold

Inverse beta decay

Vet+ptoet+n }

Posifron annihilation

et +e o2y }

Delayed neutron capture
n+Gd - Gd* > Gd +y's (8 MeV) |

Eprompt - Prompt e™ energy
deposition




REACTOR EXPERIMENT

Neutrino energy measurement
Ey, = Eprompe + 0.78 MeV |

Near-far cancellation
N. hedr
P.e(Ey, Ly)

—2
Ny Np,n Ly €n p: proton

« To overcome uncertainty in the v, flux emitted by
reactors

Pee (Ev: Lf)D f: far




Roy Kaltschmidt (LBL, Berkele



DAYA BAY EXPERIMENT

Schematic of Daya Bay Experiment

; Overburden: ~860 mwe N
4 Weighted baseline: ~1650 m

Ey ~4 MeV Y
L n~’ 5 O O m : erbur: 265 mwe

' : Weighted baseline: ~500 m i~
Li~1.6 km ' e I
A | " i~

Near detectors: EHI, e, e

) oA et
- ‘ : ~_‘.:; ’
ar detectors: o T e
1 - X T T ® - Weighted baseline: ~360 m

F.P. An et al. (Daya Bay Collaboration) (2017)



CONTROL OF RELATIVE UNCERTAINTIES

—L: relative uncertainty minimized by signal selection

n

%: identical detectors, <0.5% difference in N,
p.n

. potential difference reduced by energy

En

calibration

. estimated in simulations of signal selection

—2
N _ (Np,f) (Lf) (5f> [Pee(Ev'Lf)]
Nn Np,n LTl ETL Pee (EV’ Ln)




6,3 FROM RATE DEFICIT

[fo%g — wWEHLEH1 | WEHZNEI;JZJ
oDS oDS
where wtH! = 0.05545 and w#4 = 0.2057.

exp. expected assuming no oscillation

Nflfg?’ obs: observed
R = N EH3
exp
= 0.949 + 0.002(stat.) + 0.002(syst.)
<1

Evidence of v, disappearance



6,3 FROM RATE DEFICIT

For experimental hall k,

k — Nk k k _ Kain?2
Npred = Npo osclee Pee =1 —1n"sin“20,3
EH3
R — Npred
~— ywEH1NEH1 EH2 NJEH2
w Npred Tw Npred
- 1—n""3sin?26,;
— — —
1 —n"sin<2645
1
n _— EH1 pnfEHL EH1 EH2 n\1EH2 EH?2
where n = NEH3 (w Nyno osch Tw Nino osch ).

no osc

sin®26,3 = 0.085 + 0.003(stat.) + 0.003(syst.)




0,3 FROM STATISTICAL METHOD

1.00

y: Ratio of the 080 N ]
detected signal o
that expected
assuming no
oscillation

___External estimiate of |AmZ,| from
PDG |

=

o

=]
I

+ 0.07) X 107 3eV?

R/ Rigosc.
=
g

=

o

(=}
I

—— Best fit oscillations
0.94-H —— No oscillations '
i EH1
i EH2 : : i
{ EH3 S :

0.93F

..............................................

0.92F

0.0 s 10 15 20
Effective baseline (km)
F.P. An et al. (Daya Bay Collaboration) (2017)

sin?20,3 = 0.0850 + 0.0030(stat.) + 0.0028(syst.)

2
X —_—
ndf—0.85



Am%; FROM ENERGY SPECTRA

Background subtracted E + spectrum at v, survival probability from near and far detectors d¢
the farsité ' ' ! ' 1.02

P,, ~ 1 — sin? (20123)Sin§2(1.267Am§e ?;—fj;)

— O0.8F ™. 1.[]0
S
Lo}
X
> 0.6
Q
=
—~— — No oscillations
& 0.4 | — Besttit
- W Fast neutrons
g O
0.2 °Li/5He
B Accidental
4+ <4 Data

2 : : — Best fit | EH1 t EH2 { EH3

[=] . : : : 3

= 0‘9%.7 2 4 6 8 10 12 U'ﬂ%.u 0.1 0.2 03 04 05 06 07 08 0.9
Prompt energy (MeV) Lesi /E,., (km/MeV)

Ratio of signal to prediction assuming no (Ey): average E, estimated for
oscillation each bin in prompt positron

F.P. An et al. (Daya Bay Collaboration) (201§peC1TCI




Am? (eV? x 1079

RESULTS

2D confidence regions of sin?26,3 and |Am?2,]
T T T T 10

9 : : i i i i i |
&.ll'i o6 007 008 009 010 011 012
Ein! 2&13

Red: 10 Green: 20 Blue: 30
Error bars:: 1D 10 confidence interval

.2
sin” 26043 =
0.0841 + 0.0027(stat.) £ 0.0019(syst.),

Az =
[2.50 + 0.06(stat.) £ 0.06(syst.)] x 10% eV?,

Am3, (NH) =
2.45 + 0.06(stat.) = 0.06(syst.)] x 1072 eV?,

Am3,(IH) =

—2.56 & 0.06(stat.) = 0.06(syst.)] x 1072 eV?,
[

x° 2347
NDF ~ 280 — 17

= 0.89.

