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Why neutrino mass & oscillation?

Higgs boson ⇒ electroweak symmetry breaking & mass.

Chiral symmetry breaking ⇒ majority of mass.

The world seems not affected by the tiny neutrino mass?

Neutrino mass ⇒ Mixing

3 Neutrino ⇒ possible CP violation

CP violation ⇒ Leptogenesis

Leptogenesis ⇒ Matter-Antimatter Asymmetry

There is something left in the Universe.

Baryogenesis from quark mixing is not enough.

Majorana ν ⇔ Lepton Neumber Violation

Residual Z2 Symmetries: cos δD =
(s2s − c2s s

2
r )(c

2
a − s2a)

4casacssssr
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1104.0602
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ν Mass & Mixing [Majorana ν]

Correlated Mass Matrix:

Lν = −1
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ν Oscillation
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να νβ
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[Kayser, hep-ph/0506165]

να=
∑

i Uαiνi →
∑

i Uαie
i(Eit−~Pi·~x)νi =

∑
i UαiPiU

†
iβνβ ≡∑β Aαβνβ
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ν Mass & Mixing

Mass & Mixing ⇒ Oscillation:

να(t, L) =
∑

iβ

Uαie
−i(Eit−piL)U∗

βiνβ ≡
∑

β

Aαβνβ

Pαβ|α6=β ≡ |Aαβ|2 = sin2 2θ sin2
(
δm2 L

4E

)

Flavor v.s. Mass Eigenstates:

να =
∑

i

Uαi νi

U =




cscr sscr sre
−iδD

−ssca − cssasre
iδD +csca − sssasre

iδD sacr

+sssa − cscasre
iδD −cssa − sscasre

iδD cacr




[(s, a, r) ≡ (12, 23, 13) for (solar, atmospheric, reactor) angles]
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ν Oscillation Data

(for NH) −1σ Best Value +1σ

∆m2
s ≡ ∆m2

12 (10
−5

eV
2) 7.37 7.56 7.75

|∆m2
a ≡ ∆m2

13| (10−3
eV

2) 2.51 2.55 2.59

sin2 θs (θs ≡ θ12) 0.305 (33.5◦) 0.321 (34.5◦) 0.339 (35.6◦)

sin2 θa (θa ≡ θ23) 0.412 (39.9◦) 0.430 (41.0◦) 0.450 (42.1◦)

sin2 θr (θr ≡ θ13) 0.02080 (8.29◦) 0.02155 (8.44◦) 0.02245 (8.62◦)

δD, δMi ?, ?? ?, ?? ?, ??

Salas, Forero, Ternes, Tortola & Valle, arXiv:1708.01186
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Neutrino Oscillation = Mass + Interaction

H =
MM†

2Eν
± V .
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Forward Scattering & Effective Lagrangian

Standard Model Lagrangian

Lcc =
gαρ√
2
V+
µ ν̄αγ

µPLℓρ + h.c .

To be general, let’s keep non-universal couplings gαρ.

The effective Lagrangian for forward scattering without
momentum transfer

Leff
cc =

gαρg
∗
βσ

2

1

−m2
V

(ν̄αγ
µPLℓρ)

(
ℓ̄σγµPLνβ

)
,

where 1
p2V−m2

V

= 1
−m2

V

from the V propagator with vanishing pV.
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Fierz Transformation Matter Potentials

Using Fierz transformation, the effective Lagrangian becomes

Leff
cc =

gαρg
∗
βσ

2

1

−m2
V

(ναγµPLνβ)
(
ℓσγ

µPLℓρ
)
,

which can account for both charged & neutral current
contributions!

The matter potential is defined by not just Lagrangian, but

also external states! When expanding 〈out|S ≡ e−i
∫
Leff
cc |in〉 to

leading order

δΓαβ = −〈ναe|Lcc
eff |νβe〉 ,

for neutrino modes &

δΓαβ = −〈ν̄αe|Lcc
eff |ν̄βe〉 ,

for anti-neutrino modes.
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Second Quantization

Two-point correlation function

δΓαβ = −〈ναe|Lcc
eff |νβe〉 , δΓαβ = −〈ν̄αe|Lcc

eff |ν̄βe〉 ,

Second Quantization

να = aαuαe
−ip·x + b†αvαe

ip·x , |να〉 = a†α|0〉 , |ν̄α〉 = b†α|0〉 .

