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Standard Model
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Neutrinos in the Standard Model
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▶ unlike all other fermions, neutrinos in
the Standard Model are only left-handed

y ψ̄LHψR
▶ neutrinos in the Standard Model

are massless



First Hint for the Neutrino Existence
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▶ in β decays, electron was observed to have a continuous rather than a
discrete spectrum =⇒ something else was emitted!?

▶ such a new particle would
need to be electrically
neutral and interact very
weakly =⇒ called
neutrino (“the little
neutral one” in Italian)



Neutrino Discovery
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▶ electron (anti)neutrinos first detected using a nuclear reactor in 1956

(1) ν̄e p =⇒ n e+

(2) e+ e− =⇒ γ γ
(3) n 108Cd =⇒ 109Cd γ (5µs delayed)



Muon and Tau Neutrinos
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▶ muon neutrino (νµ) discovered at BNL in 1962 via νµn → pµ−

▶ tau neutrino (ντ ) discovered by DONUT
collaboration at Fermilab in 2000

(1) ντ n =⇒ p τ−

(2) τ− decay to e− or µ− or hadrons + νs



Number of Neutrino Species
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The Solar and Atmospheric Neutrino Problem
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▶ Sun produces electron neutrinos: 4p 2e− → 4He 2νe Q

▶ Observed number of solar νe events at the Homestake experiment
was ∼ 3 times smaller than expected

▶ atmospheric neutrinos are produced from collisions of cosmic rays
with nuclei in the Earth’s atmosphere

▶ Observed number of atmospheric νµ events smaller than expected



Solution: Neutrinos Change Flavor as They Travel
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cos θ



Neutrino Oscillations
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0 cos θ23 sin θ23
0 − sin θ23 cos θ23

 cos θ13 0 sinθ13e
−iδ

0 1 0
− sin θ13e

iδ 0 cos θ13
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να = Uαi νi
α = e, µ, τ
i = 1, 2, 3

▶ produce flavor α at the source |να⟩ =
∑

j U
∗
αj |νj⟩

▶ en route to the detector |να(T , L)⟩ =
∑

j U
∗
αj Exp[−iEjT + ipjL] |νj⟩

▶ detector measures state ⟨νβ| =
∑

k Uβk⟨νk |
▶ A = ⟨νβ|να(T , L)⟩ =

∑
j ,k U

∗
αjUβkExp[−iEjT + ipjL]

δjk︷ ︸︸ ︷
⟨νk |νj⟩

Pαβ = |A|2 = ∑
j ,k U

∗
αjUβjUαkU

∗
βk Exp[

−i(m2
j −m2

k )L

2E
]

2 flavor case: Pαβ = sin2 2θ sin2(∆m2L
4E )



Neutrino Oscillations
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credit: Symmetry Magazine

Pαβ = sin2 2θ sin2(∆m2L
4E )



Neutrinos Have Mass
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Beyond The Standard Model
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(Some of the) Open Questions
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▶ What is the origin of neutrino mass?

▶ CP violation in neutrino sector?

▶ Ordering of neutrino masses?

▶ Is the neutrino its own antiparticle?

▶ Absolute neutrino mass scale?

▶ New Physics?

DUNE

Short-Baseline Neutrino Program

JUNO

KATRIN

MAJORANA



CP violation and neutrino mass ordering?
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P(να → νβ)−P(ν̄α → ν̄β) =
∑

j ̸=k 2i

J∼sinδ︷ ︸︸ ︷
Im(U∗

αjUβjUαkU
∗
βk) e−i

(m2
j −m2

k )L

2E

U(θ12, θ23, θ13, δ)

θ12 ∈ [31◦, 35◦]
θ23 ∈ [40◦, 52◦]
θ13 ∈ [8.2◦, 9◦]
δ ∈ [0, 2π]



Is the Neutrino its own Antiparticle?
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Majorana Dirac

y ψ̄LϕψR ⇒ mν = y⟨ϕ⟩ ⇒ y ∼ 10−12

Neutrinoless double beta decay



Neutrino Mass Scale?
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mβ =
√∑

i |Uei |2m2
i < 0.8 eV (Nature 2022)



Anomalies: LSND and MiniBooNE
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▶ LSND: ν̄e in ν̄µ beam from stopped
pion source (> 3σ) at L/E ∼ 1kmGeV−1

▶ MiniBooNE: reports electron-like event
excess (4.8σ)

▶ in combination with LSND 6.1σ



eV-scale νs for LSND and MiniBooNE Anomalies?
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▶ Oscillation maxima for standard oscillations expected at
▶ L/E ∼ 500 km/GeV (from ∆m2

31 ∼ 2.4× 10−3eV2)
▶ L/E ∼ 15000 km/GeV (from ∆m2

21 ∼ 7.5× 10−5eV2)

▶ the minimal solution for LSND and MiniBooNE requires an additional
mass squared difference ∆m2

41 ∼ 1 eV2

U4flavor =


Ue1 Ue2 Ue3 Ue4

Uµ1 Uµ2 Uµ3 Uµ4

Uτ1 Uτ2 Uτ3 Uτ4

Us1 Us2 Us3 Us4


sin2 2θµe = 4|Ue4|2|Uµ4|2

Pµe = 4|Uµ4Ue4|2 × sin2
(
(m2

4−m2
1)L

4E

)
Pµµ = 1− 4|Uµ4|2(1− |Uµ4|2)

× sin2
(
(m2

4−m2
1)L

4E

)



3+1 Model with eV-scale Sterile Neutrino
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Kopp et al., arXiv:1803.10661
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Non-oscillatory Explanations of MiniBooNE Anomaly
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slide from MicroBooNE presentations



Short-Baseline Neutrino Program
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Testing New Physics Beyond Anomalies
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Neutrino Physics at CERN: Proto-DUNE
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Neutrino Physics at CERN: FASERν and SND@LHC
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▶ the beginning of the field of collider neutrino physics

arXiv:2303.14185



Neutrino Physics and South Korea: RENO
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▶ sin2 2θ13 = 0.0896± 0.0048(stat)± 0.0047(syst)



Neutrino Physics and South Korea: DAMSA
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Jaehoon Yu



Summary. Quo Vadis, Neutrino?
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▶ The golden age of neutrino experiments is beginning

▶ Goal for the oscillation physics: CP phase, mass ordering, θ23 octant

▶ Plenty of opportunities for new physics discovery at existing and near
future experiments

▶ Ongoing program for neutrino mass measurements

▶ Holy Grail for Neutrino Theory: The Origin of Neutrino Mass

▶ There’s more!



Neutrino Astronomy: IceCube
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Cosmic Neutrino Background
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Giachero (2020) Tan, Cheianov, 2202.07406


