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Neutrino oscillations

Observation of neutrino oscillations:

— Strong evidence of physics beyond the SM

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

— need to introduce neutrino mass mechanism
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Neutrino oscillations

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

Ve Uel Ue2 UeB U1

Vil=\VUa Up Usl||v

U U
‘ Uy Up Up 3

T

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 but
experiments sensitive to lepton number violation are
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Neutrino oscillation parameters

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

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

Compare number of events
at near detector to
number of events at

far detector to
extract probability

NND(EObS) — JdE” : ¢ND(E1) : g(ED) : DND — Good knowledge of
fluxes, cross sections,

FD _ detector effects required
N""(Eobs) = [dE” “¢rp(k,) - \P(B) | o(E,) - Drp to extract probability
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Neutrino oscillation parameters

Global fits to oscillation data:
Information on mixing angles, mass splittings
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https://arxiv.org/pdf/2212.00809

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
m? >
A Normal mass ordering Inverted mass ordering .
i+ [ + m3
I
mi-
mi VeV v, i -+ m3

my < m, < M, my < my < m,
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http://www.nu-fit.org/

Neutrino oscillation parameters

Global fits to oscillation data:

Information on mixing angles, mass splittings |
[nufit v5.1]
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all three angles non-zero
mixing angles are large!

0,, ~ 33.6°, 0,; =% 49°,0,; = 8.5°

mixing parameter
>
.
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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

Global fits to oscillationdata: |
Information on mixing angles, mass splittings ™| :
i‘é_‘;
§.91 -
all three mixing angles are non-zero E
— possibility for CPV in lepton sector -
currently least known parameter is & which LN N

governs CPV in lepton sector nufit v5.1,NO

= Want to measure 0!

[nufit v5.1]
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Neutrino oscillation parameters

CPV in mass matrices quantified via basis invariant
Jrop = sin O, cOs? 6,5 sin 8, cos 6, sin @,; cos G5 sind  [Jartskog 85

All mixing angles play a role!

J7e = 1/(61/3) ~ 0.096

quark mixing matrix: non-zero dcgygbut CPV is small | Joxp |/ Jop = 3 - 1074 (PDG]

Is CP violated in the lepton sector? |Jpyns |/ op < 0.34

Future experiments will find the answer
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Future of oscillation physics

Goals: Measurement of CP phase, octant of 6,5, mass ordering

Long baseline (300 km, 1300 km) accelerator neutrino experiments:
Hyper-Kamiokande, DUNE

— CP phase, octant of &,,;, mass ordering
See talks by K. Wood, S. Gollapinni

+talks in parallel sessions

Medium baseline (~50 km) reactor neutrino experiment:
JUNO

— 0, Am221, mass ordering See talk by R.Mandujano

Atmospheric neutrino experiments:
lceCube, KM3NeT

— 0,5, mass ordering
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Future of oscillation physics

What will we learn?

e Neutrino mass ordering has important implications for observables

e Distinguish different flavor models with precision oscillation measurements

e New physics in oscillations
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Future of oscillation physics

What will we learn?

e Neutrino mass ordering has important implications for observables

Sum of neutrino masses,

Neutrinoless double beta decay beta decay endpoint spectrum

0.100 DlSEEeel Loy DELS 0.14 Disfavoured by cosmology
Y . 0.12-
: o 78; : 10
,,,,,,,,,, = 0.10"
= e (2 — I
ﬂ% 0.005 === = S 0.08
S g 5
©
0000 2 0.06
s.x 1074 T ! *
* : NO ! f NO
I
30 range, NuFIT v5.1
L1074 S 0.04 R R o
1.x 10 5.x10770.001 0.005 0.010 0.050 0.100 1.x 1074 5.x 1074 0.001 0.005 0.010 0.050 0.100
Miightest leV] Miightest [eV]
See talks by K. Mistry, A. Piepke + talks in parallel sessions See talk by A. Gavin
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Future of oscillation physics

e Distinguish different flavor models with precision oscillation measurements

Most predictive flavor models predict relations between mixing parameter like

HIIDZI\ANS - Hfz ~ OPMNS o5 5

13

Can be used to distinguish different mixing pattern

so E
i | v ® - .
10;" A n .",: M
5 :: -! - " — A B o discrete symmetries w/ CP
. m discrete symmetries w/o CP (NO)
0 5(1); N discrete symmetries w/o CP (10)
i _ " A modular symmetries (NO)
_ . _
0.10. X v modular symmetries (10)
"Plo —os 00 05 10
' ' ' ' ' [JG, Petcov, Spinrath, Titov 2203.06219]
COS 0
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https://arxiv.org/pdf/2203.06219.pdf
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Future of oscillation physics

e Distinguish different flavor models with precision oscillation measurements
Sum rules can be used to distinguish different mixing pattern

Future experiments can disentangle different models
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Correlations can
be probed!

