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ν in the SM
The SM is a gauge theory based on the symmetry group

SU(3)C × SU(2)L × U(1)Y ⇒ SU(3)C × U(1)EM
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The New Minimal Standard Model
• Minimal Extensions to give Mass to the Neutrino:

∗ IntroduceνR AND imposeL conservation⇒ Diracν 6= νc:

L = LSM − MννLνR + h.c.

∗ NOT imposeL conservation⇒ Majoranaν = νc

L = LSM − 1
2MννLνC

L + h.c.
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The New Minimal Standard Model
• Minimal Extensions to give Mass to the Neutrino:

∗ IntroduceνR AND imposeL conservation⇒ Diracν 6= νc:

L = LSM − MννLνR + h.c.

∗ NOT imposeL conservation⇒ Majoranaν = xνc

L = LSM − 1
2MννLνC

L + h.c.

• The charged current interactions of leptons are not diagonal (same as quarks)

g√
2
W+

µ

∑

ij

(

U ij
LEP ℓi γµ L νj + U ij

CKM U i γµ L Dj
)

+ h.c.

• In general forN = 3 + m massive neutrinosULEP is 3 × N matrix

ULEP U †
LEP = I3×3 but in general U †

LEP ULEP 6= IN×N

• ULEP : 3(N − 2) angles+ 2N − 5 Dirac phases +N − 1 Majoranaphases
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Effects ofν Mass: Oscillations

• If neutrinos have mass, a weak eigenstate|να〉 produced inlα + N →να + N ′

is a linear combination of the mass eigenstates (|νi〉) : |να〉=
n

∑

i=1

Uαi |νi〉

• After a distanceL it can be detected with flavourβ with probability
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No information onν mass scale nor Majorana versus Dirac
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ν Oscillations: Experimental Probes

• Generically there are two types of experiments to search forν oscillations :

Disappearance Experiment

αν sourceν ν
α

detector ναdetector
I II

Φα Ι Φα ΙΙL
L

I

II

α Ι α ΙΙandCompares ΦΦ to look for loss

Appearance Experiment

L

αν sourceν ν detector
Searches for 
β

β

αdiff
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• Generically there are two types of experiments to search forν oscillations :

Disappearance Experiment

αν sourceν ν
α

detector ναdetector
I II

Φα Ι Φα ΙΙL
L

I

II

α Ι α ΙΙandCompares ΦΦ to look for loss

Appearance Experiment

L

αν sourceν ν detector
Searches for 
β

β

αdiff

• To detectoscillationswe can studythe neutrino flavour

as function of theDistanceto the source As function of the neutrinoEnergy
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Matter Effects
• If ν crossmatterregions (Sun, Earth...) it interactscoherently

– ButDifferent flavours

havedifferent interactions:

νe, νµ, ντ only νe

Z W

ν ν ν e

e, N e, N
e ν

– To include this effect:potential in the evolution equation:Ve 6= Vµ

⇒ Modification of mixing angle and oscillation wavelength
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Matter Effects
• If ν crossmatterregions (Sun, Earth...) it interactscoherently

– ButDifferent flavours

havedifferent interactions:

νe, νµ, ντ only νe

Z W

ν ν ν e

e, N e, N
e ν

– To include this effect:potential in the evolution equation:Ve 6= Vµ

⇒ Modification of mixing angle and oscillation wavelength

• The mixing angle in matter

sin(2θm) =
∆m2 sin(2θ)

p

(∆m2 cos(2θ) − A)2 + (∆m2 sin(2θ))2 A = 2 E (Vα − Vβ)

– When∆m2 cos(2θ) ∼ A ⇒ Enhancement of Oscillation (MSW Effect)
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• By 2014 we have observed with high (or good) precision:

∗ Solarνe convert toνµ/ντ (Cl, Ga,SK, SNO, Borexino)
∗ Reactorνe disappear atL ∼ 200 Km (KamLAND )

