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Neutrino oscillations in vacuum and in matter 
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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, Ibidem. 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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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 ton of C2Cl4

2002 Nobel 
Prize in Physics

Observed 
neutrinos: 30% !!

Expected 
neutrinos
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∼30% ∼40%∼50%
5

The solar neutrino problem

Explanation?

→ theory (SM, SSM) was wrong

→ experiments were wrong (all of them?)

→ something was happening to neutrinos

1980s-1990s: Confirmed by the 
following solar neutrino 

experiments
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∼30% ∼40%∼50%

✓ Sensitive to different neutrinos:

• Cl, Ga: only sensitive to  νe

⌫e +
37Cl ! 37Ar + e�
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<latexit sha1_base64="NtuqboH45SS5e9iGwAEaPc0Bqi0=">AAACIXicbVDLSgMxFM3UV62vUZdugkUQ1DIjal1J0YUuK9gHdNqSSW/b0MyDJCOUYb5Gf0ZxIepG/BkzdRbaeiBwcs+5cM9xQ86ksqxPIzc3v7C4lF8urKyurW+Ym1t1GUSCQo0GPBBNl0jgzIeaYopDMxRAPJdDwx1dpXrjHoRkgX+nxiG0PTLwWZ9RovSoa144ftQFfICdQ5y+Tly2E8cjaii8+Jok2FHB7BwSvQGdI9w1i1bJmgDPEjsjRZSh2jVfnF5AIw98RTmRsmVboWrHRChGOSQFJ5IQEjoiA2hp6hMPZDue5EzwXj8QWA0BT/6/vTHxpBx7rvakN8ppLR3+p7Ui1T9vx8wPIwU+1Rat9SOOdeq0LtxjAqjiY00IFUxfiemQCEKVLrWg49vTYWdJ/bhkn5VOb0+KlcusiDzaQbtoH9mojCroBlVRDVH0iJ7RO/owHown49V4+7HmjGxnG/2B8fUNxM2gwA==</latexit>

⌫e +
71Ga ! 71Ge + e�

<latexit sha1_base64="d0aszwMld83N57+AZ4s6gQcGjew=">AAAB/3icbVBLS8NAGNzUV62vqEc9LBZBEEsiRT0WvXisYB/QxLDZfmmXbh7sbsQSetA/oydRb/4H/4D/xm3NobbOaXZmFr4ZP+FMKsv6NgoLi0vLK8XV0tr6xuaWub3TlHEqKDRozGPR9okEziJoKKY4tBMBJPQ5tPzB1dhv3YOQLI5u1TABNyS9iAWMEqUlz9x3otR7wMcY7k4wdlSMpwTPLFsVawI8T+yclFGOumd+Od2YpiFEinIiZce2EuVmRChGOYxKTiohIXRAetDRNCIhSDebtBjhwyAWWPUBT97T2YyEUg5DX2dCovpy1huL/3mdVAUXbsaiJFUQUR3RXpByrGuOx8BdJoAqPtSEUMH0lZj2iSBU6clKur49W3aeNE8r9lmlelMt1y7zIYpoDx2gI2Sjc1RD16iOGoiiJ/SC3tGH8Wg8G6/G22+0YOR/dtEfGJ8/seGT4g==</latexit>

⌫x + e� ! ⌫x + e�

• Super-K: νe + νμ + ντ
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Why results are different?

✓ Sensitive to different part of the 
neutrino spectrum

The solar neutrino problem
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The Solar Neutrino Spectrum
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Cosmic rays interacting with the Earth 
atmosphere producing pions and kaons, that 
decay generating neutrinos:

⇒ atmospheric neutrino 
detection in 360º

<latexit sha1_base64="YAPoutTCIIPWbLxRBgHu068EG1M=">AAACGXicbZBLS8NAFIUn9VXjK+rSzWARBbEkUqrLohtXUsE+oKllMr1ph04ezEyEEvpL9M/oSrQ7V/4bJzWIVu/q3PudgTnHizmTyrY/jMLC4tLySnHVXFvf2NyytneaMkoEhQaNeCTaHpHAWQgNxRSHdiyABB6Hlje6zHjrHoRkUXirxjF0AzIImc8oUfrUs6pumPQAH+Nr7KoIY7g7wdl26Lpmhtwg+YZaa5pBs2eV7LI9G/xXOLkooXzqPWvq9iOaBBAqyomUHceOVTclQjHKYWK6iYSY0BEZQEfLkAQgu+ks3wQf+JHAagh4tv/0piSQchx42hMQNZTzLDv+xzqJ8s+7KQvjREFItUUzP+FYx8xqwn0mgCo+1oJQwfQvMR0SQajSZWbxnfmwf0XztOxUy5WbSql2kRdRRHtoHx0hB52hGrpCddRAFD2iZ/SGpsaD8WS8GK9f1oKRv9lFv8Z4/wQMcJs5</latexit>

⌫e +N ! e� +N 0

⌫µ +N ! µ� +N 0
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Atmospheric neutrinos
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1965: First observation of atmospheric neutrinos in a gold mine in  
South Africa (F. Reines) and Kolar Gold Fields (India), at 3.2 and 2.4 
km depth.

1980’s: Proton decay experiments for which atmospheric neutrinos 
were a source of background.

India 

South Africa

<latexit sha1_base64="cWGGGRGwZDFK4Jy2Z4nmQ+xAl7M=">AAACAHicbZDLSsNAGIUn9VbjLepShMEiCmJJpKjLohtXUsFeoIlhMp20QycX5iKU0I2+jK5E3fkMvoBv46Rmoa3/6vv/cwbmnCBlVEjb/jJKc/MLi0vlZXNldW19w9rcaolEcUyaOGEJ7wRIEEZj0pRUMtJJOUFRwEg7GF7mevuecEGT+FaOUuJFqB/TkGIk9cm3dk3TjZXvRgoewWvoygRqvjvOtwPTtyp21Z4MnAWngAoopuFbn24vwSoiscQMCdF17FR6GeKSYkbGpqsESREeoj7paoxRRISXTWKM4X6YcCgHBE72394MRUKMokB7IiQHYlrLj/9pXSXDcy+jcaokibG2aC1UDOqYeRuwRznBko00IMyp/iXEA8QRlrqzPL4zHXYWWidV57Rau6lV6hdFEWWwA/bAIXDAGaiDK9AATYDBI3gGb+DdeDCejBfj9cdaMoo32+DPGB/f3V6TRg==</latexit>

⌫µ +N ! µ� +N 0

Kamiokande, Japan

 [1000 ton]

IMB, USA

 [3300 ton]

Fréjus, France

 [700 ton]

9

Atmospheric neutrinos
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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:

<latexit sha1_base64="ZLB9mfIF3v1X0GYCA83l+zMqK4o="></latexit>

�SNO

CC

�SNO

NC

= 0.301± 0.033

<latexit sha1_base64="io8OYwhpv7Q7/MCpripE63XXoiQ=">AAACJnicbZBLS8QwFIVT346vqks3wUFwNbQiOktxNm58oaMD01rSeOuESdqapMJQ+n/0v4iuRN35U0zHCjp6V1/uOYF7TphyprTjvFtj4xOTU9Mzs7W5+YXFJXt55UIlmaTQpglPZCckCjiLoa2Z5tBJJRARcrgM+61Sv7wDqVgSn+tBCr4gNzGLGCXarAK75aU9FniC6J4U+VGruPrms6PjAnuKCbjFv0xXzf0frrPDIrDrTsMZDv4LbgV1VM1JYD961wnNBMSacqJU13VS7edEakY5FDUvU5AS2ic30DUYEwHKz4dhC7wRJRLrHuDh+6c3J0KpgQiNp7xOjWrl8j+tm+mo6ecsTjMNMTUWo0UZxzrBZWf4mkmgmg8MECqZuRLTHpGEatNszcR3R8P+hYuthrvT2D7dru/tV0XMoDW0jjaRi3bRHjpAJ6iNKHpAz+gNvVv31pP1Yr1+Wces6s8q+jXWxyeyH6cW</latexit>

�SNO

NC
' �SSM

8B

2001: Confirmation of flavor conversion in solar neutrinos in SNO (1 kton D2O)

2015 Nobel 
Prize in Physics

30% of solar neutrinos 
are detected as νe

SNO Coll, PRL89 (2002) 011301

 Sudbury Neutrino Observatory (SNO)

conversion νe →νμ,ντ  
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All solar neutrinos 
predicted by the 

SSM are detected

 SNO confirms 
the conversion   


13

νe →νμ,ντ  

 Conversion 
mechanism??