[Blennow, Ghosh, Ohlsson, Titov 2004.00017]
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Future of oscillation physics

Sterile neutrinos

DUNE
=== ;_/}‘7
Light sterile neutrino(~eV mass): 1 R %
direct imprint in oscillations 1071 s s | ]

e

. : E> 10_2; ‘ * PEJQW}fL;
Medium heavy (-MeV-GeV mass): impact of CO < HEE i
NE 3 | EL’I)Q,J |
S —~ 5

<

meson decay spectrum, observable at ND L%,
10—4; \\\i\
Heavy (>GeV mass): non-unitarity of PMNS 05| / |
matrix |
10 © | L] R R Lo
10° 10 107 10 ° 10"

4U|" U,
[Berryman, de Gouvea, Kelly, Kobach 1507.03986]
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https://arxiv.org/pdf/1507.03986

Future of oscillation physics

Neutrino non-standard interactions (NSI)

DUNE
EFT framework: | 3
1 d=5 1 d=6 | NO — ToR
geff — gSM + Xég + Eég + c oo i — Best Rec.

NCNSI: Lvsi = = 2V2Gy ) € (@,Pup(fPf)
a,p.f,P
Affect neutrino oscillations as a new matter effect

- 1%
v, p

[Chatterjee, Dev, Machado 2106.04597]

7 i
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https://arxiv.org/pdf/2106.04597

SI WIMP-nucleon cross section [cm?]

New physics in scattering

Neutrino non-standard interactions (NSI)

NSI also affect neutrino scattering experiments
— resolves degeneracy present in oscillation experiments

DM direct detection experiments will be sensitive to neutrino fog
(neutrino-nucleus scattering events) soon

1 Xe — XenonlT
-= LZ

———————

See DM talks tomorrow! ==~

N - “l  Depending on type of interaction: Q\\/
i — large NSI effects .‘%\K

-
—
- an an o>

¢ O’ Hare 2109.03116]

101 100 10! 102 103 10
WIMP mass [GeV/c?]
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Neutrino mass

What is neutrino mass generation mechanism?

Dirac neutrinos

p = Y P Ng o 5 T P s —
like other SM fermions PooR caio MAee T

OTHER PARTICLES.
(e )
you're wal
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Neutrino mass

What is neutrino mass generation mechanism?

Dirac neutrinos

mp =y, U HNg
like other SM fermions

Majorana neutrinos

my = MyUvp
Neutrinos are the only SM particles
that could have such a mass term

Term not gauge invariant!

Julia Gehrlein
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Neutrino mass

What is neutrino mass generation mechanism?

Dirac neutrinos Majorana neutrinos
] — — _ C
like other SM fermions Neutrinos are the only SM particles

that could have such a mass term
Term not gauge invariant!

In any case need new particles!

— observation of neutrino oscillations predicts new particles!

Julia Gehrlein CoSSURF 2024: Neutrino theory
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Neutrino mass

What is the neutrino mass scale?
Only upper limit on neutrino mass scale so far!

Cosmological sum of neutrino masses:

[Di Valentino, Gariazzo,
Mena, 2106.15267]

< oL
2 m, S 0.1 ev [Di Valentino, Gariazzo, 10 §
Mena, 2207.05167] i

Depending on data sets combined

Future cosmological observatories will o
measure sum of neutrino masses :

L1 1l

CMB -
+BAO
+Pantheon _

This work -

Future cosmo -

103 1
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https://arxiv.org/pdf/2207.05167.pdf
https://arxiv.org/pdf/2106.15267.pdf

Neutrino mass

What is neutrino mass scale?

Neutrinos much lighter than other fermions

. L . ~13
Dirac neutrinos: Yukawa couplingy, S 1077
El; 15_ CMS Supplementary WZ 't,y"z
= [ m,=125.38GeV e
. . LL|>10_1 e p-value = 44%
Dirac neutrinos would have a much smaller <
Yukawa coupling than other fermions
b
Direct probe of i — Dv colliders not possible o OOna 0
. : S
Reason for smallness of neutrino mass? CMS 2009.04363] 5 % e : f I

particle mass (GeV)
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https://arxiv.org/pdf/2009.04363.pdf

Neutrino mass

Majorana mass term arises from higher dimension operators!

— explains smallness of neutrino mass due to suppression by high scale

Majorana neutrino mass operators occur at odd dimension

[Kobach 1604.05726 |

O x (LLHH)(H'H)"

o d—3
V V

- m, X c— | —
A (A)
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Neutrino mass

Majorana mass term arises from higher dimension operators!

