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NOBEL 2015 ¢

“for the discovery of neutrino oscillations,
which shows that neutrinos have mass”

b AL
xton Water Cherenkov detector

/',ated at 1000m underground
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“for the discovery of neutrino flavor transformations,
which shows that neutrinos have mass™

~ vacuum Wolfenstein matter
oscillations effects dominant flavor
See Smirnov arXiv:1609.02386 transformations
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Neutrinos are Everywhere !

from Big Bang 300 nus / cm”3
2 or mere v/c <<|

SuperMovae el Sun’s=
> |0A58 ~ ~ 10738 ny/sec.
R e A—— : | O .

Unidentified

a Bay
3.x 10721 nu/sec o

nidentified

LSI +61 30
©

©
NGC 1275

%’ ~ (except for the highest energy neutrino’s)

therefore in the Universe: aé\;;’/ > 0
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Neutrino Flavor or Interaction States:

W+ — etu, W+ — phy, W+t — 77u,

Ve Vi Vr

provided L/ E < 0.5 km/MeV = 500 km /GeV !

~ 1 picosecond in Neutrino rest frame !!!
~ Age of Universe / 10?°
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Neutrino Mass EigenStates or Propagation ¢

States: | (m§L>
Propagator v; — v, = 01 € e
most v/, least v,

T o T e
ve = @@ Yo =8
Solar Exp, SNO SuperK, K2K, T2K Unitarity
KamiLAND MINOS, NOVA SK, Opera
Daya Bay, RENO, ... ICECUBE ICECUBE ?
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Interactions:

simple complicated

V.
v, =U

unitary matrix ?
complicated simple

o
v,

V,

e

, masses
Propagation:
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Rates: |U,1|” & |Vigl?
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unitary matrix 0

Ve Uel UeZ UeS 4|
Vr U‘Tl U7'2 U‘T3 V3

by defn |Ue1|? > |Uwz|? > |Uesl|?

1 P??7?
UpnmNs = Uz3(023,0) Uy3(013,0) Ui2(612,0) Why this order ?7:
1 —10
C13 S13€ Ci2 S12
— Co3  Sa23 | 1 —S12 Ci2
—S923 Co23 —sq3et?0 C13 1
Si5 = SIN Hf,;j, C;5 = COS Hz-j % dlag(l, 67’ 2, 67’ 2) )
—18
C13C12 C13512 513€
i i
—C(C23512 — S13523C12€ C23C12 — 513523S512€ C13S523
i i
593512 — §13C23C12€ —S893C12 — §13C23512€ C13C23
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NUFIT 5.1 (2021)

Normal Ordering (best fit)

Inverted Ordering (Ax? = 2.6)

bfp +1o 30 range bfp +1o 30 range
66 sin? 612 0.30479-013 0.269 — 0.343 0.30410 015 0.269 — 0.343
5| b12/° 33.4410-77 31.27 — 35.86 33.4510-77 31.27 — 35.87
Q
& sin? fa3 0.57310-053 0.405 — 0.620 0.57810 051 0.410 — 0.623
% | 023/° 49.2119 39.5 — 52.0 49.5119 39.8 — 52.1
g
% | sin? 63 0.0222070-00968 .02034 — 0.02430 | 0.0223870-009¢%  0.02053 — 0.02434
= 613/° 8.5710 15 8.20 — 8.97 8.6070 13 8.24 — 8.98
=
2 | dcp/° 194752 105 — 405 287127 192 — 361
= 2
Am3, +0.21 +0.21
05 o 7.421028 6.82 — 8.04 7.42102 6.82 — 8.04
Am%z +0.028 +0.028
s oyr | T2O15T00as 4243142599 | —2498T005 2584 — —2.413
Normal Ordering (best fit) Inverted Ordering (Ax? = 7.0)
bfp £1o 30 range bfp £1o 30 range
sin? 612 0.30470013 0.269 — 0.343 0.30410015 0.269 — 0.343
g | 012/° 33.457077 31.27 — 35.87 33.4510 7% 31.27 — 35.87
o
2 | sin®as 0.45019-01% 0.408 — 0.603 0.57010 059 0.410 — 0.613
<}
A;,; 623/° 421153 39.7 — 50.9 49.01%9 39.8 — 51.6
o
% sin” 013 0.0224670°90002  0.02060 — 0.02435 | 0.022417955072  0.02055 — 0.02457
x 015/° 8.6210-12 8.25 — 8.98 8.611015 8.24 — 9.02
= | 6cp/° 230+3 144 — 350 278+22 194 — 345
=
Am%l +0.21 +0.21
05 7.4210-21 6.82 — 8.04 7.42102 6.82 — 8.04
Am%e +0.027 +0.026
o5 o7 | T2510500 42430 > 42593 | 24907008 —2.574 — —2.410