∗ Atmosphericνµ & ν̄µ disappear most likely toντ (SK,MINOS)

∗ Acceleratorνµ & ν̄µ disappear atL ∼ 250[700] Km (K2K,T2K, [MINOS ])

∗ Some accelνµ appear asνe atL ∼ 250[700] Km (T2K [MINOS])

∗ Reactorνe disappear atL ∼ 1 Km (D-Chooz,Daya-Bay, Reno)
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• By 2014 we have observed with high (or good) precision:

∗ Solarνe convert toνµ/ντ (Cl, Ga,SK, SNO, Borexino)
∗ Reactorνe disappear atL ∼ 200 Km (KamLAND )

∗ Atmosphericνµ & ν̄µ disappear most likely toντ (SK,MINOS)

∗ Acceleratorνµ & ν̄µ disappear atL ∼ 250[700] Km (K2K,T2K, [MINOS ])

∗ Some accelνµ appear asνe atL ∼ 250[700] Km (T2K [MINOS])

∗ Reactorνe disappear atL ∼ 1 Km (D-Chooz,Daya-Bay, Reno)

All this implies that neutrinos are massive

and There is Physics Beyond SM

• The importantquestion:

What is the BSM theory?

• Thedifficult path:

Detailed determination of the new low energy parametrization
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• For for 3 ν’s : 3 Mixing angles+ 1 Dirac Phase+ 2 Majorana Phases
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Experiment Dominant Dependence Important Dependence

SolarExperiments → θ12 ∆m2
21 , θ13

Reactor LBL(KamLAND) → ∆m2
21 θ12 , θ13

Reactor MBL(Daya-Bay, Reno, D-Chooz) → θ13 ∆m2
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Accelerator LBLνe App (Minos,T2K) → θ13 δcp , θ23

×
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Global 6-parameter fit http://www.nu-fit.org(updated afterν2014)
Maltoni, Schwetz, Salvado, MCGG
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Other analysis: Capuzzi etal arXiv:1312.2878; Forero etal, arXiv:1405.7540;
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θ13 = 0

∆χ2 ≃ 500
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θ23 6= 45

θ23 < 45 ?
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Curves = uncertainty on reactor fluxes
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“12” sector: KamLAND and SOLAR

Forθ13 ≃ 9◦ : θ12 OK. But residual tension on∆m2
12
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“12” sector: KamLAND and SOLAR

Forθ13 ≃ 9◦ : θ12 OK. But residual tension on∆m2
12

Tension related to smaller-than-expected low-E turn up from MSW at best global fit
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3 ν Analysis: θ13 from Reactors and Flux anomaly

• Recently the reactor̄νe fluxes have been recalculated

T.A. Mueller et al.,[arXiv:1101.2663].;P. Huber, [arXiv:1106.0687].

• Both reevaluations find higher fluxes by about3.5 %

• Sonegativereactor experiments

at short baselines (RSBL) indeed

observed a deficit
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• For3ν analysis a consistent approach (T. Schwetz et. al. [arXiv:1103.0734]):

– Fit oscillation parameters and reactor fluxes simultaneously

– Use theoretical calculation and/or RSBL data as priors
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3 ν Analysis: θ13 from Reactors and Flux anomaly

★

0 0.01 0.02 0.03 0.04 0.05

sin
2θ

13

0.85

0.9

0.95

1

1.05

f flu
x

SBL + PV + 
CHOOZ + DC 

+RENO+DayaBay

• Experiments without near detector

(CHOOZ, Palo-Verde,D-CHOOZ)

sensitive to the flux assumptions

• DAYA-BAY andRENO

Near-Far comparison

⇒ results flux independent

• Two extreme priors :

a) Use fluxes fromHuber 1106.0687

without RSBL data

sin2 θ13 = 0.0223 ± 0.001

b) Leave flux free and include RSBL

sin2 θ13 = 0.0219 ± 0.001

Uncertainty at∼ 0.5σ level
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3 ν Analysis: Long Baseline vs REACT