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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best-fit oscillation + BG
KamLAND data

 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

<latexit sha1_base64="TGTOMH1TyM1qSeGwp6azxZ/1yw8=">AAAB5nicdVDLSsNAFJ34rPVVdelmsAiuQtJXdFd047KCaQttKJPpTTN08mBmIpTQX9CVqDs/yB/wb5zUCip6Vufecy6cc/2UM6ks691YWV1b39gsbZW3d3b39isHh12ZZIKCSxOeiL5PJHAWg6uY4tBPBZDI59Dzp1eF3rsDIVkS36pZCl5EJjELGCVKr9xhnI1gVKlapl1rNi5sbJmtpu3UCmLZ9brjYNu0FqiiJTqjyttwnNAsglhRTqQc2FaqvJwIxSiHeXmYSUgJnZIJDDSNSQTSyxdh5/g0SARWIeDF/N2bk0jKWeRrT0RUKH9rxfIvbZCp4NzLWZxmCmKqLVoLMo5VgovOeMwEUMVnmhAqmE6JaUgEoUp/pqzrf3XE/5NuzbRbZuOmUW1fLh9RQsfoBJ0hGzmoja5RB7mIIoYe0DN6MULj3ng0nj6tK8by5gj9gPH6AR/TjI4=</latexit>⌫e
<latexit sha1_base64="iWb5eYP4OjncdV4yG4xIcyT+ENg=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFZJS+tgV3bisYB/QhDKZTtqxM5MwD6GE/oOuRN35Pf6Af+O0RlDRszr3nHPhnhuljCrtee9OYW19Y3OruF3a2d3bPygfHvVUYiQmXZywRA4ipAijgnQ11YwMUkkQjxjpR7PLpd+/I1LRRNzoeUpCjiaCxhQjbaV+IMwo4GZUrnhuq1n3/Qb0XG8FS/yWX2tVoZ8rFZCjMyq/BeMEG06ExgwpNfS9VIcZkppiRhalwCiSIjxDEzK0VCBOVJitzl3AsziRUE8JXM3fsxniSs15ZDMc6an67S3Fv7yh0XEzzKhIjSYC24j1YsOgTuCyNRxTSbBmc0sQltReCfEUSYS1/U3J1v/qCP8nvarr193ada3SvsgfUQQn4BScAx80QBtcgQ7oAgxm4AE8gxfn1rl3Hp2nz2jByXeOwQ84rx+oOY10</latexit>⌫µ?
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Neutrino oscillations

Fuente

e

ne
Detector

nµ

µ

Standard Model

<latexit sha1_base64="TGTOMH1TyM1qSeGwp6azxZ/1yw8=">AAAB5nicdVDLSsNAFJ34rPVVdelmsAiuQtJXdFd047KCaQttKJPpTTN08mBmIpTQX9CVqDs/yB/wb5zUCip6Vufecy6cc/2UM6ks691YWV1b39gsbZW3d3b39isHh12ZZIKCSxOeiL5PJHAWg6uY4tBPBZDI59Dzp1eF3rsDIVkS36pZCl5EJjELGCVKr9xhnI1gVKlapl1rNi5sbJmtpu3UCmLZ9brjYNu0FqiiJTqjyttwnNAsglhRTqQc2FaqvJwIxSiHeXmYSUgJnZIJDDSNSQTSyxdh5/g0SARWIeDF/N2bk0jKWeRrT0RUKH9rxfIvbZCp4NzLWZxmCmKqLVoLMo5VgovOeMwEUMVnmhAqmE6JaUgEoUp/pqzrf3XE/5NuzbRbZuOmUW1fLh9RQsfoBJ0hGzmoja5RB7mIIoYe0DN6MULj3ng0nj6tK8by5gj9gPH6AR/TjI4=</latexit>⌫e
<latexit sha1_base64="iWb5eYP4OjncdV4yG4xIcyT+ENg=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFZJS+tgV3bisYB/QhDKZTtqxM5MwD6GE/oOuRN35Pf6Af+O0RlDRszr3nHPhnhuljCrtee9OYW19Y3OruF3a2d3bPygfHvVUYiQmXZywRA4ipAijgnQ11YwMUkkQjxjpR7PLpd+/I1LRRNzoeUpCjiaCxhQjbaV+IMwo4GZUrnhuq1n3/Qb0XG8FS/yWX2tVoZ8rFZCjMyq/BeMEG06ExgwpNfS9VIcZkppiRhalwCiSIjxDEzK0VCBOVJitzl3AsziRUE8JXM3fsxniSs15ZDMc6an67S3Fv7yh0XEzzKhIjSYC24j1YsOgTuCyNRxTSbBmc0sQltReCfEUSYS1/U3J1v/qCP8nvarr193ada3SvsgfUQQn4BScAx80QBtcgQ7oAgxm4AE8gxfn1rl3Hp2nz2jByXeOwQ84rx+oOY10</latexit>⌫µ