I
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1, V2 Mass Ordering:

—solar mass ordering

Mass
V9 V]_
1 | %),
|Am2,| = |m2 —m?| =7.5 X 107°eV?  L/E=15km/MeV = 15,000 km/GeV
ve = @ v = @ v = @
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Neutrino Picture of the Sun

Ve, Vy,Vr, V1, V2, V3 which dominates ?
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V3, 1/1/1/2 Mass Ordering:

—atmospheric mass ordering
- @
Mass

AmZ,| = |m2 — m?| = 2.5 x 103 eV2  L/E = 0.5 km/MeV = 500 km/GeV

Unknown: NOvA, JUNO, ICECUBE, DUNE, T2HKK....

ve = @ v = @ v = @
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Summary: Octant of 094
sinf623 (0.40  0.50 0.60

g XX

) | | s variation
0 »
5 T7/2 v2 / /
|

ve= @ V2 11 variation
V’J’ \_/ 71- 1/1
v: = @@
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Neutrino Oscillation Amplitudes ¢
In vacuum:

2
| Apel

“the billion $ process”
P(vy — ve)

. 2 —iAao . 2 —iAaq .
Ape = (2i) [ (s23s13¢c13) [ c10e 32 sin Agq + s7qe 31 sin Ago |
0 .
+ (c23c13812€12) € sin Agq |

maintain the symmetry: m% > m% with 819 — 019 = 7/2

Denton, Minakata, SP arXiv:1604.08167

APcp = 8 (s23s13¢13) (c23c13512¢12) sind sin Apy sin Agy sin Agg
_l

J

Ape = (24) [ (s23s13c13) sinAgy + (c23c13s12c12) €

Ago = A3zq

1(0+Ag1) sin Ao ]
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Correlations between

Normal Ordering — Inverted Ordering

vV, — UV, gIVes:

T2K/HK

T2K/HK L=295 km, E=0.65 GeV

Pv, —>v,) %

x pL sin? 6.3

P(UM -> V)%

sin® 20, = 4|U,3]2(1 — |U,3/?) = 0.96 — 1.00

|U,.3? <> (1 — |U,3|?) degeneracy !

v

NOVA DUNE Same L/E as NOvA
s NOVA; 1810 km, E=2.0 GeV o JBNE: 121300 Jym. B=3.2 Gey
INN
] Y
- 0
ERENC
1— sin?20,,=0.09 = tE sin®26,,=0.09 “ =
) S U I Y I ARSI B S U T I AP I N U B
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
P(v, —> v,) % P(v, —> v,) %
0.48 T2K
sin dyo — Sin0o7o = tan @3 X 1.62 NOvA
2.60 DUNE
O. Mena & SP  hep-ph/0408070
Nu22-KITP 2/16/2022 H# 16
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T2K & NOVA ¢

Number of Events proportional to Oscillation Probability

NOVA Preliminar
SK event samples _NévAnFDln.....u.m,m..y

| 13.60x10%° POT-equiv (v) |

(o)}
o

* O(45%) change in electron-like event % [ 12.50x10% POT (%) ]
rate between &.p=+1/2 and 6.p=-1/2 o ¢
. o TIKRunl10Preliminry o’