— explains smallness of neutrino mass due to suppression by high scale

Dimension 5 operator Dimension 7
L°H*(H'L
P = M (LLHH)(H'H)
Only dim-5 operator that can Dimension 9
be build with SM fields alone , ,
Expect first signs of (LLHH)(H'H)(H'H)

new physics from lowest SMEFT operator L9 x C

— neutrino mass

A

Julia Gehrlein CoSSURF 2024: Neutrino theory
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Maze of possibilities

Neutrmo mass mechamsm

‘Dimension 7
|_operator

‘Dimension 5
operator |

‘Dimension 9
|_operator_ |

Julia Gehrlein
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Testing neutrino mass mechanisms

Dirac vs Majorana neutrinos

Majorana mass term violates lepton number
Dirac mass term conserves lepton number

= search for lepton number violating processes

Effect & neutrino mass!

Julia Gehrlein CoSSURF 2024: Neutrino theory
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Testing neutrino mass mechanisms

Dirac vs Majorana neutrinos

Neutrinoless double beta decay experiments aim to provide an answer

-1 2 ~0y Oy 12 See talks by K. Mistry, A.
1/2 — ‘mﬁﬁ‘ G . Piepke + talks in parallel
Nuclear matrix element: sessions

large uncertainty

_ Currently just upper limit,
no observation

Large parameter space, depending
on absolute mass scale and mass ordering

Cosmology (NO) 95%

Width of allowed bands depends on

Majorana phases
Julia Gehrlein CoSSURF 2024: Neutrino theory 29
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Testing neutrino mass mechanisms

New particles associated to mass generation

New particles are introduced in neutrino mass generation mechanisms
— search for them!

ldentify UV complete models for higher dimensional operators

Julia Gehrlein CoSSURF 2024: Neutrino theory
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Testing neutrino mass mechanisms

New particles associated to mass generation

ldentify UV complete models for higher dimensional operators

Example realizations of dim-5 operator

Type I seesaw Type II seesaw | Type 11l seesaw

Ny : SM singlet | 1 |
 “Right-handed neutrino” A SU(2)L scalar tr1plet - 2: SU(2), fermion triplet |

Julla Gehrlem CoSSURF 2024 Neutrlno theory



Summary & Conclusion

e Neutrino oscillations — Very strong evidence for physics beyond the SM

e Next generation experiments will lead to precision measurement of
oscillation parameters
e We will learn more about neutrino sector and neutrino theory in the
near future
e Many different possibilities for neutrino mass generation mechanism:

need to test their predictions and build more testable models

Julia Gehrlein CoSSURF 2024: Neutrino theory
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Thanks for your attention!
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Appendix: CP violation searches

Hyper-Kamiokande sensitivity

[HK DR ’18]

- Normal mass hierarchy HK 1tank 10years -
— Sin2291 3=0.1 m
B Sin2623=0.5 -

| | | — | | I I | I I I 11 I I

~150 -100 -50 0 50 100 150
Ocp [degree]

Assuming no new physics and known other oscillation parameters

. DUNE Sensitivity 7 years (staged)
- All Systematics 10 years (staged)
10}—Normal Ordering Median of Throws

- sin229 = 0.088 + 0.003 1o: Variations of

- 0.4 < s1i3n29 < 0.6 statistics, systematics,

- ] = ) and oscillation parameters
8 -
6
4

0

-1 -0.8 0.6 -0.4-0.2

DUNE sensitivity

[DUNE TDR ’20]

DUNE & HK combination

[Ballett et al,
1612.07275]

DUNE 1
T2HK /=
DUNE + T2HK /=

0
Ocp/T

02 04 06 08 1

Julia Gehrlein
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Appendix: Future of oscillation
physics

—-—- PDG2020 precision [JUNO ’23]
—— JUNO 6 years
10_] | | | | | | | | | | I_‘ _l | P 'T | | I | | | l_ —I | | | | | | | | | | i N | | | l| | | | , | | l_‘
________________ _ . I I I _|,_
- — - — b — - ‘ , oy
8 1 1 1 T \. _i ’
i | i . i d : \ ; |
- — - ) - — - \ ' —
~ OF 1 [ 1 [ 1 [ L t
S i i i _ : ) : \ _; |
<] - - - . - . i \ [ .
4 R Y /] B O /] B Y /2 B U Y
-\ / - L\ / - L\ / -
-\ ./ . - \_ / N o\ / _
2 N VR -\ /- — \ /-
- \, / B - \, / - - \ / -
““““ \i“‘v"ﬁ/“‘“‘ Y W A A R v 4 © R
0 I L1 I\]\L ,r‘/l Ll 11 | F Ll T"r\ L/f'/l i 1 I L 1\1\‘ 1/‘1/ | F g '
2.50 2.55 260 7.25 7.50 7.75 0.28 0.30 0.32 2.0 2.5
Am3,[1073 eV?] Am3,[107> eV?] Sin‘6;; sin?613[1072]
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Appendix: Future of oscillation
physics

