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Neutrino oscillations

Observation of neutrino oscillations:

— Strong evidence of physics beyond the SM

Discovery of neutrino flavor change
by SuperKamiokande and SNO
awarded Nobel Prize in 2015
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Neutrino oscillations

Observation of neutrino oscillations:

— Strong evidence of physics beyond the SM

— introduced more parameters to the model
(3 angles, at least one phase, 3 masses)

— want to measure them
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Neutrino oscillations

flavor eigenstates (of weak interaction) and mass eigenstates (of free particle Hamiltonian)
not aligned for neutrinos
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Upmns: relates flavor and mass states

Parametrized by four parameters (3 angles and at least one phase)
Upmns = U3(023)U15(6;3, 6)U (0 Ydiag (e, e, 1)
/

Majorana phases: only physical for Majorana neutrinos,
oscillation experiments not sensitive to them

— not going to talk about them further
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Neutrino oscillations

produce neutrino of flavor a with energy E, probability to detect neutrino

with flavor [ at distance L is

P(v, — vy) = sin?20sin(Am2L/AE), Am2 = m? — m?

In a 2-flavor approximation
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Neutrino oscillation parameters

Global fits to oscillation data:
Information on mixing angles, mass splittings

mass splittings: | Am322\ =2.5-107° eV?, Am%1 =7.4-107 eV?
[nufit v5.1]

mass ordering unknown
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A Normal mass ordering Inverted mass ordering .
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Neutrino oscillation parameters

Global fits to oscillation data:
Information on mixing angles, mass splittings [nufit v5.1]

ttttttttttttttttttttttt
lllll

Measurement of angles from several experiments Oa3r *
all three angles non-zero
mixing angles are large!

mixing parameter
>
.

lllllllllllllllllllllllllllll
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Neutrino oscillation parameters

Global fits to oscillation data:
Information on mixing angles, mass splittings

[nufit v5.1]

all three angles non-zero
mixing angles are large! O

surprising if compared to small quark mixing

|Uell |U62| |Ue3|

Ud.
|U,u1|*

|Uud| |Uus| |Uub|

|Uud|’

mixing parameter
>
(S

|Ucd| B
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Neutrino oscillation parameters

VVVVVVVVVVVVVVVVVVVVVVVVV

Global fits to oscillation data: *
Information on mixing angles, mass splittings
%
§_01 *
all three mixing angles are non-zero :
— possibility for CPV in lepton sector -
currently least known parameter is 0 which JLAL .dio. oo

governs CPV in lepton sector nufit v5.1,NO

= Want to measure 0!

[nufit v5.1]
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Neutrino oscillation parameters

Global fits to oscillation data:
Information on mixing angles, mass splittings nufit v5.1,NO

all three mixing angles are non-zero
— possibility for CPV in lepton sector

currently least known parameter is 0 which 0 50 100 150 200 250 300 350
governs CPV in lepton sector o | [degree]  1ufit v5.1]
7 ", o v 2
10 A . Y :
= Want to measure 5' N 5%m = . " . o o T o discrete symmetries w/ CP
<>]< 1 - 1 m discrete symmetries w/o CP (NO)
Is CP violated in the lepton sector? 0 5(1) . discrete symmetries w/o CP (IO}
' . e A modular symmetries (NO)
. e . . - modular symmetries (10)
Distinguish different flavor models 0.0 L T T ST
1100 —05 0.0 0.5 1.0 [JG, Petcov,

Spinrath, Titov, 2203.06219]
COS 0
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Neutrino oscillation parameters

Current status of CPV search

[Himmel ’20]
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. T2K, Nature 580: = BF — <90% CL --- <68% CL

. 2
Sin 923

0.3 NOVA: + BF | | <90% CL [ <68% CL
) — | | | | I | | | 1 I | | | | | | | | |
0) T T 31 2T

Ocp 2
NOVA, T2K experiments prefer NO
no strong preference for NOvVA, generally around 0 ~

T2K prefers 0 ~ 37x/2
= slight disagreement!