<latexit sha1_base64="yz6D1hzvkNo2K4Stg6WKueVmi4s=">AAACEHicbVDNSsNAGNz4W+tf1KOXxSJ4sSRS1ItQ9OKhhwqmLTQhbLabZsnmh92NUEJeQl9GT6LexBfwbdzGINo6p9mZWfhmvJRRIQ3jU1tYXFpeWa2t1dc3Nre29Z3dnkgyjomFE5bwgYcEYTQmlqSSkUHKCYo8RvpeeDX1+3eEC5rEt3KSEidC45j6FCOpJFc/tuPMzW3E0gDBTgEvoC2yyA2h9aOGBSxDYadw9YbRNErAeWJWpAEqdF39wx4lOItILDFDQgxNI5VOjrikmJGibmeCpAiHaEyGisYoIsLJy1oFPPQTDmVAYPn+nc1RJMQk8lQmQjIQs95U/M8bZtI/d3Iap5kkMVYR5fkZgzKB03XgiHKCJZsogjCn6kqIA8QRlmrDuqpvzpadJ72TpnnabN20Gu3Laoga2AcH4AiY4Ay0wTXoAgtg8ACewCt40+61R+1Ze/mOLmjVnz3wB9r7Fw9ynI0=</latexit>

⌫↵L =
X

k

U↵k⌫kL
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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

<latexit sha1_base64="yz6D1hzvkNo2K4Stg6WKueVmi4s=">AAACEHicbVDNSsNAGNz4W+tf1KOXxSJ4sSRS1ItQ9OKhhwqmLTQhbLabZsnmh92NUEJeQl9GT6LexBfwbdzGINo6p9mZWfhmvJRRIQ3jU1tYXFpeWa2t1dc3Nre29Z3dnkgyjomFE5bwgYcEYTQmlqSSkUHKCYo8RvpeeDX1+3eEC5rEt3KSEidC45j6FCOpJFc/tuPMzW3E0gDBTgEvoC2yyA2h9aOGBSxDYadw9YbRNErAeWJWpAEqdF39wx4lOItILDFDQgxNI5VOjrikmJGibmeCpAiHaEyGisYoIsLJy1oFPPQTDmVAYPn+nc1RJMQk8lQmQjIQs95U/M8bZtI/d3Iap5kkMVYR5fkZgzKB03XgiHKCJZsogjCn6kqIA8QRlmrDuqpvzpadJ72TpnnabN20Gu3Laoga2AcH4AiY4Ay0wTXoAgtg8ACewCt40+61R+1Ze/mOLmjVnz3wB9r7Fw9ynI0=</latexit>