• In LBL APP νµ → νe

Pµe ≃ s2
23 sin2 2θ13

“

∆31

B∓

”2
sin2

“

B∓ L

2

”

+J̃
∆12

VE

∆31

B∓
sin

“

VEL

2

”

sin
“

B∓L

2

”

cos
“

∆31L
2

± δCP

”

B± = ∆31 ± VE J̃ = c13 sin2 2θ13sin2 2θ23sin2 2θ12

So sin2 2θAPP = 2 sin2 θ23 sin2 2θ13

• In ReactorPee ≃ sin2 2θ13 sin2
“

∆31 L
2

”

So sin2 2θREAC = sin2 2θ13

If

{

sin2 2θREAC ≤ sin2 2θAPP ⇒ θ23 ≥ π
4

favoured

sin2 2θREAC ≥ sin2 2θAPP ⇒ θ23 ≤ π
4

favoured
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3 ν: θ23 Octant and Mass Ordering

• Determination of Octant ofθ23:

– Maximalθ23 = 45 Disfavoured at1.5σ level

Now mostly driven by MINOSνµ DIS

– IO: θ23 > 45 Favoured at1.7σ level

Driven by T2K-APP+REACT

– NO: θ23 < 45 Favoured at1.5σ level

Driven by SK I–IV ATM Sub-GeVνe excess

Also in MINOS-APP+REACT

• Determination of Mass Ordering:

– No significant difference Normal versus Inverted

IO favoured at 0-1σ level

• Sign and size of these 1-1.5σ “hints”

vary among analysis

0.3 0.4 0.5 0.6 0.7

sin
2 θ23

0

5

10

15

∆χ
2

NO, IO

NuFIT 1.3 (2014)
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3ν Analysis: Leptonic CP violation

• Driven by the LBL-APP vs REACTθ13

with slight influence of ATM

0 90 180 270 360

δCP

0

5

10

15

∆χ
2

NO, IO

NuFIT 1.3 (2014)

• ∼ 2σ “Hint” CP phase aroundδCP = 3π
2 ?

(beware of diff notation forδCP in literature)

• Projection over leptonic Jarkskog param

J ≡ sin12 cos12 sin23 cos23 sin13 cos213 sin δCP

-0.04 -0.02 0 0.02 0.04

JCP = JCP
max

 sinδCP

0

5

10

15

∆χ
2

NuFIT 1.3 (2014)
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∆m2
21 = 7.5 ± 0.18

(

+0.56
−0.47

)

× 10−5 eV2 θ12 = 33.5◦+0.77
−0.74

(

+2.4
−2.2

)

∆m2
31(N) = 2.46+0.05

−0.05

(

+0.14
−0.14

)

× 10−3 eV2 θ23 =







(N) 42.1◦+3.2◦

−1.5◦

(

+11.1◦

−3.7◦

)

(I) 49.4◦+1.6◦

−2.0◦

(

+3.9◦

−11.0◦

)

|∆m2
32|(I) = 2.49+0.05

−0.05

(

+0.14
−0.14

)

× 10−3 eV2 θ13 = 8.5◦+0.19
−0.17

(

+0.6◦

−0.5◦

)

δCP=







(N) 300◦+45◦

−45◦

(

+60◦

−300◦

)

(I) 251◦+67◦

−59◦

(

+109◦

−251◦

)

|U |LEP(3σ) =





0.801 → 0.845 0.514 → 0.580 0.137 → 0.158

0.225 → 0.517 0.441 → 0.700 0.614 → 0.793

0.246 → 0.529 0.464 → 0.713 0.590 → 0.776




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0.801 → 0.845 0.514 → 0.580 0.137 → 0.158