Neutrino 2022 update:
similar results of T2K and NOVA using
different statistical framework

Julia Gehrlein
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Neutrino oscillation parameters

Current status of CPV search

—————————— _ [Himmel ’20]
0.7~ Normal Hierarchy -
0.6 = - Introduction of new neutrino interactions can
@a fully resolve the tension
~_ 0.5 Complex neutrino non-standard interactions with
o s . le| ~ 0.2, ¢ ~3r/2, 6 ~ 3n/2, NO required
0'45 T2K, Nature 580: m BF — <90% CL --- <68% CL [Denton, JG, Pestes, 2008.01110,
0_3:_ - IN(I)V#}: + I.BF. D| Sl90°lA> (?L | .I 3168% CL | _: See also Chatterjee, Palazzo, 2008.04161]
0] g 875 3_27t 2T
CP

NOVA, T2K experiments prefer NO
no strong preference for NOvVA, generally around 0 ~

~ Neutrino 2022 update:
TZK. prefgrs 0 R 3ml2 similar results of T2K and NOVA using
= Sllght dlsagreement! different statistical framework
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Measurement of neutrino CPV

Upcoming experiments HK and DUNE will measure 0!

Hyper-Kamiokande sensitivity

[HK DR ’18]

- Normal mass hierarchy HK 1tank 10years -
— Sin22913=0.1 -
B Sin2623=0.5
| 1 | | | | 1 | 1 | | | | 1 | | | 1 | | | I 1 | | | I | | 1 | I | |
-150 -100 -50 0 50 100 150
Ocp [degree]

DUNE sensitivity

[DUNE TDR ’20]

. DUNE Sensitivity 7 years (staged)
- All Systematics 10 years (staged)
10}—Normal Ordering Median of Throws
- sin22613 = 0.088 + 0.003 1o: Variations of
- 0.4 < sin26 < 0.6 statistics, systematics,
- ] = ) and oscillation parameters
8 -
6 —
4
2 —
/

0 ] ] | liaal | ] | |
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Ocp/T

DUNE FD at SURF!

DUNE & HK combination

for precision on 0
[Ballett et al,

1612.07275]
25
40° < 6,, < 50 pa
DUNE + T2HK /1
20 |

A

|

P L L1 L1 T

| | |
—1 —0.5 0 0.5 1
True 6 /7

Future experiments can

also test new physics solution
NOvVA-T2K tension!
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Measurement of neutrino CPV

Upcoming experiments HK and DUNE will measure 0!
Sensitivity to CPV >70

Experiments rely on inputs:

o Neutrino cross sections
o Initial neutrino flux
o Priors on oscillation parameters (CPV=3-flavor-effect!)
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Measurement of neutrino CPV

Upcoming experiments HK and DUNE will measure 0!
Sensitivity to CPV >70

In vacuum near first oscillation maximum

_ _ . (Am3 L\ . [(Ami,L\ . [(Am3L
P(v, - v,) — P(v, = V) = —16J sin ( Vs ) sin ( TR R G5

2
Ami,

~ —38mJ ) .
Am{%Z | J = $12€12513C13523C23 sin 0

[Jarlskog "85]

Degeneracy between sin 0 and oscillation parameters

However matter effects, neutrino vs antineutrino measurements,
information around second oscillation maximum complicates simple analytical understanding
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Measurement of neutrino CPV

Upcoming experiments HK and DUNE will measure 0!
Sensitivity to CPV >70

Experiments rely on inputs:

o Neutrino cross sections
Initial neutrino flux }=> Near Detector
. gy (DUNE-PRISM) [JG, Kopp, ongoing]
o Priors on oscillation parameters (CPV=3-flavor-effect)

= rely on results from
other experiments/global fits
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Measurement of neutrino CPV

Global fit knowledge of oscillation parameters
[Denton, JG 2302.08513}

2007.14792 (Esteban+)
2006.11237 (de Salas+)
2107.00532 (Capozzi+)

General agreement

Slight disagreement on sin? 0,5, Am321

2 e e — Previous disagreement between Am221
12 ° f
‘ from KamLand and SK shrunk to < 2o
A2 —‘:._ Neutrino’22
31 o
: {4 »., 2
b — Solar parameters”: 0,, Amy,

| o First measured with solar neutrinos
Rescaled Now also measured with reactor neutrinos
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https://arxiv.org/pdf/2302.08513.pdf

Measurement of neutrino CPV

Upcoming experiments HK and DUNE will measure 0!
Sensitivity to CPV >70

Experiments rely on inputs:

® Cross sections
}=> Near Detector

. Initial neutrino flux (DUNE-PRISM)

e Priors on oscillation parameters (3-flavor-effect) = rely on results from
other experiments/global fits

How large is the impact of other
oscillation parameters on the sensitivity/precision of 0?