§ uF .~I | | | | E E
= B - ] e
E 3
£ 20 = — £ 40
b el E c
s ] ©
16— ]
f 2
5o z & 30
§= 12— —] >
E - ] ()
10?.I....I....I....I....I....I....I....I.? C_U
50 60 70 80 90 100 110 120 "6
Neutrino mode e-like candidates - 20

O O.,=m 68% syst err. at best-fit
0, =045,050.055.060 g 50— w2 v Bestii 0 gp=m W dgp=3m2 k2020 bestfit
_Am32_ 242 106 V2 O 8,=0 —o— Data (68% stat err.) oo e oy by by
My =m0 e ® dp=-n/2 20 40 60 80 100 120
Patrick Dunne (p.dunnel2@imperial.ac.uk) 23 Total eventS . neUtrinO beam
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Comparison to T2K NOVA Preliminary
0.7 ' S

Normal Hierarchy

0.6

0.5

- 2
SIn 623

_/\
0.4~

T2K, Nature 580: = BF — <90% CL --- <68% CL

03 NOVA: + BF | | <90% CL [ <68% CL
- | | | | | | |

L T B
0 % T 31
6CF’ 2

* Clear tension with T2K’s preferred region.

L1
3

—> bsm papers
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Leptons:

Quarks: ¢

|V;|? essentially independent of 4, !

W—I—

4 l,l'_

. | Vig = AXS(1 — 0.37¢%°9)
variation in 9 only |

|‘/td 2~104
factor of 3 diff. ,
Vi = 1

Uul>° = 0.4—0.6 , , »

Usl? = 0.26 —0.41 Vis|* ~ A*=2x10

U, 2 = 0.08 —0.24 * ‘/td 2 AG ~ 8 X 10—5

Stephen Parke
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v

1 Vary 6;,5¢cp Flavor content  ©)1 Vary §cp

Flavor content ©

NH 0.1 0.9 Best Fit 0; fixed atBF 0.1 0.9 * Best Fit
0.2 08 10 NH 0.2 08 16
0.3 0.7 W 30 0.3 07 " 36
0.4 06 04 0.6
Udl? 05 U2 U 05 |Uf?
0.6y Y- 0.4 | 0.4

0.1

1/////////////////////////////////////////////////// O 0/ /0/1/ 0/2/ 0/3/ 0/4-/ 0/5/ 0//6 0//7 0//8 0//9 /1/ O
O 01 02 03 04 05 06 0.7 08 09 1 ' . .' . - 2 . - . .
2 Bustamante, B.eacom, Winter | U |
| U o i| PRL 2015 [arXiv:1506.02645] el
0 & 6.3 uncertainty no 0,3 uncertainty
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Determine flavor
fractions of neutrino
mass states

WHY?

Precision
Neutrino
Measurements:

To discover neutrino BSM,
one needs precision predictions for nuSM

Stephen Parke Nu22-KITP 2/16/2022 # 21



Determine flavor
fractions of neutrino

mass states

Precision
Predictions for

flavor ratios
at ICECUBE.

Stephen Parke

Std. mixing 1 Vary dcp
0; fixed at BF O 0.9 Best Fit
NH 0.2 0.8 10
| 30
0-3 0.7
0.4 06
0.5
fc ® ] ) 0.5 f )
0.6 ‘ K
' 0.4
o N ; 0.3
0.8 05
0.9 . 0.1
Varying also 0, at 3o -
1

0 0.1

Bustamante, Beacom, Winter
PRL 2015 [arXiv:1506.02645]

02 03 04 05 06 0.7 08 09 1

/////////////////////////////////////////////////// O

Nu22-KITP
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Stress Test
Neutrino paradigm
search for new physics

Determine flavor
fractions of neutrino
mass states

Precision
Neutrino
Measurements:
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"TRows
- a:ﬁ:eJ‘L [ ]

