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Standard Model (SM) & Neutrinos

Standard Model of Elementary Particles
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SM explains elementary partlcles and their interactions (except grawty)

In the vanilla SM ( mid-1970s), m ’s are zero ¥

SK discovery of atmospheric neutrino oscillations (1998) confirmed

non-zero neutrino masses 1

Solar neutrinos were observed by SNO (2001) to change flavor from
cto and ,directly measuring neutrino flavor change

Unlike in SM, neutrinos have mass (albeit very small) and can oscillate
between different flavors. So, we need Beyond(B)SM physics.
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Discovery of Neutrino Oscillations: SK and SNO

Super-Kamiokande Sudbury Neutrino Observatory

Atmospheric neutrinos (from Solar neutrinos (from the Sun).
cosmic rays). Detection Methods:
Observation: Deficit of muon Charged Current (CC):

neutrinos () coming from the

e Only ..
opposite side of Earth. Neutral Current (NC): All
Conclusion: flavors (¢, , ).
Muon neutrinos oscillate Elastic Scatterlng (ES):
. . Mostly .
into tau neutrinos ().
Results:

First strong evidence for
neutrino oscillations. Deficit in CC ( ).
NC matched the total
expected neutrino flux.
. oscillateinto  and

Both observed the number of detected were less than theoretical predictions, confirmed neutrino oscillations. Takaaki
Kajita (SK) and Arthur B. McDonald (SNO) were awarded the Nobel Prize (2015) for the discovery of neutrino oscillations.
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Neutrinos and Neutrino Oscillations

Neutrino Oscillations: 3-flavor (ve,v ,v )

credit Zoya Vallari, Neutrino Seminar, Fermilab
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neutrino oscillations. ¢cp =

Weknow m3, m m2 10 SeVZandj mdj

So, this causes a mass ordering problem for
Dr. Nilay BOSTAN

:2], and phase cp 2 [0, 2 ] with cp & 0;

m%j 10 3eV2. We do not know the sign of m%l.

m3
’s: Normal Ordering (NO): m; < m, << mg. Inverted Ordering (I0): m3 < m; < mj.
Accelerator-Based Neutrino Oscillations

refers CP violation in
=2;3 =2: CP violation maximal.
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Probability for Neutrino Oscillations

Probability for neutrino oscillations between neutrino flavors:
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Neutrino oscillation is the result of phase differences caused by different

masses.

eigenstates requires time evolution, som & 0.

's must experience time to change flavors, as mixing of mass

Typical L and E values for different neutrino sources, and the
corresponding j m?j ranges most sensitive to vacuum oscillations:

Source L[m] | E[MeV] | |Am?| [eV?] ]
Solar 1010 1 10710
Atmospheric 10*-107 | 10*>-10° | 10~'-10~*
Reactor SBL 102-10° 1 10~2-10—3
Reactor LBL 10*-10° 1 10~4-10—3
Accelerator SBL 10? 10°-10* > 0.1
Accelerator LBL | 10°-10° | 10°-10* | 102-1073

NOVA: L=810 km

sin220,3 P

>~ ~— Oscillated A

Z. Vallari

—Oscilated B ]

|Am3, |

% 3
Neutrino energy (GeV)

SBL: Short Baseline, LBL: Long Baseline. The values in the table are adapted from ¥ doi:10.1146/annurev-nucl-102020-101615.
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Neutrinos and Neutrino Oscillations