Here Comes the Sun:
Solar Parameters in Long-Baseline Accelerator [Denton, JG 2302.08513}

Neutrino Oscillations

Julia Gehrlein Peter B. Denton! and Julia Gehrlein?! | N o 18
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Measurement of neutrino CPV

How large is the impact of other
oscillation parameters on the sensitivity/precision of 0?

Degeneracy between sin o and oscillation parameters

However matter effects, neutrino vs antineutrino measurements,
information around second oscillation maximum complicates analytical understanding

= Numerically analyse impact of oscillation prior on LBL data using GLoBES software

Results for [Huber, Lindner, Winter, 0407333}
o Future experiments: DUNE, HK
o Current experiments: T2K, NOvVA
o Using v, %
o U, appearance+ v, disappearance
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https://arxiv.org/abs/hep-ph/0407333

Measurement of neutrino CPV

Impact of oscillation parameter priors

T 1 T T 1 T T 1 T T 1 1T 1T ] T T ] T T 1T T T 1T T T | 2 I T | T 1 [DentOn,JG2302.08513}
7" DUNE-LBL

o
41
o) n
3 :
i with all priors no prior on Amj,
20 no prior on fy3 - no prior on Amj,
’’’’ no prior on 63 no priors on Amj3

no prior on 6,

no priors

T N R N (T U T N T N MO M N MU AT TN N MR T NN U N N U M N M N N

-180 =150 -120 -90 -60 30 0 30 60 90 120 150 180
0 [deg]

Drastic reduction of sensitivity without using priors on both solar parameters!

Without any priors: sensitivity < 3¢ for DUNE
In general qualitative similar results for HK (focus on DUNE in following)
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Measurement of neutrino CPV

Impact of oscillation parameter priors

T [ T T ]
7 DUNE-LBL

011I11[11[1111111|

T 1 T T 1 T T [ T T 1 & T 7 T T T T T ]
no priors

only prior on 63

_____ only prior on 6,3

only prior on 6,

only prior on Am3; 4

'\ .........

‘oo only prior on Am3; @
only priors on Am3,, 6, 3

all priors

T T 1 T 1

A N NN N N N NN SR NN NN NN NN SN N N B

-180

-150

-120 -90 -60 30 0 30 60 90 120
0 [deg]

150

180

= Priors on solar parameters important to reach expected sensitivity

[Denton, JG 2302.08513}

Julia Gehrlein
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Measurement of neutrino CPV

6(6) [deg]

Impact of oscillation parameter priors

O0r—T—T T T T 1T T T 1T T T 1T T T 1 T
- DUNE-LBL

T T [ T T [ T 1 T 1

—— no solar priors JUNO

SK+SNO

40

o e e e e b e e e e

[ 447 L . T T, |
— allpriors = ----- solar priors from

—— nopriors - ---- solar priors from-
60 - DUNE-solar -

solar priors from

+KamLAND |

0
-180 -150 -120 -90 -60 30 0 30 60 90 120 150
o [deg]

180

[Denton, JG 2302.08513}

= Drastic reduction of precision on 0 without priors on both solar parameters!

Julia Gehrlein
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Measurement of neutrino CPV

Impact of oscillation parameter priors 'Denton, JG 2302.08513]
DUNE-LBL CPV sensitivity at dyye=—90°

10

—— SK+SNO preferred
— KamLAND preferred

Sensitivity to discover 0 = — 90° varying best fit values
of solar parameters
while keeping their uncertainty fixed

1o

AmZ, [107eV?]
o

Depending on best fit values from KamLand to solar
reduces sensitivity by > 1o

0
0.20 0.25 0.30 0.35 0.40 0.45 0.50

sin29 12
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Measurement of neutrino CPV

T T [ T T [ T T [ T T T T T [ T T [ T T [ T T [ T T [ PR T T [ T 1 [DentOn,JG2302.08513}
. DUNE-LBL ) ]

AN N N NN NN N (NN NN NN NN N NN N N N

-180 =150 -120 -90 -60 30 0 30 60 90 120 150 180
0 [deg]

Without solar priors the sensitivity does not reduce to zero
— DUNE-LBL is sensitive to solar parameters

AT T N N R (N N U NN TR M A M A N
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DUNE-LBL sensitivity to solar

40—

Am3, [107°eV?]
-

20

parameters

[Denton, JG 2302.08513}

Some sensitivity to solar parameters at future LBL
experiments

Not competitive with JUNO or DUNE-solar
(Comparable sensitivity to solar mass splitting as
solar experiments)

However allows LBL experiments to cross check

20 — KamLAND three flavor paradigm!
— SK+SNO
— DUNE-LBL Sensitivity — JUNO Sensitivity
— HK-LBL sensitivity — DUNE-solar sensitivity
_48 L L L R R R
.0 0.1 0.2 0.3 0.4 0.5
sin’(62)
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DUNE-LBL sensitivity to solar

parame

ters

[Denton, JG 2302.08513}

3.0 3.0~ T —

250 : 25t ; _
2.0; - 2.0;_ i :J{'" ’
1.55- — 5 15 :
LOE — SK+SNO 1.0} S :
05 | — KamLAND: 0.5
TR R B 0 s

Am3, [107°eV?]