6k Columns
-= 4,5=1,2
~ i - 27.7:173
S 0J=23 g ] ‘. .,l_ ................. 2%

° 10 1 — '1<;‘1 ' T os
|Ua1Um* 2Uﬁ2 +U!3Uﬁ3 or |U61Uej +U,U,; —i—UnUTJ |
Rows LSN D Columns
M. Ross-Lonergan + SP
arXiv:1508.05095
P.Coloma

arXiv:1511.06357

Stephen Parke

Nu22-KITP

Stress Test
Neutrino paradigm
search for new physics

Credible Intervals at 90%

NSI

T2HK

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

E

Epe

Credible Intervals at 90% i

T2HK l

0.4 0.6 0.8

Ere

Credible Inte'rvals at 90%

T2HK l

0.05 0.10 0.15 0.20 0.25

Eur
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Stress Test
Neutrino paradigm
search for new physics

Determine flavor

fractions of neutrino W H Y?

mass states

Precision
Neutrino
Measurements:

Connection to

Leptogenesis
Understanding Universe
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40— « - o
3.5}
3.0t
3 i
E 25 8 63
3 o Am,
B Am3,

| Ballet King Pascoli |}
Prouse Wang 2016 [}

A & A A a . A

Connection to
Leptogenesis
Understanding Universe

ms [(meV]
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Determine flavor
fractions of neutrino
mass states

Test Theoretical
Neutrino Models

Stephen Parke

WHY?

Precision
Neutrino
Measurements:

Stress Test
Neutrino paradigm
search for new physics

Connection to
Leptogenesis
Understanding Universe

Nu22-KITP
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v

Predictions of flavor symmetry forms

with projected measurement precision
1.0

.. s [3 V]
Predictions from flavor symmetry forms _ — GRB ”

with current measurement precision 0.8+ e TBM

1.0 s (7 RA

HG

08 o
- Z 0.6
Z 0.6 o
E o)
g 2
5 04} = '
< 5 5
= e 0.4

0.2 ] '

005 =05 00 05 7.0 0.2+

cos 0
-1.0 -0.5 0.0 0.5 1.0
CcoSs 0

Test Theoretical
Neutrino Models Girardi, Petcov, Titov, arXiv:1410.8056

Nucl. Phys. B, Vol. 894, 733-768 (2015)
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Std m|X|ng 0 Val’y SCP
0, fixedatBF %1y oo Best Fit
NH 0.2\ 16

| 30

sy
\e”