Apply to the neutrino & lepton parts separately:

δΓαβ =
gα′eg

∗
β′e

2m2
V

〈να|ν̄α′γµPLνβ′ |νβ〉〈e|ℓ̄γµPLℓ|e〉 ,

δΓαβ =
gα′eg

∗
β′e

2m2
V

〈ν̄α|ν̄α′γµPLνβ′ |ν̄β〉〈e|ℓ̄γµPLℓ|e〉 ,

The contraction of operators are

να|νβ〉 = uαδαβ , ν̄α|ν̄β〉 = v̄αδαβ , 〈να|ν̄β = ūαδαβ , 〈ν̄α|νβ = vαδαβ
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Sign Difference between Neutrino & Anti-Neutrino

Altogether

δΓαβ ∝ 〈0|aα(a†α′ ūα′ + bα′ v̄α′)γµPL(aβ′uβ′ + b
†
β′vβ′)a†β|0〉

= 〈0|aαa†α′ ūα′γµPLaβ′uβ′a
†
β|0〉 ,

δΓαβ ∝ 〈0|bα(a†α′ ūα′ + bα′ v̄α′)γµPL(aβ′uβ′ + b
†
β′vβ′)b†β |0〉

= 〈0|bαbα′ v̄α′γµPLb
†
β′vβ′b

†
β|0〉 .

0 permutation for neutrino vs 1 permutation for anti-neutrino

δΓαβ = +
gαeg

∗
βe

2m2
V

(ūαγµPLuβ) 〈e|ēγµPLe|e〉 ,

δΓαβ = −gβeg
∗
αe

2m2
V

(v̄βγµPLvα) 〈e|ēγµPLe|e〉 ,
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Matter Effect

The total matter effect is an integration over electron
momentum & spin

δΓ =
gαeg

∗
βe

2m2
V

(ūαγµPLuβ)

×
∫

d3pe
N

1

2

∑

s

ūes (pe)γµPLu
e
s (pe) ,

In the non-relativistic limit
∑

s

ūes γµγ5u
e
s ∝ (0, ~s) ,

∑

s

ūes γµu
e
s ∝ (ne ,~0) .

Since electrons are not polarized in usual material:

Vβαūαγ0PLuβ , −V ∗
βαv̄βγ0PLvα ,

where only the time-component can survive.
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Modified Equation of Motion

Kinetic Terms

ν̄β(i∂/+Mβα)να = ūβe
+ip·x(i∂/+Mβα)uαe

−ip·x(a†a)

− v̄αe
−ip·x(i∂/+Mαβ)vβe

+ip·x(b†b)

Vacuum

ūβ(p/ +Mβα)uα = 0 ,

v̄α (p/−Mαβ)vβ = 0 ,

Matter Effect

ūβ(p/+ Vβαγ0 +Mβα)uα = 0 ,

v̄α(p/−Vαβγ0 −Mαβ)vβ = 0 .
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Dispersion Relation & Effective Hamiltonian

Dispersion Relation

(E±V)2 = ~p2 +MM†

Effective Hamiltonian

H =
√

~p2 +MM†±V ≈ |~p|+ MM†

2E
±V

Since the leading term is universal, it would not affect neutrino
oscillation and hence can be omitted. The neutrino oscillation is
determined by the effective Hamiltonian

Heff =
MM†

2E
±V

Note that neutrino oscillation is described by Heff but the
anti-neutrino one by H∗

eff . Since the neutrino energy E is a constant,
it is equivalent to use 2EH for describing neutrino oscillation.
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MSW Effect