F.P. An et al. (Daya Bay Collaboration) (2017)



v, APPEARANCE

For small L/E,

[ P(Uu - Ue) ~ sin”(26,3) sin*(6,3) sin” Az, + Ay;8]cp sin? A32]

where Jep; = %cos 0.5 sin(264,) sin(26,3) sin(26,3) sin(é.p)

(neglecting effects from propagation through matter)

Long-baseline accelerator experiment
« T2K, NOVA, MINOS
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T2K EXPERIMENT

Schematic of T2K Experiment

J-PARC Super-K
Off-axis ND
30GeV decay volume -
proton beam \ ND28O
- T_J: _______________ T ey Twlih = e Weie Sw—
D
target & 3horns . R Off-axis angle 2.5 deg.
beam dump _ I L T beam axis
muon monitor s T t=msa.

On-axis ND (INGRID)

Super- J-PARC
Kamiokande

Near Detector 280 m
11000 m =
. Neutrino Beam

295 km T2K: Tokai to Kamioka

S. Assylbekov et al. (2012)

M. Khabibullin (2018)




RESULTS

Marginal likelihood fit to far detector éﬁh@f [
AmZ,= (2.45 + 0.07) x 1073eV2/c* (NH) = [i"
Am2,= (2.43 £ 0.07) X 1073eV2/c* (H) "

vents

o :

0.2 0.4 0.6 0.8 1 1.2
Reconstructed Energy (GeV)

The T2K Collaboration (2020)



RESULTS

2D confidence region at 68.27% CL for sin“6;5 Vs 6,

T2K runs 1-9

T N IR B I L BN A NN RN BN BN LR BN AL

0.054 L7 —— T2K + reactors
0.032 [~ T2K only —

= Reactor z

0.030 — =

L 7

0.028 [— —~

® B 3
< 0.026 [ —
c = w
7] - | -
0.024 — _. —
0.022 & @ -
0.020 —

I i L, | | | |

-3 -2 -1 0 1 2 3

The T2K Collaboration (2020)




OSCILLATION PARAMETERS giopa it

with SK atmospheric data

Normal Ordering (best fit)

Inverted Ordering (Ax* = 7.1)

bfp 1o 30 range bfp +1lo 30 range
sin? 012 0.30419932 0.269 — 0.343 030413932 0.269 — 0.343
012/° 33441071 31.27 — 35.86 33457 302 31.27 — 35.87
sin? O3 0.5731 %28 0.415 — 0.616 057610080 0.419 — 0.617
023/° 49 279+ 40.1 — 51.7 49,3152 40.3 — 51.8
sin? 6,3 0.0221973-90062  0.02032 — 0.02410 | 0.02238F0:0092  0.02052 — 0.02428
013/ 8.57 512 8.20 — 8.93 8.607 212 8.24 — 8.96
dcp/° 197158 120 — 369 98228 193 — 352
Am3, +0.21 . 4+0.21 .
W 7.42_0.20 6.82 — 8.04 7.42_0.20 6.82 — 8.04
Amge +0.026 +0.028
l()—3—ev2 +2.51775 028 +2.435 — +2.598 —2.4987 5 028 —2.581 —» —2.414

I. Esteban ef al. (2020)



SUMMARY

Neutrino oscillation shows that neutrinos have
MAsS

Oscillation probabillity tells the value of oscillation
parameters

6,3 and Am3,; from v, disappearance

Near-far cancellation method in reactor
experiments to reduce uncertainty in neutrino
flux

Recent experiments use pure neutrino beam o
detect neutrino appearance / disappearance




APPENDIX

v, survival probabillity for small L/E
P, = 1 —sin?20,3sin*A,, — cos*0,35in?20,,sin*A,,

Neutrino osaillation probability
for reactor neutrino (E = 4MeV)

| Ami3; = 2.38 x 10 %eV?
sin® 26,3 = 0.1
Reactor neuﬁﬂn{} energy = 4MeV

T. Konno et al. (2009)




APPENDIX

Daya Bay Experiment
Effective baseline L,¢¢

reactors

J
. £r | 4No - Lj\an
J sin® (Amge ev ) iL 2 dE, = Z sin® (Amge Ei ) dEz dE,
j

J

v

due to reactor to | assuming no neutrino oscillation.
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