\ --’
NLT R ~ \
;;; b AN S, \ /
\/ ~

~~~~~~
,,,,,,,
\ ~

ff*‘varymg also B;at 3¢ /\

02 03 04 05 06 0.7 08 09 1

fo.0

0 01

Bustamante, Beacom, Winter
PRL 2015 [arXiv:1506.02645]

Likelihood [NO]

Predictions of flavor symmetry forms
with projected measurement precision

1.0

. s B M

- s (G R B
0.8¢ e TBM

| ——— GRA

HG

0.6
0.4]
0.2l

' J AL \

|\ N N '
0-005 ~05 0.0 0.5 1.0

COSs 0

Stephen Parke
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Unltarlty Trlangle Closures ;
"TRows 1 U | ," ’l g
1
R a,ﬂ:e’u : ”’ ’l
- a,ﬂZG,T 1 l’,' !
)
- OZ’ﬂ:/'L,T 1 ,"' l'
L Columns ,'I' I
== 1,j=12 R ,'
-- i,j=13 [y byl
. Iy
T hJ=23 _.’J._,l_ ................. 2%
|
|
.......................... lo
0.5
1U/31 +U ZUBQ +Ul3U/@3 | or UeZUeJ +U U +U7'lUT] |
Columns

“* LSND

4.0

Ballet King Pascoli
Prouse Wang 2016

20 25
m. [meV]

J

30 35

8 6,3
9 Am3,
B Am3,



Amz, & Am3,
Y
Am? & Amiu
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Effective AmZ,, for Amz, & Ams, ¢
at L/E ~ 500 km/GeV = 0.5 km/MeV:

Channel Dependent: () is v, average of 1 & 2

5 9 5 2, 2 9
Amg, = m3— (clomi + s79m5)

= CloAmyy + s1,Am3,
1 — P(ve = Vo) = 4 |Ues|? (1 — |Ugs|? ) sin® Ace

Daya Bay and RENO.
(...) is v, average of 1 & 2

2 2 2 9, 2 9
Amy,, m3 — (81om7 + c1am3)

= s1oAm3; + i, Ama,

1—P(v, > v,) =4 |Uus|?* (1—|Uus|?) sin? A

T2K, NOvVA, ...
Nunokawa, SP, Zukanovich hep/0503283
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Normal Ordering: |[AmZ (NO)| > |Am,

Inverted Ordering: |Am (I0)| < |Am;,

Stephen Parke

Mass Ordering:

Vel Vi
s
S sin2912
= i I .. I
A o ‘
A
3 my, ' .
= OR
9 0
g Am?
= ) I I at
B i I
- 2
Sin 913
NORMAL 7 INVERTED

Fractional Flavor Content

Difference is cos 2012Am35, ~ 1.2%

W(NO)|

W (1O)]

Nu22-KITP

2/16/2022
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How does this come about ?

Hamiltonian in flavor basis = % Us3U13U15 M? U]]_LQUnggg

> 2 2.2 2
C1oM + STam3|  S12C12A8M3

- 2 2 2y 77t 2 2 2 2 2
Uiz diag(my, m3, m3) Uly = S12C128m3; | s79M + ¢l

m

re i
i i
[ a

10Ny

For v, disappearance U;3 is most important:

9 5 9 . 9 oy _ 9
m3 — (cIomi + siams) = AmZ,

For v, disappearance Us3 is most important:

2 2 .92, 2 2\ _ 2
m3 — (s1omi + cioms) = Amg,

Stephen Parke Nu22-KITP 2/16/2022
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Even in Matter Am?_ is useful: ¢

Solar Resonance:

®
adr

Min Angl

Q

Q

accuracy: O(10™%)

Atmospheric Resonance:

P
dRr

Min Am232

Am3, cos 2015 /ciq

Am3, sin 2615

Y
Y

(4
[

Ams3, gives 2% accuracy

Defn a = 2v/2GrN_E,,, the Wolfenstein Matter Potential

oo

Am3, cos 2015 -

B0 =30 20 —10 0 10 20 30 40

Y.pE (g -em 3 GeV)

Am%? sin 2(913

Am3, gives 1% accuracy

Am?_ gives O(10~%) accuracy

Stephen Parke

SP 2012.07186 (hep-ph)
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CP Violation ¢

At oscillation maximum in vacuum:

2
P(5, — ) — P(v, — ve) = ] (Amﬂ)

2
Amee

where | is Jarlskog Invariant (1986):

J = sin 2015 sin 26013 cos 013 sin 2053 sind =~ 0.3sin o

—

‘

*
—
——
o~
]
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Jarlskog Invariant in Matter

~ [IAM?. Jo
Hﬂ/”L\Qij RQR@

v
©
|

\/(COS 2015 — ac?y/Am3,)2 + sin® 2015