Take 2-neutrino oscillation as an example

1

2E


 cos θ sin θ
− sin θ cos θ




m2

1

m2
2




cos θ − sin θ
sin θ cos θ


+


Vcc 0

0 0




The lagrangian can be described by effective matter term

Hvac
eff =

1

2E




cos θ̃ sin θ̃

− sin θ̃ cos θ̃




m̃2

1

m̃2
2





cos θ̃ − sin θ̃

sin θ̃ cos θ̃




Resonance if Vcc∆m2 > 0

sin 2θ̃ =
sin 2θ√

sin2 2θ + (cos 2θ − 2EV/∆m2)2

∆m̃2 = ∆m2
√

sin2 2θ + (cos 2θ − 2EV/∆m2)2

Energy modulation: H → 2EH
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Adiabatic Evolution of Solar Neutrinos

Neutrino energy (MeV)
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Parametric Resonance of Atmospheric Neutrinos

sin 2θ̃ =
sin 2θ√

sin2 2θ + (cos 2θ − 2EV /∆m2)2
.
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Sizable Matter Effect of Reactor Neutrinos
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Matter Effect @ Accelerator
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Standard & Non-Standard Interactions

Effective Hamiltonian

Heff =
MM†

2E
±V =

MM†

2E
±VSI±VNSI

Standard Interactions

VSI = Vcc




1
0

0


+ VncI3×3

Non-Standard Interactions

VNSI = Vcc




1 + ǫee ǫeµ ǫeτ
ǫ∗eµ ǫµµ ǫµτ
ǫ∗eτ ǫ∗µτ ǫττ




In the same way as Standard Interactions through vector boson
mediation.
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CP Measurement @ Accelerator Exps

T2K

NOνA

DUNE/T2KII/T2HK/T2HKK/T2KO; MOMENT/ADS-CI/DAEδALUS; Super-PINGU
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The Dirac CP Phase δD @ Accelerator Exp

To leading order in α =
δM2

21

|δM2
31|

∼ 3%, the oscillation probability

relevant to measuring δD @ T2(H)K,

P νµ→νe

νµ→νe
≈4s2ac

2
r s

2
r sin

2φ31

−8casac
2
r srcsss sinφ21sinφ31 [cos δDcosφ31±sinδDsinφ31]

for ν & ν, respectively. [φij ≡
δm2

ijL

4Eν
]

νµ → νµ Exps measure sin2(2θa) precisely, but not sin
2 θa.

Run both ν & ν modes @ first peak [φ31 = π
2 ,φ21 = απ

2 ],

Pνµ→νe + Pνµ→νe = 2s2ac
2
r s

2
r ,

Pνµ→νe − Pνµ→νe = απ sin(2θs) sin(2θr ) sin(2θa) cos θr sinδD .
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The Dirac CP Phase δD @ Accelerator Exp

Accelerator experiment, such as T2(H)K, uses off-axis beam to compare
νe & νe appearance @ the oscillation maximum.

Disadvantages:

Efficiency:

Proton accelerators produce ν more efficiently than ν (σν > σν).

The ν mode needs more beam time [Tν : Tν = 2 : 1].

Undercut statistics ⇒ Difficult to reduce the uncertainty.

Degeneracy:

Only sin δD appears in Pνµ→νe & Pνµ→νe .

Cannot distinguish δD from π − δD.

CP Uncertainty
∂Pµe

∂δD
∝ cos δD ⇒ ∆(δD) ∝ 1/ cosδD.

Solution:

Measure ν mode with µ+ decay @ rest (µDAR)
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Non-Standard Interaction SFG & Alexei Smirnov [arXiv:1607.08513]

H ≡ 1

2Eν
U




0
∆m2

s

∆m2
a


U† + Vcc




1 + ǫee ǫeµ ǫeτ
ǫ∗eµ ǫµµ ǫµτ
ǫ∗eτ ǫ∗µτ ǫττ




Standard Interaction – Vcc (also Vnc)

Non-Standard Interaction – ǫαβ

Diagonal ǫαα are real

Off-diagonal ǫα6=β are complex

Both can fake CP

Z ′ in LMA-Dark model with Lµ − Lτ gauged as U(1)

MZ ′ ∼ O(10)MeV

gZ ′ ∼ 10−5
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Faked CP with NSI SFG & Alexei Smirnov [arXiv:1607.08513]
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µDAR ν̄ Oscillation Experiments

A cyclotron produces 800 MeV proton beam @ fixed target.
Produce π± which stops &

π− is absorbed,
π+ decays @ rest: π+ → µ+ + νµ.

