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Lecture 2 

Neutrino oscillations in vacuum and in matter
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Neutrino oscillations

nobelprize.org
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1962: Maki, Nakagawa and Sakata propose neutrino mixing 
between flavor eigenstates

Neutrino oscillations
1957: Pontecorvo suggests oscillations between neutrinos & 
antineutrinos (only νe).

2ν mixing

B. Pontecorvo, J. Exp. Theor. Phys. 33 (1957) 549. 
B. Pontecorvo, J. Exp. Theor. Phys. 34 (1958) 247.

Z. Maki, M. Nakagawa, S. Sakata, 
Prog. Theor. Phys. 28 (1962) 870.

1969: Gribov & Pontecorvo calculated the neutrino oscillation 
probability (in vacuum) for the first time

true 
neutrinos

weak 
neutrinos

V. Gribov, B. Pontecorvo, Phys. Lett. B28 (1969) 493.
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Solar neutrinos

 4p→ 4He + 2e+  + 2νe + γ 

Standard Solar Model
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First indication of ν oscillations

1968: First observation of solar neutrinos by R. 
Davis in an underground experiment (Homestake 
gold mine, South Dakota) using  615 Tn of C2Cl4

2002 Nobel 
Prize in Physics

Observed 
neutrinos: 30% !!

Expected 
neutrinos
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∼30% ∼40%∼50%

45

The solar neutrino problem
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⌫e +N ! e� +N 0

⌫µ +N ! µ� +N 0
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Atmospheric neutrinos
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⌫µ +N ! µ� +N 0

Kamiokande, Japan
 [1000 ton]

IMB, USA
 [3300 ton]

Fréjus, France
 [700 ton]
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Atmospheric neutrinos

Background for proton decay searches

Detection process:
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1985: First indications of a deficit in the 
observed number of atmospheric νμ at 
IMB.

1994: Kamiokande finds the νμ deficit 

depends on the distance travelled by 

the neutrino and its energy.

The atmospheric neutrino anomaly
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1998: Discovery of atmospheric neutrino oscillations in Super-Kamiokande

oscillation channel νμ →ντ  ➡ first evidence for non-zero neutrino masses.

The atmospheric neutrino anomaly

From T. Kajita

1998 2016

2015 Nobel 
Prize in Physics
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SNO is sensitive to all ν flavors:

2015 Nobel 
Prize in Physics

conversion νe →νμ,ντ  

SNO Coll, PRL89 (2002) 011301

 Sudbury Neutrino Observatory (SNO)
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conversion νe →νμ,ντ  

The solar neutrino problem
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2002: Results of the accelerator 
experiment K2K consistent with νμ 

oscillations as in the atmospheric 
anomaly (MINOS, T2K, NOvA).

2002: The reactor experiment 
KamLAND observed neutrino 
oscillations consistent with the 
solar anomaly.
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 KamLAND Coll, PRL 90 (2003) 021802

neutrino oscillations have been observed in solar, atmospheric, 
reactor and accelerator neutrino experiments.

2011: νμ →νe oscillations observed in 
long-baseline accelerator experiments.

2011: Double Chooz confirmed reactor 
antineutrino oscillations in a baseline 
of ~1 km (Daya Bay, RENO).

Other important results
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Neutrino oscillations

Fuente

e

ne
Detector

nµ

µ

Standard Model

However
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Neutrino oscillations

Fuente

e

ne
Detector

nµ

µ

Standard Model
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Neutrino oscillations: 
formalism
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✦ Leptonic weak charged current:

✦ Mixing described by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix:

✦ NxN unitary matrix: NxN real parameters

→ N(N-1)/2 mixing angles + N(N+1)/2 phases (not all observables!)