Some sensitivity to solar parameters at future LBL experiments
Can rule out vanishing solar parameters at /o sigma

Determine sign(Amzzl) at ~ lo
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Impact of solar parameters
On other quantities

. . o
Future experiments will also measure Amy,, 0,3, 0y3

[Denton, JG 2302.08513}

3.0 I T i ' ' 5t ,
I ——— with priors I
258 N N nid o e without 4l . _ _
SHIRE solar priors : :
200~ e without Am%l‘: : i
_ S B 1 3t :
i prior - I -
S \ 1 :
:— DayaBay mea\s.\ i 2 i 7 '\ —— with priors ) i )
1.0+ ' N I [ ; _
— DUNE-LBL sensl\.\ 1 _ . PRGN N S D without ——— with priors
. - i ] -— DayaB cas: i i
0.5F-- HK LBL Senst ] 1 i ayaBay meas . solar priors 1 1t— NOvAmeas. \ - / '\ |\ [ ----- without
: , - DUNE=LBLsenst. | V... without Am3,; 1 . DUNE-LBL sensi. solar priors
090 | | 2I2 l | 214 - et 216 l | 2i8 | | 30 0 [ IHKI_LBIL Se,nSL 1 . . plI'iOI' " O :—1 HIF—I_:BLl SeI}Si. 1 . C ‘lVit]:TOUtlgl?’ lpn(l)r
2 -3 /2 0.00 0.05 0.15 0.3 0.4 0.5 0.6 0.7
Am3;[107 eV~]
sin2923
Solar parameters also play an important role there
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Conclusions

. Next generation LBL experiments will measure 0

o First study of solar parameters at LBL experiments

e [0 achieve envisioned sensitivity and precision: Priors on solar parameters required!

e Some sensitivity to solar parameters at LBL — important cross check of 3- flavor-
paradigm

o Solar parameters are important for measurement of remaining parameters

(Am321, sin? 0,5)

o Current LBL experiments: similar results but sensitivity worse even with priors

Julia Gehrlein CETUP* 2023: Solar parameters at LBL
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Thanks for your attention!

Julia Gehrlein
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Backup: analysis details

[Denton, JG 2302.08513}

Extreme values of probability assuming 0 = — 90° varying «912 or Am221
06— T T T
0.2|DUNE  _ minmaxe, — 6=0° - DUNE — min/max Amj, = 0= = o<1,
12 ; for 6=270° __ — §=90°— 6=270""
0.10| for 6=270° __ s5=90° :
| [ — 6=180"

P(v,—v,)

Julia Gehrlein
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Backup: analysis details

Experiments studied

[Denton, JG 2302.08513}

Current best fit values

Experiment Technology Fiducial Volume | Total POT (v+7v) | v:v
NOvA Scintillator 25 kT 7.2 x 1021 1:1
T2K Water Cherenkov 22.5 kT 10 x 10%! 1:1
DUNE-LBL LArTPC 40 kT 14 x 10%! 1:1
HK-LBL | Water Cherenkov 190 kT 27 x 1021 1:3
Uncertainties
dx/x

Generation | Data Am3, | sin® 6,

SK+SNO 15% 4.6%

KamLAND 2.5% 9.5%

Current SK+4+SNO+KamLAND | 2.4% | 4.3%

2.8% 4.3%

Global fit 2.9% | 5.0%

2.2% 4.3%

Future DUNE-solar 5.9% | 3.0%

JUNO 0.3% 0.5%

Data Am3, [107° eV?] | sin? 019

SK+SNO 6.10 0.305
KamLAND +7.54 0.316
SK+SNO+KamLAND 7.49 0.305
7.42 0.304

Global fit 7.5 0.318

7.36 0.303

sin? 2013 = 0.0853 (+2.8%) from [77],

Am3, = 2.454 x 107> eV? (
sin’ 03 = 0.57 (£7.0%) from |

-2.3%) from [77]