µ+ stops & decays @ rest: µ+ → e+ + νµ + νe.

 0  10  20  30  40  50  60
Eν [MeV]

µDAR Spectrum

e+
—νµ
νe

νµ travel in all directions, oscillating as they go.
A detector measures the νe from νµ → νe oscillation.
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Accelerator + µDAR Experiments

Combining νµ → νe @ accelerator [narrow peak @ 550 MeV] &
νµ → νe @ µDAR [wide peak ∼ 45 MeV] solves the 2 problems:

Efficiency:
ν @ high intensity, µDAR is plentiful enough.
Accelerator Exps can devote all run time to the ν mode. With same
run time, the statistical uncertainty drops by

√
3.

Degeneracy: (decomposition in propagation basis [1309.3176])
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CP Sensitivity at T2K & µSK SFG & Alexei Smirnov [arXiv:1607.08513]

 0

 2

 4

 6

 8

 10

 12

 14

 16

90o 135o 180o 225o 270o 315o 360o 405o 450o

χ2 (δ
D

)

δfit
D

The effect of NSI on the CP sensitivity at T2K [ δtrue
D   = -90o ]

εee
εeµ
εeτ

εµτ
εµµ
εττ

SI
NSI

 0

 2

 4

 6

 8

 10

 12

90o 135o 180o 225o 270o 315o 360o 405o 450o

χ2 (δ
D

)

δfit
D

The effect of NSI on the CP sensitivity at µSK [ δtrue
D   = -90o ]

εee
εeµ
εeτ

εµτ
εµµ
εττ

SI
NSI

 0

 5

 10

 15

 20

 25

 30

 35

 40

 45

90o 135o 180o 225o 270o 315o 360o 405o 450o

χ2 (δ
D

)

δfit
D

The effect of NSI on the CP sensitivity at T2K+µSK [ δtrue
D   = -90o ]

εee
εeµ
εeτ

εµτ
εµµ
εττ

SI
NSI

 0

 10

 20

 30

 40

 50

 60

 70

90o 135o 180o 225o 270o 315o 360o 405o 450o

χ2 (δ
D

)

δfit
D

The effect of NSI on the CP sensitivity at νT2K+µSK [ δtrue
D   = -90o ]

εee
εeµ
εeτ

εµτ
εµµ
εττ

SI
NSI

Shao-Feng Ge (IPMU, UC Berkeley) @ TUHEP, 2019-1-3 Neutrino Matter Effect & Non-Standard Interactions



Non-Unitarity Mixing (NUM) Ge, Pasquini, Tortola & Valle [1605.01670]

N = NNPU =




α11 0 0
|α21|e iφ α22 0
α31 α32 α33


U .

P
NP
µe =α

2
11

{

α
2
22

[

c
2
a |S

′

12|
2 + s

2
a |S

′

13|
2 + 2casa(cos δDR− sin δDI)(S

′

12S
′∗

13)
]

+ |α21|
2
Pee

+ 2α22|α21|
[

ca (cφR− sφI) (S
′

11S
′∗

12) + sa (cφ+δDR− sφ+δDI) (S
′

11S
′∗

13)
]}

.

 0

 5

 10

 15

 20

 25

90o 135o 180o 225o 270o 315o 360o 405o 450o

χ2

Leptonic Dirac CP Phase δfit
CP

The effect of including non-unitarity at T2K [ δtrue
CP = -90o, NH ]

Unitary
Non-Unitary

Non-Unitary + Prior

 100

The effect of including non-unitarity at T2HK [ δtrue
CP = -90o, NH ]

Shao-Feng Ge (IPMU, UC Berkeley) @ TUHEP, 2019-1-3 Neutrino Matter Effect & Non-Standard Interactions



µNear at µDAR Ge, Pasquini, Tortola & Valle [1605.01670]
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TNT2K+µNear Ge, Pasquini, Tortola & Valle [1605.01670]
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Extra New Physics from Scalar NSI

Vector NSI

Leff
cc =

gαρg
∗
βσ

2

1

−m2
V

(ναγµPLνβ)
(
ℓσγ

µPLℓρ
)
,

which is vector-vector type vertex.