✦ Lagrangian invariant under global phase transformations of Dirac fields:

(N-1)(N-2)/2 physical phases
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Neutrino mixing

(2N-1) phases 
from U 

reabsorbed  in 
the fieldsN N-1
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N(N+1)/2 phases
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✦ For Majorana neutrinos, the lagrangian is NOT invariant under global phase 
transformations of the Majorana fields:

→ N(N-1)/2 physical phases: (N-1)(N-2)/2 Dirac phases

→ only N phases can be eliminated by rephasing charged lepton fields (neutrino 
fields can not be rephased!!):

N

(N-1) Majorana phases relevant for 0νββ→

effect in ν oscil.→

 N(N+1)/2  - N = N(N-1)/2 physical phases for Majorana neutrinos

Neutrino mixing
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atmospheric + LBL solar + KamLANDreactor + LBL

Neutrino mixing

✦2-neutrino mixing depends on 1 angle only  (+1 Majorana phase) 

✦3-neutrino mixing is described by 3 angles and 1 Dirac (+2 Majorana) 
CP violating phases.
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Production Detection Propagation 

coherent superposition 
of massive states

projection over 
flavour eigenstates

different propagation 

phases change νj 
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Neutrino oscillations picture
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Neutrino oscillation amplitude:

Neutrino oscillation probability:

productiondetection

propagation

Neutrino oscillation probability
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Giunti & Kim, Fundamentals of Neutrino Physics 
and Astrophysics. Oxford University Press,  2007.

❋ For a realistic derivation considering uncertainties in E and L 
and wave packet treatment see:
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Two possible mass orderingsTwo possible mass orderings

✦ Δm2
21 : solar + KamLAND (positive) 

✦ Δm2
31 : atmospheric + LBL accelerator + SBL reactor (sign?) 
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✦ Two-neutrino mixing matrix:

✦ Two-neutrino oscillation probability (α≠β):

�
cos θ sin θ
− sin θ cos θ

�

✦ The oscillation phase:

→ short distances, ϕ << 1: oscillations do not develop, Pαβ = 0

→ long distance, ϕ ∼ 1: oscillations are observable

→ very long distances, ϕ >> 1: oscillations are averaged out:

Two-neutrino oscillations
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first oscillation maximum:

averaged 
oscillations

oscillation 
amplitude

oscillation length:

2-neutrino oscillation probability
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Matter effects on 
neutrino oscillations

✦When neutrinos pass trough matter, the interactions with the particles 
in the medium induce an effective potential for neutrinos.

[→ the coherent forward scattering amplitude leads to an index 
of refraction for neutrinos.                              L. Wolfenstein, 1978]

→ modifies the mixing between flavor states and mass eigenstates 
as well as the eigenvalues of the Hamiltonian, leading to a different 
oscillation probability with respect to vacuum oscillations.
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Effective matter potential

✦ Effective four-fermion interaction Hamiltonian (CC+NC)

in ordinary matter: f=e-,p,n

To obtain the matter-induced potential we integrate over f-variables, 
For a non-relativistic unpolarised neutral medium

<latexit sha1_base64="4nk4lzlsqM0bQF8JNWMB+agZ83c="></latexit>
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✦ only νe are sensitive to CC (no μ,τ in ordinary matter) 

✦ NC has the same effect for all flavours → it has no effect on evolution

(however it can be important in presence of sterile neutrinos)

✦ for antineutrinos the potential has opposite sign
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✦ Effective hamiltonian in matter

Diagonalizing the Hamiltonian, we identify the mixing angle and mass splitting 
in matter:

In general: Ne=Ne(x), so θM and ΔM2 will be function of x as well

→ however, in some cases analytical solutions can be obtained

✦ Hamiltonian in vacuum in the flavour basis:

2-neutrino oscillations in matter
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→ we can use vacuum expression for oscillation probability, 
replacing “vacuum” parameters by “matter” parameters:

✦ If Ne is constant (good approximation for oscillations in the Earth crust):