Ry = \/(cos 2013 — a/Am2,)2 4 sin” 203

O(10~?) accuracy |

Denton, SP 1902.07185 (hep-ph)
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v

JUNO by Nu2024 or Nu2026

Best measurements of Am?2,, sin®65 and Am?2_: accuracy =~ 0.5%

(JUNO value of sin” ;5 will not be more accurate than Daya Bay)

. . 4 .2 2 -2
1 — P(Ue = Vo) = 4c13879CTo8In" Aoy

—|—28%3C%3 (1 — \/1 — sin? 2015 sin? Aoy cos [2|Ace| £ (I)(A21)]>

7 /

Amplitude modulation Phase advance(NO)/retardation(10O)

(I)(Agl) — arctan(cos 2(912 tan Agl) — COS 2(912A21 — O(Agl)

(I)(Agl — ’7'('/2) — 7'('SiI12 (912

Minakata, Nunokawa, SP, Zukanovich hep/0701 151

Stephen Parke Nu22-KITP 2/16/2022 # 37



Events/bin

NNO _ NIO
S
(@»)

JUNO Events Spectra

T T | T T T T | T T T T | T
| 2400 days @ 26.6 GW;,
- 3.0% resolution

'''''

1 1

Stephen Parke

8 years,

26.6 GW th
52.5 km, baseline
3% resolution

[ I [ 20 T T [}

L1 Am2 [NO] = 2.530eV? i

) AmZ, [I0] = —2.548 V2 I
15j .

%10]

35 10
| | | 5__ ideal, no BG -
i — 10 -
A e NS e NOJ
S 6 7 8 9 2.50 2.52 2.54 2.56 2.58

|Am2.| [1073 eV?]

No backgrounds
No Systematics

Forero, SP, Ternes, Zukanovich 2107.12410

Nu22-KITP
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Real Baseline Distribution + Backgrounds ¢

20

15

n i
11}
A B
11\ /)
‘\‘\‘\ 'ill — | |
i ,;, ideal, wo BG |
\ 1
‘§§‘¢\ ,;/ — real, wo BG
! ) _
“QQ\ ¥  — real, with DB and HZ

y/

v
\/
| |

real, all BG

2.50

Stephen Parke

352  2.54

|AmZ,| [1073

256  2.58
eV?4]

Nu22-KITP

2/16/2022 # 39



Parameter Sensitivity:

2.65
14 =
L 2,60
Q
12 ”I’
S 2.55
10 I_qIJ
£2.50
s o
AN QO
. 5245
0.28 0.30 0.32 034 036 ¢ 24073020 0022  0.024 4
Sin2012 true Sin2013 true
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Non-linear Energy Response

20

' \
\ \
\

1% b2b only |
s + 0.2% bias _|
/
/
\ 777
W / 77
A\ \

— 4+ 0.4% bias
g —— + 0.7% bias
-\ /lféfl
! Ts\'\\| &
2.50

— NO penalty
L | L L L | L L L
2.54 2.56 2.58
[1073 eV?]

e
Stephen Parke

Nu22-KITP

[AmZ|
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)

JUNO probability of determining Mass Ordering

0.14 B —— 4 years, Ax?> = 3.4+3.4
i —— 8 years, Ax’= 6.7+4.7 |
0.12F 16 years, Ax2 = 12.4+6.1 ]|

>0.10F = 5% .

g : > 31% 1

L 0.08; > 711% -
o i

L 0.06¢ -
LL- i

0.04+ -

0.02¢ -

i \‘ i

—-10 0 10 20 30 40
Ax?
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GLOBAL DATA:
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GLOBAL FIT: with 2 years of JUNO data

Stephen Parke

| .
JUNO (2 yr)
10: 2,30

:|Amﬁu| [NO]

NO: 2.30 _

" |Am2,| [10]

74 75 76

Am3, [107> eV?]

7.7

v

Nu22-KITP

2/16/2022

#
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Summary: ¢

from Nul998 to now, tremendous exp. progress on Neutrino
SM: more at Nu2022. May 31-June 4, 2022

LSND Sterile Nus neither confirmed or ruled out at

acceptable CL: - ultra short baseline reactor exp.
—microBooNE

Great Theoretical progress on understand many aspects of
Quantum Neutrino Physics: - Oscillations, Decoherence,
Osc. Probabilities in Matter, Leptogenesis, .....

Still searching for convincing model of Neutrino masses and
mixings: with testable and confirmed predictions !
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