doi:10.1146/annurev-nucl-102020-101615

a 7] " Normal ordering Global analyses of neutrino oscillation data, PMNS best-fit values:
NuFIT-6.0, 2024:
+ ' Parameter \ Best-fit value (NO), 1 & Best-fit value (10), 16
5-:‘ 4 sin?6), 0.308 (6, ~ 33.68°) 0.308 (6, ~ 33.68")
” sin® 63 0.470 (6,3 ~ 43.3°) 0.550 (8,3 ~ 47.9°)
e alf — oma | - sin?6)5 0.02215 (65 ~ 8.56°) 0.02231 (6,5 ~ 8.597)
Noww +8r []ssowct [ seawce Ocp 212 274"
o3
b Am} 7.49 X 10-5eV? 7.49 x 10-%eV?
o7} Inverted ordering Am3 +2.513 x 107%V? -2.484 x 107%V?
" Ama, Amal > 0 for NO Am3, Amx2 <0 for IO
N ® The three mixing angles remain large compared to the quark sector,
g osf indicating significant flavor mixing in the lepton sector.
- « The precise value of 8,3 is still uncertain, analysis with data from multiple experiments showing a
. slight preference for the second octant (>45°), but no definitive conclusion. As more data comes in,
TR — <90%CL the uncertainty will decrease.
0 NOvA: sowct [ sesvc ® The global fit slightly favors normal ordering, but the preference is not yet definitive.
b L - 3 « For NO and 10, 6.p best-fit values indicate potential CP violation.

2 2

List of Key Opén Questions in Neutrino Physics:

Question Summary

Mass Ordering

CP Violation

Mass Scale

Neutrinos are Majorana or

Dirac?, Sterile Neutrinos?
23 Octant

2 .
ms; > 0;

neutrino mass hierarchy normal (m; < m; < ms) or

inverted (m3 < m; < m;y)?

Is there CP violation in the leptonic sector ( cp)?

What is the absolute mass of neutrinos?

Are neutrinos their own antiparticles? M: = , D:
6 ?, Do (additional) sterile neutrinos (RH) eX|st’7
23 <or>45 ?giveinsight form hierarchy and cp.

2 29
ms,?7
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Accelerator-based neutrino oscillation experiments

.
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Accelerator-based neutrino experiments allow exploration of the

following regions: m2 2 10 3eV3 E 1 GeV and long distances L.

E - 10°km/GeV ) m? & 10 SeV?:
Probability of two oscillation case fort L;p E (ultra-relativistic ’s):
. . 1:27 m?L
P « =sin?(2 )sin? Tm : & ;

for appearance experiments. ‘1.27" assumes that L is in km, E is in GeV,

and m2 is in units of eV2=c4. For disappearance experiments, P =1 P u
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Probability for 3-flavor Neutrino Oscillations

In the full neutrino oscillation model, all three flavors and their relation to mass eigenstates must be considered.
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Oscillation Probability 6 parameters

Am3 L freq
Pu,,a'/,@ = IZ U/jjU"j exp (_1'27iTJI) |2 0

3 , 0,3, 613, governs oscillation magnitude

d-p, governs v — U di
For 3-Flavour Oscillations, PMNS Mixing Matrix Ocp: governs v — v differences

€13

Adam Lister, NuPhys2023 @ Kings Gollege London, 19th December 2023
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Accelerator-based neutrino experiments

Long-baseline neutrino oscillation experiments

Comparisons of key features of T2K and NOVA (current),
Hyper-Kamiokande and DUNE (future) neutrino experiments:

Experiment Years | E [GeV] | Baseline [km] Detector Mass
T2K (Japan) 2009 - 0.6 295 50 kt (Super-K)
NOvVA (USA) 2014 - 2 810 14 kt
Hyper-K (Japan) | 2027 — 0.6 295 187 kt (fiducial)
DUNE (USA) 2030 — 25 1285 40 kt (4 modules)

? The beam energy is chosen to align with the experiment’s baseline, placing
the Far Detector at or near the first maximum of the oscillation probability.

Detector Type

Primary Physics Goals

T2K: Water Cherenkov
NOvVA: Liquid scintillator
Hyper-K: Water Cherenkov
DUNE: Liquid Argon TPC

CP violation, oscillation parameters
Mass ordering, CP violation, 1, appear.
CP violation, proton decay, supernova
cp, Mass ordering, supernova , p decay
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