JUNO
* 2 . 2 x 1 04 10° Signal IBD Events - Baseline 52.5 km - 3% Energy Resolution
Pee ~ 1 — sin 2913 S11 Aee > 3
g Osc. Parameters NO
) ) ) . 2 ) ~ o g |- Capozzi+ 1703.04471 — | O
Amee — COS 912 ‘Am;gl‘ -+ sin 912|Am32| %
o 2
) , 1.5+
in NO |An1231| > |An1232| 1
3%/VE, (MeV) energy resolution
0 2 3 4 5 6 7 89

Visible Energy [MeV]
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AppendixX: Future of oscillation

Atmospheric neutrinos encounter resonance when traveling through Earth
NO (Am31 > ()) resonance for neutrinos

10 (Am31 < 0) resonance for antineutrinos

True Normal Ordermg True Inverted Ordering

-31ov] = 5 07—
> ol Comb P ol
Combination of experiments using =2 Z Cf
different methods g © s 6
(JUNO & KM3NeT/ORCA) 5 4 5 4]
— Increase In sensitivity < 2| < 2f

Time [years] Time [years]
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Appendix: Future of oscillation
physics

positive Am3.21=> larger v, — v, appearance probability & smallerv, — v,

H H
appearance probability at the first oscillation maximum in matter
Mass Ordering Sensitivity
35: DUNE Sensitivity - 5. =2
L All Systematics r
30: Normal Ordering . 100% of 5., values

i sin’20,, = 0.088 + 0.003
- 8in?0,,: NuFIT 4.0 90% C.L.

DUNE ‘20

0 50 100 150 200 250 300 350 400 450 500
Exposure (kt-MW-years)
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Appendix: Neutrino mass

25 1 neluded ' Included:
- ‘2 ncluded. — Osc data (avg of global fits
X — Osc data (avg of global fits) _ Preferencé for NO )
v, 1.78 — Preference for NO — Cosmo constraint
vy, 1.71 — Cosmo constraint

D[ — wm v;

15 _ ..................................................................................................................................................................... ’ ................. -
N
o< )
g9 |
or
5 -— .............................................................................................................................................................
| N — o I
1077 10~ 103 102 101
m; [eV] m; [eV]

[JG, Denton 2308.09737 ]
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Appendix: Neutrino mass mechanism

Dirac vs Majorana neutrinos

Signs of lepton number breaking in the early Universe
Gravitational waves from decay of cosmic strings from breaking of
lepton number symmetry

@ | Signature depends on

T
!
!
!
|
II
lI
I

Lepton number

breaking scale

107 107 107 107 107! : ’ .
0 - - | 0 10 10" [see also Dror, Hiramatsu,

[King, Marfatia, Rahat 2306.05389 ] f 1H] Kohri, Murayama, White 2306.05389 ]
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Appendix: Mixing sum rules

Sum rules can be used to distinguish different mixing pattern

Future experiments can disentangle different models

500 «
: u o v
v ®
10} "o Y .
S5t . - ®
| - A .
N | :
0.50 4 g
0.10, O B
0.05¢ T | -
0.3 040 045 050 055 0.60 0.65

SiIl2 923

e discrete symmetries w/ CP

m discrete symmetries w/o CP (NO)
discrete symmetries w/o CP (lO)

A modular symmetries (NO)

v modular symmetries (10O)

[JG, Petcov, Spinrath, Titov 2203.06219]
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Appendix: Mixing sum rules

Sum rules can be used to distinguish different mixing pattern

Future experiments can disentangle different models

llllllllllll

50¢

llllllllll

IIIIIIIII

e |
I @
' m
o e : i Y - :
. : © !
N : A :
| u
W -
.
A
0.26 0.28 0.30 0.32 0.34
sin2912

e discrete symmetries w/ CP

m discrete symmetries w/o CP (NO)
discrete symmetries w/o CP (10)

A modular symmetries (NO)

v modular symmetries (10)

[JG, Petcov, Spinrath, Titov 2203.06219]
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Appendix: New physics

[de Gouvea, Kelly 1511.05562]

[Chatterjee, Dev, Machado 2106.04597]
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