Scalar Mediator

−L =
1

2
m2

φφ
2 +

1

2
Mαβ ν̄ανβ + yαβφν̄ανβ + Yαβφf̄αfβ + h.c . ,

Due to forward scattering, the effective Lagrangian is

Ls
eff ∝ yαβYee [ν̄α(p3)νβ(p2)] [e(p1)e(p4)] ,

which is a scalar-scalar type vertex ⇒ significant
phenomenological consequences.
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EOM & Effective Hamiltonian with Scalar NSI

Two-Point Correlation Function

δΓS =
yα′β′yee

m2
φ

〈να|ν̄α′νβ′ |νβ〉〈e|ēe|e〉 ,

δΓS =
yβ′α′yee

m2
φ

〈ν̄α|ν̄α′νβ′ |ν̄β〉〈e|ēe|e〉 .

Equation of Motion

ν̄β

[
i∂µγ

µ +

(
Mβα +

neyeYαβ

m2
φ

)]
να = 0 ,

Effective Hamiltonian

H ≈ Eν +
(M +MS) (M +MS)

†

2Eν
± VSI ,
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Mass Scale & Unphysical CP Phases in Oscillation

The effective mass term is a combination

MM† → (M+MS)(M+MS)
† = MM† +MM†

S +MSM
† +MSM

†
S

The absolute neutrino mass can enter neutrino oscillation!

MM†
S +MSM

†

The unphysical CP phases can also enter neutrino oscillation!

M ≡ RνDνR
†
ν & Rν ≡ PνUνQν

The Majorana rephasing matrice Qν = {e iδM1/2, 1, e iδM3/2} can

be absorbed, QνDνQ
†
ν = Dν while the unphysical rephasing

matrix Pν ≡ {e iα, e iβ, e iγ} can not be simply rotated away now:

M → M̃ = UνDνU
†
ν , MS → M̃S = P†

νMSPν
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Parametrization & Constant Density Subtraction

Use characteristic scale ∆m2
a to parametrize scalar NSI

M̃S ≡
√

∆m2
a




ηee η∗µe η∗τe
ηµe ηµµ η∗τµ
ητe ητµ ηττ


 ,

where ∆m2
a ≡ ∆m2

31 = 2.7× 10−3 eV2.

We first need input for M̃ which is not directly measured.

However, the directly measured from terrestial experiments is always
a combination, M̃+ M̃S(ρs ≈ 3g/cm3). It is then necessary to first
substract a constant term:

M̃ → M̃ + M̃S
ρ− ρs
ρs

where M̃ = UνDνU
†
ν is reconstructed in terms of the measured

mixing matrix while M̃S is the scalar NSI @ typical constant
subtraction density ρs.
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Density Subtraction for Reactor Anti-Neutrinos

Since the reactor anti-neutrino experiments (Daya Bay & JUNO)
are the most precise ones, we do substraction according to them:
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Then no constraint on scalar NSI from reactor experiments!
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Scalar NSI @ Atmospheric Neutrino Oscillation
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Scalar NSI @ Accelerator Neutrino Oscillation
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Fitting the Borexino 2017 Data
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Solar Neutrino Flux
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Summary

Neutrino oscillation = Mass + Interaction
Mass → vacuum mixing & oscillation
Interaction → matter effect

Both are important
Yukawa coupling → Mass
Gauge coupling → Interaction

Crossing & Hybrid of the two → scalar NSI

Unique features of scalar NSI
Directly related to Yukawa coupling & mass generation of ν’s.
Appears as NSI, but contribute as mass term correction.
The effect of scalar NSI is not suppressed by neutrino energy.
Can completely disguise the original oscillation parameters.
Neutrino mass scale & unphysical CP phases can enter oscillation.
Matter density variation can help to identify scalar NSI;
Solar neutrinos are of great importance due to large matter density
variation.
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Thank You!
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