There is a resonance effect for A = cos2θ → MSW effect 

→ θM and ΔM2 are constant as well

Wolfenstein, 1978. Mikheyev & Smirnov, 1986

2-ν oscillations in constant matter
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<latexit sha1_base64="l2dnlqXeXJz18gUpbiMixdMlzu0=">AAAB/XicbVDLSsNAFJ34rPUVdaebwSK4Kkkp6kaoL3BZwT6giWUyvWmHTh7MTIQSgv6MrkTd+RP+gH/jtGahrWd17j3nwj3HizmTyrK+jLn5hcWl5cJKcXVtfWPT3NpuyigRFBo04pFoe0QCZyE0FFMc2rEAEngcWt7wYqy37kFIFoW3ahSDG5B+yHxGidKrrrl7hk+x4wtC08pVM0udS+CK4OCuknXNklW2JsCzxM5JCeWod81PpxfRJIBQUU6k7NhWrNyUCMUoh6zoJBJiQoekDx1NQxKAdNNJhgwf+JHAagB4Mv/2piSQchR42hMQNZDT2nj5n9ZJlH/ipiyMEwUh1Rat+QnHKsLjKnCPCaCKjzQhVDD9JaYDoqtQurCijm9Ph50lzUrZPipXb6ql2nleRAHtoX10iGx0jGroGtVRA1H0iJ7RG3o3Hown48V4/bHOGfnNDvoD4+Mb2ASUIw==</latexit>

A =
2EV

�m2
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✦A << cos2θ, small matter effect → vacuum oscillations: θM = θ

✦A >> cos2θ, matter effects dominate → oscillations suppressed: θM ≈ π/2

✦A = cos2θ, resonance takes place → maximal mixing θM ≈ π/4

mixing angle in matter:

→ resonance condition is satisfied for neutrinos for Δm2 > 0 

for antineutrinos for Δm2 < 0 

2-ν oscillations in constant matter

<latexit sha1_base64="4HcArCN4oTLlOo2OurzU13+EijE=">AAACMnicbVDLSsNAFJ3UV62vqEs3g0WoiCUJRd0IVTduxAr2AU1aJtNJO3TyYGYilJC/0r/wB9SVqDs/wmkNYqt3dc49Z7hzjhsxKqRhPGm5ufmFxaX8cmFldW19Q9/caogw5pjUcchC3nKRIIwGpC6pZKQVcYJ8l5GmO7wY6807wgUNg1s5iojjo35APYqRVKuufm0LGnQsaNlyQCTqXkF4Cm2PI5xMK+kMhwewZONQ/PDDs/2OlXb1olE2JgP/AjMDRZBNras/2r0Qxz4JJGZIiLZpRNJJEJcUM5IW7FiQCOEh6pO2ggHyiXCSSfAU7nkhh+o8nPDf3gT5Qox8V3l8JAdiVhsv/9PasfROnIQGUSxJgJVFaV7MoAzhuD/Yo5xgyUYKIMyp+iXEA6T6kqrlgopvzob9CxpW2TwqV24qxep5VkQe7IBdUAImOAZVcAlqoA4weAAv4B18aPfas/aqvX1bc1r2ZhtMjfb5BXHBp70=</latexit>

sin2 2✓M =
sin2 2✓

sin2 2✓ + (cos 2✓ �A)2

<latexit sha1_base64="l2dnlqXeXJz18gUpbiMixdMlzu0=">AAAB/XicbVDLSsNAFJ34rPUVdaebwSK4Kkkp6kaoL3BZwT6giWUyvWmHTh7MTIQSgv6MrkTd+RP+gH/jtGahrWd17j3nwj3HizmTyrK+jLn5hcWl5cJKcXVtfWPT3NpuyigRFBo04pFoe0QCZyE0FFMc2rEAEngcWt7wYqy37kFIFoW3ahSDG5B+yHxGidKrrrl7hk+x4wtC08pVM0udS+CK4OCuknXNklW2JsCzxM5JCeWod81PpxfRJIBQUU6k7NhWrNyUCMUoh6zoJBJiQoekDx1NQxKAdNNJhgwf+JHAagB4Mv/2piSQchR42hMQNZDT2nj5n9ZJlH/ipiyMEwUh1Rat+QnHKsLjKnCPCaCKjzQhVDD9JaYDoqtQurCijm9Ph50lzUrZPipXb6ql2nleRAHtoX10iGx0jGroGtVRA1H0iJ7RG3o3Hown48V4/bHOGfnNDvoD4+Mb2ASUIw==</latexit>