0.225 → 0.517 0.441 → 0.700 0.614 → 0.793

0.246 → 0.529 0.464 → 0.713 0.590 → 0.776





• Good progress but still precision very far from:

|V |CKM =





0.97427 ± 0.00015 0.22534 ± 0.0065 (3.51 ± 0.15) × 10−3

0.2252 ± 0.00065 0.97344 ± 0.00016 (41.2+1.1
−5 ) × 10−3

(8.67+0.29
−0.31) × 10−3 (40.4+1.1

−0.5) × 10−3 0.999146+0.000021
−0.000046




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Lepton Mixing Unitarity

• Previous results assumeULEP to beunitary

• If νL mixed withm extra statesULEP = (Kl,3×3 , Kh,3×m) Schechter, Valle (1980)

And ULEPU †
LEP = I3×3 but in general U †

LEPULEP 6= I(3+m)×(3+m)

• If m states are heavy (M >> Eν) oscillations measureKL,3×3 (not unitary)
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Lepton Mixing Unitarity

• Previous results assumeULEP to beunitary

• If νL mixed withm extra statesULEP = (Kl,3×3 , Kh,3×m) Schechter, Valle (1980)

And ULEPU †
LEP = I3×3 but in general U †

LEPULEP 6= I(3+m)×(3+m)

• If m states are heavy (M >> Eν) oscillations measureKL,3×3 (not unitary)

• But thisunitarity violation⇒
Flavour Changing Neutral Currents
Flavour Violation in Charged Lepton Processes
Universality Violation of Charge Current . . .

• Constraints on these processes limit leptonic unitarity violation to

|KlK
†
l | =





0.994 ± 0.005 < 7.0 × 10−5 < 1.6 × 10−2

< 7.0 × 10−5 0.995 ± 0.005 < 1.0 × 10−2

< 1.6 × 10−2 < 1.0 × 10−2 0.995 ± 0.005





Antuschet alhep-ph/0607029

or equivalentlyKl ≃ (I + ǫ)U(θij, δ, ηi) with |ǫαj | ≤ few× 10−3 while Kh ∼ O(ǫ)
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Modeling Lepton Flavour: 2006 to 2014

• Survey of 63ν mass models in 2006(Albright, M-C Chen,hep-ph/0608136)

Present 3σ range

– Determination ofθ13 has given us important handle in flavour modeling

– Next frontiereis the ordering (see talk by T. Schwetz)
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Neutrino Mass Scale

Singleβ decay : Dirac or Majoranaν mass modify spectrum endpoint

νm

K (T)

Q
T

m2
νe

=
∑

m2
j |Uej |2 = c2

13c
2
12m

2
1 + c2

13s
2
12m

2
2 + s2

13m
2
3

ν-less Double-β decay: ⇔ Majoranaν′s sensitive to Majorana phases

n

p

W

n

p

W
ν

e−

e−

If mν only source of∆L (T 0ν
1/2)

−1 ∝ (mee)
2

mee = |
∑

U2
ejmj |

=
∣

∣c2
13c

2
12m1 eiη1 + c2

13s
2
12m2 eiη2 + s2

13m3 e−iδCP

∣

∣

COSMO Neutrino mass (Dirac or Majorana)
modify the growth of structures

∑

mi
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Global oscillation analysis

⇒ Correlationsmνe
, mee and

∑

mν

(Fogli et al(04))

Maltoni, Schwetz,Salvado, MCGG(95%)
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Global oscillation analysis

⇒ Correlationsmνe
, mee and

∑

mν

(Fogli et al(04))

Maltoni, Schwetz,Salvado, MCGG(95%)
Width due to range in oscillation

parameters very narrow

High precision determination of

mνe
and

∑

mi can give informa-

tion on ordering

Wide band due to unknown

Majorana phases
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Global oscillation analysis

⇒ Correlationsmνe
, mee and

∑

mν

(Fogli et alhep-ph/0408045)

Maltoni, Schwetz,Salvado, MCGG(95%)