]

Julia Gehrlein
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Backup: HK

7 R e
:HK_LBL with all priors
6 ‘ no prior on 6,3
- &/ N Q ----- no prior on 6,3
5

no prior on 63

A A NN AN AN NN SN AN NN NN NN N N NN

no prior on Am3,

no prior on Am?,

no priors on Am3,, 67

no priors

—

0 |
-180 -150 -120 -90 -60 30 0 30
0 [deg]

90 120 150

180

[Denton, JG 2302.08513}
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Backup: Other p

arameters

[Denton, JG 2302.08513}

5 T 3 .0 i I I I T
[ 2.5¢ -
4r i :
2.0 _
i : ——— with priors
3 -
: ST e S N A A A A without -
: - DayaBay meas. _ solar priors
2 i . 10 _ — NOVA sensi. _5: -------- without Am?3 1_2
——— with priors 0.5‘_ TIK sensi. :_. prior -
1  — NOvAmeas. \: -/ '\ \I\f/ [/ ----- without == 3 RRUPPEEL
| NOVA sensi. solar priors ool LT ,;"4‘{ W T | '
 TKsensi N\ without 6,3 8.0 2.2 gl 2.6 2.8 3.0
ob——————— ' ' — I . 2 110-3 a\/2
0.3 0.4 0.5 0.6 07 with prior Am3, [107 eV?]
sin2923 N N without
4 ] solar priors il
I N P without Am?,
3 B prior
5 |
20
1 _ DayaBay. measi-~ )
— NOVA sensitivity
0 T2K sensitivity | | . 1 | | |
0.00 0.05 0.10 0.15
sin 2291 3
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[Denton, JG 2302.08513}

HK-LBL CPV sensitivity at dyye=—90°

ackup: Results

DUNE-LBL CPV sensitivity at §,e=90° . HK-LBL CPV sensitivity at §ue=90"
10

10

— SK+SNO pfeférréd |

KamL AND oreferred T SK+SNO preferred | ES m'—'skésﬂrd preferred |
— Ieicrre :
Y — KamLAND preferred L < / \ —— Kam[LAND preferred)
* —
3 %*
5 > 5t )
30 i
o m% e 5) »
il |2 o S o |
: :
—5k |
_ * = .
0.20 0.25 0.30 0.35 0.40 0.45 0.5 0.20 0.25 0.30 0.35 0.40 0.45 0. 020 0.25 0.30 0.35 0.40 0.45 05
) . 2
sin“6;, sin“f;,

sin2012
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Backup: Results S

L L

ll|ll[ll"l"—_ _NOVA

. TN, ," ! 0.5 — NOfixed W\ QW  f ----- NO free i
\ ¢ \ 't i . . . .
P ! ' Wt . . — with all priors —— with all priors -
’ - \ S \ 7 \
\:\\\ ’ s’ ’ -~ - " ! 7 - . . -
WL .. e . —— 1o solar priors —— 1o solar priors
W *e l’,' - i : : 1 1 |
PP JPTTOR P | —— without priors — without priors ]
' , ’ s .« _-- 4 -
Ve n L’ \ 0.0 £ I I T T Y T T A [ N T T T T IS T Y O (N |

[ I T T T T N N AN T O S Lo b b by g N 2180 =150 =120 =90

I 30 60 90 120 150 180
-180 -150 -120 -90 -60 30 0 30 60 90 120 15

2.0
1.5F
1.0

0.5F

’ N -
[ I NN N (N NN N NN NN N NN NN N N I I AN N (R NN N (NN NN NN (N N N N N A

-180 -150 -120 -90 -60 30 0 30 60 90 120 150 180
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Backup: Current status of CPV in lepton
SeCtO r [Denton, JG, Pestes, 2008.01110,

See also Chatterjee, Palazzo, 2008.04161]
Complex NSI with|e| =~ 0.2, ¢ ~ 3x/2, 6 =~ 3x/2, NO can fully resolve the tension

It NO 2T ' . ' ' ' ' " NO
3m/2 1 3m/2 | -
= =
S $ wy
7/2 f e /2 | L
2 0
0.0 0.1 0.2 0.3 04 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6
’€eu‘ ‘667‘

orange preferred over SM at integer values of A)(z, dark gray disfavored at A)(2 =461

Allowed region evades constraints from atmospheric neutrinos at lceCube and neutrino scattering
experiments
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