A =
2EV

�m2
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‣ If Ne varies with time (nu beam propagating through the Earth or the Sun)

→ diagonalization of Hmatt at every instant to obtain θM(t) and ΔM2(t)

→ evolution of the instantaneous eigenstates in matter νi
m :

→ the presence of off-diagonal terms induce the mixing of νi
m states

2-ν oscillations in varying matter

<latexit sha1_base64="3zE4dDgScw9ycBqaNJA0YgIObNU="></latexit>

i
d

dt
⌫↵ = i

d

dt
[U(✓M )⌫mi ] = i

d

dt
U(✓M )⌫mi + U(✓M )i

d

dt
⌫mi

<latexit sha1_base64="18bbTADAH19b1C4XsgKuLiTDx40="></latexit>

i
d

dt

✓
⌫m1
⌫m2

◆
=

✓
��M2/4E �i✓̇M

i✓̇M �M2/4E

◆✓
⌫m1
⌫m2

◆

On the other hand:
<latexit sha1_base64="fKsT/lJ+aZyHUgamIf00ADviKik="></latexit>

i
d

dt
⌫↵ = Hf⌫↵ = U(✓M )Hdiag

✓
�M

2

4E

◆
U(✓M )†⌫↵ = U(✓M )Hdiag

✓
�M

2

4E

◆
⌫
m
i
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‣ Adiabaticity condition:

from the instantaneous expression of θM adiabaticity parameter

the typical value in the Sun:

→ adiabaticity applies up to 10 GeV

<latexit sha1_base64="18bbTADAH19b1C4XsgKuLiTDx40="></latexit>

i
d

dt

✓
⌫m1
⌫m2

◆
=

✓
��M2/4E �i✓̇M

i✓̇M �M2/4E

◆✓
⌫m1
⌫m2

◆

<latexit sha1_base64="vvfQw+q9dEwGXXXoDYsq8cyO1aA=">AAACBXicbVDJTgJBFOzBDXFDPXrpQEw84Qwh6tG4JF5IMJElYZD0NA/o2LOk+40JGTjrz+jJqDd/wB/wb2yQg4J1qn5V/fKqvEgKjbb9ZaUWFpeWV9KrmbX1jc2t7PZOTYex4lDloQxVw2MapAigigIlNCIFzPck1L2787FevwelRRjc4CCCls96gegKztCM2tnc0O2EmLjYB2SjdnlIXSmpewESGS3fFg9Ll+1s3i7YE9B54kxJnkxRaWc/zU4e+xAgl0zrpmNH2EqYQsEljDJurCFi/I71oGlowHzQrWSSZUT3u6Gi5ho6ef/2JszXeuB7xuMz7OtZbTz8T2vG2D1pJSKIYoSAG4vRurGkGNJxJbQjFHCUA0MYV8JcSXmfKcbRFJcx8Z3ZsPOkViw4R4XSdSl/ejYtIk32SI4cEIcck1NyRSqkSjh5JM/kjbxbD9aT9WK9/lhT1vTPLvkD6+MbRW+XrQ==</latexit>

|✓̇M | ⌧ �M2/4E

<latexit sha1_base64="sQWWMFOS1jr1bFOKJFqdS3MZ9bY="></latexit>

��1 ⌘ 2✓̇M
�m2/2E

=
sin 2✓�m2/2E

(�M2/2E)3
|V̇CC | ⌧ 1

<latexit sha1_base64="vESRvLOBK6trsAot02Fu17Cuepc="></latexit>

��1 ⇠ �m2

10�9eV2

MeV

E

2-ν oscillations in varying matter

adiabatic approximation
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✦ 2nu approx: electron neutrino is born at the center of the Sun as:

→ ν1
m and ν2

m evolve adiabatically until the solar surface and 
propagate in vacuum from the Sun to the Earth:

Solar neutrinos: the MSW effect

<latexit sha1_base64="Q1r0SftyZFxDSJ41fzWR8UyaUkM=">AAACLHicbZBLSwMxFIUz9VXra9Slm2ARBKHMlKJuhKIbXQgV7AM6dcikt21oJjMkGaHU/iX9Iy51IaLu/B2mtYptvauT+53APSeIOVPacV6s1Nz8wuJSejmzsrq2vmFvblVUlEgKZRrxSNYCooAzAWXNNIdaLIGEAYdq0D0b8uotSMUica17MTRC0hasxSjRZuXbF3eeSHzwJBFtDvgEezRSnu6AJv7liLk34Q89wJ5iYoLmf6lvZ52cMxo8K9yxyKLxlHz70WtGNAlBaMqJUnXXiXWjT6RmlMMg4yUKYkK7pA11IwUJQTX6o8gDvNeKJDaH4NH7r7dPQqV6YWA8IdEdNc2Gy/9YPdGt40afiTjRIKixGNZKONYRHjaHm0wC1bxnBKGSmSsx7RBJqDb9Zkx8dzrsrKjkc+5hrnBVyBZPx0Wk0Q7aRfvIRUeoiM5RCZURRQ/oGb2jD+veerJerbdva8oa/9lGE2N9fgEnoqi5</latexit>

|⌫ei = cos ✓M |⌫m1 i+ sin ✓M |⌫m2 i

<latexit sha1_base64="dMj5TUGCAk4miwwu+brQ0d4TNjk="></latexit>

P (⌫e ! ⌫e) = P prod
e1 P det

1e + P prod
e2 P det

2e

<latexit sha1_base64="b54+K/iZLi2UTTWAN3ywEIp9An8=">AAACJXicbVDJSgNBFOyJW4zbqEcvjUEQhDATgnoRQrx4ESKYBTLj0NN5SZr0LHT3CGHI9+jHqCdxOfkrduIcsvhOVa+qeV3lx5xJZVnfRm5ldW19I79Z2Nre2d0z9w+aMkoEhQaNeCTaPpHAWQgNxRSHdiyABD6Hlj+8nuitRxCSReG9GsXgBqQfsh6jROmVZ9bqXgowxlfYoZF8KDtqAIp4t3MUn2FHsnBWnaVm0SpZ08HLwM5AEWVT98wXpxvRJIBQUU6k7NhWrNyUCMUoh3HBSSTEhA5JHzoahiQA6abTrGN80osE1nfxlM96UxJIOQp87QmIGshFbbL8T+skqnfppiyMEwUh1Rat9RKOVYQnleEuE0AVH2lAqGD6l5gOiCBU6WILOr69GHYZNMsl+7xUuasUq7WsiDw6QsfoFNnoAlXRDaqjBqLoGb2hT/RlPBmvxrvx8WfNGdmbQzQ3xs8vJwykZA==</latexit>

Pee = cos2 ✓M cos2 ✓ + sin2 ✓M sin2 ✓

<latexit sha1_base64="47aGcBms34G//iKVBEmpNkfvvvY="></latexit>

P prod
e1 = cos2 ✓M , P det

1e = cos2 ✓

P prod
e2 = sin2 ✓M , P det

2e = sin2 ✓

✦ neutrino oscillations in matter were first discussed by Wolfenstein, 
Mikheyev and Smirnov (MSW effect)
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✦ In the center of the Sun:

and resonance occurs for A = cos(2θ) = 0.4

→ Eres ≈ 2 MeV

✦ For E > 2 MeV → strong matter effect:  θM = π/2:

✦ For E < 2 MeV → vacuum osc:  θM = θ:

→ Pee (E) will be crucial to understand solar neutrino data 

Solar neutrinos: the MSW effect

<latexit sha1_base64="Gh8eGWNLAUU/IQjAWkCBtnacVZs="></latexit>

A =
2EV

�m2
' 0.2

✓
E

MeV

◆✓
8⇥ 10�5eV2

�m2

◆

<latexit sha1_base64="uquwjrU+Y0OSghAjVOIuWFv/WTM=">AAACCXicbVC7TsMwFHV4lvIKMLJYVCAWqiSqgAWpgoWxSPQhNSFy3JvWqvOQ7SBVUb4AfgYmBGys/AB/g1s6QMuZzr3nXNnnBClnUlnWl7GwuLS8slpaK69vbG5tmzu7LZlkgkKTJjwRnYBI4CyGpmKKQycVQKKAQzsYXo319j0IyZL4Vo1S8CLSj1nIKFF65ZtHDT8HKPAFtvEJdkNBaG4XuVO4ksV3DnZcNQBFfLNiVa0J8Dyxp6SCpmj45qfbS2gWQawoJ1J2bStVXk6EYpRDUXYzCSmhQ9KHrqYxiUB6+SRPgQ/DRGD9Lp7Mv705iaQcRYH2REQN5Kw2Xv6ndTMVnns5i9NMQUy1RWthxrFK8LgW3GMCqOIjTQgVTP8S0wHRbShdXlnHt2fDzpOWU7VPq7WbWqV+OS2ihPbRATpGNjpDdXSNGqiJKHpEz+gNvRsPxpPxYrz+WBeM6c0e+gPj4xsD35iW</latexit>

Pee = 1� 1

2
sin2 2✓

<latexit sha1_base64="3PRT3mTMAcjBItv1e/1e7ZWQauk=">AAAB+XicbVDLSsNAFJ34rPUVFdy4GSyCq5KUom6EohuXFewDmhgm05t26GQSZiZCif0YXYm68zf8Af/Gac1CW8/q3HvO5d57wpQzpR3ny1paXlldWy9tlDe3tnd27b39tkoySaFFE57IbkgUcCagpZnm0E0lkDjk0AlH11O98wBSsUTc6XEKfkwGgkWMEm1agX3YDHKACb7EnmLivoY9PQRNArviVJ0Z8CJxC1JBBZqB/en1E5rFIDTlRKme66Taz4nUjHKYlL1MQUroiAygZ6ggMSg/n90/wSdRIrHZi2f1b29OYqXGcWg8MdFDNa9Nm/9pvUxHF37ORJppENRYjBZlHOsET2PAfSaBaj42hFDJzJWYDokkVJuwyuZ9d/7ZRdKuVd2zav22XmlcFUGU0BE6RqfIReeogW5QE7UQRY/oGb2hdyu3nqwX6/XHumQVMwfoD6yPb30lkts=</latexit>

Pee = sin2 ✓

<latexit sha1_base64="b54+K/iZLi2UTTWAN3ywEIp9An8=">AAACJXicbVDJSgNBFOyJW4zbqEcvjUEQhDATgnoRQrx4ESKYBTLj0NN5SZr0LHT3CGHI9+jHqCdxOfkrduIcsvhOVa+qeV3lx5xJZVnfRm5ldW19I79Z2Nre2d0z9w+aMkoEhQaNeCTaPpHAWQgNxRSHdiyABD6Hlj+8nuitRxCSReG9GsXgBqQfsh6jROmVZ9bqXgowxlfYoZF8KDtqAIp4t3MUn2FHsnBWnaVm0SpZ08HLwM5AEWVT98wXpxvRJIBQUU6k7NhWrNyUCMUoh3HBSSTEhA5JHzoahiQA6abTrGN80osE1nfxlM96UxJIOQp87QmIGshFbbL8T+skqnfppiyMEwUh1Rat9RKOVYQnleEuE0AVH2lAqGD6l5gOiCBU6WILOr69GHYZNMsl+7xUuasUq7WsiDw6QsfoFNnoAlXRDaqjBqLoGb2hT/RlPBmvxrvx8WfNGdmbQzQ3xs8vJwykZA==</latexit>