Presently only Bounds

• From Tritiumβ decay (Mainz & Troisk expe)

mνe
< 2.2 eV (95%)

Katrin (2016?) Sensitivity tomνe
∼ 0.2 eV

• From0νββ decay (EXO, KLandZEN,Gerda. . .) :

mee < 0.14 − 0.45 eV (90%)

In 5-10 yr Experiments⇒ mee ∼ 0.015 eV

• From Analysis of Cosmological data

Bound on
∑

mν changes with:
cosmo parameters fixin analysis
cosmo observables considered

Model Observables Σmν (eV) 95%

ΛCDM + mν Planck-lowL+τprior ≤ 1.31

ΛCDM + mν Planck+WP+highL(AL) ≤ 1.08

ΛCDM + mν Planck+Lens+WP+highL(AL) ≤ 0.85

ΛCDM + mν Planck+WP+highL ≤ 0.66

oΛCDM + mν Planck+WP+highL ≤ 0.98

ΛCDM + mν Planck+Lens+WP+highL+BAO ≤ 0.25

oΛCDM + mν Planck+Lens+WP+highL+BAO ≤ 0.36
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• SeveralObservationswhich can be Interpreted asOscillations with∆m2 ∼ eV2

Reactor Anomaly
New reactor flux calculation

⇒ Deficit in data atL . 100 m
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Explained asνe disappearance

Kopp etal, ArXiv 1303.3011

Gallium Anomaly
Acero, Giunti, Laveder, 0711.4222
Giunti, Laveder,1006.3244

Radioactive Sources (51Cr, 37Ar)

in callibration of Ga Solar Exp;

νe + 71Ga→ 71Ge + e−

Give a rate lower than expected

R =
Nobs

Nth
Bahc

= 0.86 ± 0.05 (2.8σ)

Explained asνe disappearance

10
� 3

10
� 2

10
�1

10
�1

10
0

10
1

�Ue4
2

�
m

4
12
�e
V
2
�

�

95� CL

Gallium

C�12

Kopp etal, ArXiv 1303.3011

LSND, MiniBoone

νµ → νe andν̄µ → ν̄e
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Light Sterile Neutrinos

• These explanations require 3+Ns mass eigenstates→ Ns sterile neutrinos

1−3

1−31−3

3 + 23 + 1

45

4 4

5

1+ 3 + 1

• Problem: fit together
νe → νe disapp(REACT,Gallium,Solar, LSND/KARMEN)

νµ → νe app(LSND,KARMEN,NOMAD,MiniBooNE,E776,ICARUS)

νµ → νµ disapp(CDHS,ATM,MINOS,MiniBooNE)

• Generically:P (νe → νµ) ∼ |U∗
eiUµi| [i =heavier state(s)]

But |Uei| constrained byP (νe → νe) disappearance data

And |Uµi| constrained byP (νµ → νµ) disappearance data}⇒ Severe tension
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Light Sterile Neutrinos:3+1

• Comparing the parameters required to explain signals with bounds from disapp
Kopp etal, ArXiv 1303.3011

10�4 10� 3 10� 2 10�1
10�1

100

101

sin 2 2 Θ Μe

�
m

2

disappearance

appearance

Giunti etal, ArXiv 1308.5288

sin22ϑeµ
∆m

412
   

 [e
V

2 ]
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10−4 10−3 10−2 10−1 1
10−1

1

10

+

3+1 − GLO

68.27% CL
90.00% CL
95.45% CL
99.00% CL
99.73% CL

3+1 − 3σ
νe DIS
νµ DIS
DIS
APP

– Difference in the analysis of both appearance and disappearance

– Somewhat different conclusions



Lepton Flavour from Neutrino Oscillations Concha Gonzalez-Garcia
Light Sterile Neutrinos:3+1

• Comparing the parameters required to explain signals with bounds from disapp
Kopp etal, ArXiv 1303.3011
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99.00% CL
99.73% CL

3+1 − 3σ
νe DIS
νµ DIS
DIS
APP

– Difference in the analysis of both appearance and disappearance

– Somewhat different conclusions

• Adding more steriles (3+2 or 1+3+1): not much improvement

Also tension with cosmology
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One lightνs mixed with 3ν′

as contributes toρ asNeff .