⌫↵L =
X

k

U↵k⌫kL

Neutrino mixing

(2N-1) phases 
from U 

reabsorbed  in 
the fieldsN N-1

<latexit sha1_base64="CG56xz552rKkUvlEJpueAUNLJLg=">AAACMnicbVDLSsNAFJ34tr6iLt0MFsFFKYkUdVl0404Fq0JTw8301gydPJyZCCX0r/Qv/AF1JerOj3AaA2r1rs4951y45wSp4Eo7zqM1MTk1PTM7N19ZWFxaXrFX185VkkmGLZaIRF4GoFDwGFuaa4GXqUSIAoEXQf9wpF/colQ8ic/0IMVOBNcx73EG2lC+fSx8D0QaAvV0QvEq554OUUPJDqn3bajRGvVuMuhSL878/vdFGnK/PyxI3646dacY+he4JaiSck58+8HrJiyLMNZMgFJt10l1JwepORM4rHiZwhRYH66xbWAMEapOXgQf0q1eIqn5lxb7T28OkVKDKDCeCHSoxrUR+Z/WznRvv5PzOM00xsxYjNbLBDVZR/3RLpfItBgYAExy8yVlIUhg2rRcMfHd8bB/wflO3d2tN04b1eZBWcQc2SCbZJu4ZI80yRE5IS3CyD15Jm/k3bqznqwX6/XLOmGVN+vk11gfn7OtqmI=</latexit>

l↵ ! ei✓↵ l↵ , ⌫k ! ei�k⌫k

N(N+1)/2 phases

<latexit sha1_base64="e2RzyX0ZRQESZfiZ/UGopYsc+tI="></latexit>

J⇢ ! 2
X

↵,k

l↵Le
�i(✓↵��1)�⇢U↵ke

i(�k��1)⌫kL

<latexit sha1_base64="hvB7HUuSJy0t9H1SXPgbdz9ogfs="></latexit>

J⇢ = 2
X

↵

l↵L�
⇢⌫↵L =

X

↵

X

k

l↵L�
⇢U↵k⌫kL
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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

<latexit sha1_base64="yjPFav7tKOQwDck8GXR+wIwqREE=">AAAB/XicbVBLS8NAGNzUV62vqDe9LBbBU0mkqMeiF48V7AOaGDbbL83SzYPdjVBC0T+jJ1Fv/gn/gP/GbcxBW+c0OzML34yfciaVZX0ZlaXlldW16nptY3Nre8fc3evKJBMUOjThiej7RAJnMXQUUxz6qQAS+Rx6/vhq5vfuQUiWxLdqkoIbkVHMAkaJ0pJnHjhx5o2xoxIMdzlz0pB542khembdalgF8CKxS1JHJdqe+ekME5pFECvKiZQD20qVmxOhGOUwrTmZhJTQMRnBQNOYRCDdvOgwxcdBIrAKARfv39mcRFJOIl9nIqJCOe/NxP+8QaaCCzdncZopiKmOaC/IONZdZ1PgIRNAFZ9oQqhg+kpMQyIIVXqwmq5vz5ddJN3Thn3WaN40663LcogqOkRH6ATZ6By10DVqow6i6BE9ozf0bjwYT8aL8foTrRjln330B8bHN9D6lWk=</latexit>

⌫k ! ei�k⌫k
<latexit sha1_base64="ozDuz5V7FaMAV7lq0FNYSNRoib0=">AAACQXicjZA7T8MwFIWd8irlVWBksaiQmKqkqoCxogsDQ5H6kpo2ctyb1KrzkO0gVVF+HYz8AX4CTAjYWHBLhaBl4Eyf7zlX8j1uzJlUpvlo5FZW19Y38puFre2d3b3i/kFbRomg0KIRj0TXJRI4C6GlmOLQjQWQwOXQccf1qd+5BSFZFDbVJIZ+QPyQeYwSpUdOcWCHiZOO8XU2aOLUpoSn9Swb2EPi+yDwt2urCMMgrTA7HjFnnP1zzSmWzLI5E14Gaw4lNFfDKT7Yw4gmAYSKciJlzzJj1U+JUIxyyAp2IiEmdEx86GkMSQCyn856yPCJFwmsRoBn75/ZlARSTgJXZwKiRnLRmw7/8nqJ8i76KQvjREFIdUR7XsKxrmNaJx4yAVTxiQZCBdO/xHREBKFKl17Q51uLxy5Du1K2zsrVm2qpdjkvIo+O0DE6RRY6RzV0hRqohSi6R8/oDb0bd8aT8WK8fkVzxnznEP2S8fEJlzuxbw==</latexit>

⌫TkLC†⌫kL ! e2i�k⌫TkLC†⌫kL

<latexit sha1_base64="10edzfbtjXvVgROWYxICSbxhABQ="></latexit>

J⇢ ! 2
X

↵,k

l↵Le
�i✓↵�⇢U↵k⌫kL
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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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✦ Neutrino evolution equation:

in the neutrino mass eigenstates basis νj :