Pee = cos2 ✓M cos2 ✓ + sin2 ✓M sin2 ✓
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✦ Mixing angle in matter:

→ resonance condition A = cos2θ is satisfied for neutrinos for Δm2 
> 0 and for antineutrinos for Δm2 < 0 (change of sign in Vcc)

✦ Matter effects observed in solar neutrino data are in agreement with 
the presence of a resonance as predicted above:

→ since solar neutrinos are νe: Δm21
2 > 0 → m2

2 > m1
2

Mass hierarchy in solar neutrinos

<latexit sha1_base64="4HcArCN4oTLlOo2OurzU13+EijE=">AAACMnicbVDLSsNAFJ3UV62vqEs3g0WoiCUJRd0IVTduxAr2AU1aJtNJO3TyYGYilJC/0r/wB9SVqDs/wmkNYqt3dc49Z7hzjhsxKqRhPGm5ufmFxaX8cmFldW19Q9/caogw5pjUcchC3nKRIIwGpC6pZKQVcYJ8l5GmO7wY6807wgUNg1s5iojjo35APYqRVKuufm0LGnQsaNlyQCTqXkF4Cm2PI5xMK+kMhwewZONQ/PDDs/2OlXb1olE2JgP/AjMDRZBNras/2r0Qxz4JJGZIiLZpRNJJEJcUM5IW7FiQCOEh6pO2ggHyiXCSSfAU7nkhh+o8nPDf3gT5Qox8V3l8JAdiVhsv/9PasfROnIQGUSxJgJVFaV7MoAzhuD/Yo5xgyUYKIMyp+iXEA6T6kqrlgopvzob9CxpW2TwqV24qxep5VkQe7IBdUAImOAZVcAlqoA4weAAv4B18aPfas/aqvX1bc1r2ZhtMjfb5BXHBp70=</latexit>

sin2 2✓M =
sin2 2✓

sin2 2✓ + (cos 2✓ �A)2
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✦ Neutrinos observed at night are also 
affected by Earth matter effects

✦ If neutrinos cross only the Earth 
mantle, P2e

det is well approximated by 
the evolution of a constant potential:

prob. during day
regeneration term

✦ For the measured solar neutrino parameters freg ∼ +1%

→ day-night asymmetry:

Earth regeneration effect

<latexit sha1_base64="B6hDZJKzk6kAE1pYrjTa6XbfgdI=">AAACF3icbVBLSwMxGMzWd31VPXoJFkEQym4p6kUQvXisYB/QrUs2/bYNzT5IvhXKsj9E/4yeRMWLR/+Naa2g1jlNvpnAzPiJFBpt+8MqzM0vLC4trxRX19Y3Nktb200dp4pDg8cyVm2faZAiggYKlNBOFLDQl9DyhxdjvXULSos4usZRAt2Q9SMRCM7QnLxSre5lVchv3JDhQIVZDzCnp9TVIrqpUhcHgIwe0sD7Nijo516pbFfsCegscaakTKaoe6U3txfzNIQIuWRadxw7wW7GFAouIS+6qYaE8SHrQ8fQiIWgu9mkXU73g1hRE4RO3j+9GQu1HoW+8YzT6b/a+Pif1kkxOOlmIkpShIgbi9GCVFKM6Xgk2hMKOMqRIYwrYVJSPmCKcTRTFk1952/ZWdKsVpyjSu2qVj47nw6xTHbJHjkgDjkmZ+SS1EmDcHJPHskLebXurAfryXr+shas6Z8d8gvW+ye18Z+X</latexit>