From evol eq for3 + 1 esemble one finds
⇒ So if “explaination” to SBL anomalies

1 νs contributes as much as 1νa
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One lightνs mixed with 3ν′

as contributes toρ asNeff .

From evol eq for3 + 1 esemble one finds
⇒ So if “explaination” to SBL anomalies

1 νs contributes as much as 1νa

But analysis of cosmo data inΛCDM+r + νs tells us

Plank+WP+high-l+BAO +BICEP2 +H0+PlaSZ
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Light Sterile Neutrinos in Cosmology

Bayes factor for 3+1 vs 3+0 from cosmologyBupd
10 = Pr(Cosmo|3+1 for SBL)

Pr(Cosmo|3+0)

J. Bergstrom, M.C.G-G, V. Niro, J. Salvado, ArXiv:1407.XXXX

Results in qualitative agreement with f.e. Archidiaconoet. al.ArXiv:1404.1794
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Non Standardν Int:Determination of Matter Potential
• Including non-standard neutrino NC interactions with fermion f

LNSI = −2
√

2GF εfP
αβ (ν̄αγµνβ)(f̄γµPf) , P = L, R

• In the three-flavor oscillation picture, the neutrino evolution equation reads:

i
d

dx





νe

νµ

ντ



 = Hν





νe

νµ

ντ



 with Hν = Hvac+Hmat and H ν̄ = (Hvac−Hmat)
∗

with most general matter potential

Hmat =
√

2GF Ne(r)







1 0 0

0 0 0

0 0 0






+
√

2GF

∑

f=e,u,d

Nf (r)







εf
ee εf

eµ εf
eτ

εf∗
eµ εf

µµ εf
µτ

εf∗
eτ εf∗

µτ εf
ττ







with εf
αβ = εfL

αβ + εfR
αβ

• The3ν evolution depends on6 (vac) +8 perf (mat)=14Parameters
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Matter Potential/NSI in Solar and KamLAND

• Solarν′s: 2 relevant combinations of NSI
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Matter Potential/NSI in Solar and KamLAND

• Solarν′s: 2 relevant combinations of NSI

ε
f
D = c13s13Re

h
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h

s2
23 ε

f
µτ − c223 ε

f∗
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“

ε
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ττ − ε

f
µµ

”i

• Better fit with NSI (∆χ2
OSC ≃ 5–7)
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Matter Potential/NSI in Solar and KamLAND

• Solarν′s: 2 relevant combinations of NSI
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• Better fit with NSI (∆χ2
OSC ≃ 5–7)
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• LMA and LMA-D (θ12 > π
4 ) allowed
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• Parameter space of matter potential is bounded
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Summary

• Finally we have the three leptonic mixing angles determined(at± 3σ/6)

∆m2
21 = 7.50 × 10−5 eV2 (2.3%)

∆m2
31 = 2.46 × 10−3 eV2 NO

|∆m2
32| = 2.45 × 10−3 eV2 IO

(1.9%)

sin2 θ12 = 0.3 (4%) sin2 θ23 =
0.58 IO

0.44 NO
(8.5%) sin2 θ13 = 0.0219 (4.8%)

• Still ignoreor not significantly determined

Majorana or Dirac? θ23 Octant(But interesting interplay LBL/REACT)

Absoluteν mass Normal or Inverted ? CP violation in leptons?

• Sterileν’s: Not satisfactory description of SBL anomalies. Tensionwith Cosmo

• Much more physics in this data than masses and mixings

Tests of solar models, of ATM fluxes, reactor fluxes . . .

New Physics: NSI, Lorentz Invarance, Tests of CPT . . .