P det
2e = sin2 ✓ + freg

<latexit sha1_base64="amGHOwPP8mbN7d+36w4t0vR5m/Y="></latexit>

freg =
4EVCC

�m2
sin2 2✓E sin2

⇡L

Losc
<latexit sha1_base64="zTMK477WAh9E3XevJPt6sxBYaV4=">AAACLnicbVBLSwMxGMz6tr6qHr0Ei+DFsluKehGKXgQRKlgVunXJpt+2odkHybdCWfY/6f/wrHgQ9ebPMK0VtHVOk5kJzDd+IoVG236xpqZnZufmFxYLS8srq2vF9Y0rHaeKQ4PHMlY3PtMgRQQNFCjhJlHAQl/Ctd87GfjXd6C0iKNL7CfQClknEoHgDI3kFc/qXgaQ37ohw64Ks0h0upjTIzqmt1k/p3vU5bGmFRe7gMw7p4H34yvo5F6xZJftIegkcUakREaoe8VHtx3zNIQIuWRaNx07wVbGFAouIS+4qYaE8R7rQNPQiIWgW9nw6JzuBLGipggdvn9nMxZq3Q99kxm00+PeQPzPa6YYHLYyESUpQsRNxHhBKinGdLAdbQsFHGXfEMaVMC0p7zLFOJqFC+Z8Z/zYSXJVKTv75epFtVQ7Hg2xQLbINtklDjkgNXJK6qRBOHkgz+SdfFj31pP1ar19R6es0Z9N8gfW5xdb9Kni</latexit>

P night
ee = P day

ee � cos 2✓Mfreg

<latexit sha1_base64="HjVKX6HML2+XtlYN6kwgciJBijo=">AAACFXicbZBLS8NAFIUnPmt9VV26GSxCRSxJEXXpowtXEsE+oAlhMr1pBycPZyZCCfkd+md0JepCcO2/cVqz8HVX39xzBu45fsKZVKb5YUxNz8zOzZcWyotLyyurlbX1toxTQaFFYx6Lrk8kcBZBSzHFoZsIIKHPoeNfn431zi0IyeLoSo0ScEMyiFjAKFF65VUaJ54TEjUUYda8yLEDNym7xQ3sBILQrGZ7F3u219zJM014F2vOvUrVrJuTwX/BKqCKirG9ypvTj2kaQqQoJ1L2LDNRbkaEYpRDXnZSCQmh12QAPY0RCUG62SRbjreDWGA1BDx5f/dmJJRyFPraM04gf2vj5X9aL1XBkZuxKEkVRFRbtBakHKsYjyvCfSaAKj7SQKhg+kpMh0T3oXSRZR3f+h32L7Qbdeugvn+5Xz0+LYoooU20hWrIQofoGJ0jG7UQRffoEb2gV+POeDCejOcv65RR/NlAP8Z4/wST+50V</latexit>
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➙ Matter effects on the atmospheric neutrino flux are sensitive to the 
mass ordering. 

➙ they are harder to observe since Pμe ∝ θ13

✦ Atmospheric neutrinos interact with 
the Earth mantle and core

✓ MSW resonance in νμ →νe channel

✓ no matter effects in νμ →ντ channel

(-) neutrinos (+)antineutrinos

Matter effects in atmospheric ν’s

<latexit sha1_base64="rQzMnD/GvQXwhpD9x6RV0uqJ4ZA="></latexit>

tan 2✓m =
�m2

4E sin 2✓
�m2

4E cos 2✓ ⌥
p
2GFNe
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Matter effects in atmospheric ν’s

Rott, Taketa & Bose, Scientific Reports 5 (2015) 15225
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At E∼ 3-8 GeV: MSW resonance for neutrinos and NO mass spectrum.

For antineutrinos ⟹ the resonance appears in IO

NO IO

de Salas et al, arXiv:1806.11051

Matter effects in atmospheric ν’s