✦ Flavour states are admixtures of mass eigenstates:

(t=L)

✦ For ultrarelativistic neutrinos:

Neutrino oscillations

<latexit sha1_base64="KHAo1ilLanUqtbqxHZSrtN0EuQU="></latexit>

H =

0

@
Ei 0 0
0 E2 0
0 0 E3

1

A
neutrino mass eigenstates evolve as 
planes waves *:

<latexit sha1_base64="EF38li5Cb7vUhKwq5YxTHcVGyd8="></latexit>

|⌫j(t, L)i = e�i(Ejt�pjL)|⌫ji

<latexit sha1_base64="+QuhxAMioeI7OlpySCOvxSXejfw="></latexit>

|⌫j(t, L)i = e�i
m2

jL

2E |⌫ji

<latexit sha1_base64="kycp3TUY4LI+DYHmACuxBOrrh38="></latexit>

(Ej � pj)L =
E2

j � p2j
Ej + pj

L '
m2

j

2E
L

<latexit sha1_base64="gYlSPfQI3sso79VgcCv897OqvH0=">AAACFHicbVA7T8MwGHR4lvIKMLJYVEgsVAmqgAWpgqVjkehDaqLIcb+0po4T2Q5SFfo34M/AhIAFsfNvcEsHaLnpfHeWvrsw5Uxpx/myFhaXlldWC2vF9Y3NrW17Z7epkkxSaNCEJ7IdEgWcCWhopjm0UwkkDjm0wsHV2G/dgVQsETd6mIIfk55gEaNEGymw3WPmRZLQvDvKu3p0jz2RBbfYk0T0OOALXMMzWmCXnLIzAZ4n7pSU0BT1wP7wugnNYhCacqJUx3VS7edEakY5jIpepiAldEB60DFUkBiUn0+qjfBhlEis+4An79/ZnMRKDePQZGKi+2rWG4v/eZ1MR+d+zkSaaRDURIwXZRzrBI8Xwl0mgWo+NIRQycyVmPaJ2UibHYumvjtbdp40T8ruablyXSlVL6dDFNA+OkBHyEVnqIpqqI4aiKJH9Ize0Lv1YD1ZL9brT3TBmv7ZQ39gfX4D5lyeBA==</latexit>

�i
d

dt
|⌫ji = H|⌫ji

<latexit sha1_base64="LeXgWS/+iupNKEs6LYjo00rxr4Y=">AAACEHicbVDNSsNAGNzUv1r/oh69LBbBiyWRol6EohcPHiqYttCEsNlumm03P+xuhBLyEvoyehL1Jr6Ab+M2BtHWOc3OzMI34yWMCmkYn1plYXFpeaW6Wltb39jc0rd3OiJOOSYWjlnMex4ShNGIWJJKRnoJJyj0GOl648up370jXNA4upWThDghGkbUpxhJJbn6kR2lbmYjlgQIXufwHNoiDd0RtH7UUV5kxsp29brRMArAeWKWpA5KtF39wx7EOA1JJDFDQvRNI5FOhrikmJG8ZqeCJAiP0ZD0FY1QSISTFbVyeODHHMqAwOL9O5uhUIhJ6KlMiGQgZr2p+J/XT6V/5mQ0SlJJIqwiyvNTBmUMp+vAAeUESzZRBGFO1ZUQB4gjLNWGNVXfnC07TzrHDfOk0bxp1lsX5RBVsAf2wSEwwSlogSvQBhbA4AE8gVfwpt1rj9qz9vIdrWjln13wB9r7Fw4anIs=</latexit>

⌫↵L =
X

j

U↵j⌫kL
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�νβ | =
�

j

�νj |Uβj

Production Detection Propagation 

coherent superposition 
of massive states

projection over 
flavour eigenstates

different propagation 

phases change νj 

composition

|να� =
�

j

U∗
αj |νj� ⌫j : e

�i
m2

jL

2E
<latexit sha1_base64="hPY68tZfe8QK73sS8RRWZo/jQMk=">AAAB+nicjVDLSgNBEOz1GeNr1aOX0SB4MewGQfEUFMGDhwjmAXkss5PeZJLZBzOzQlj37H94E/Emevcv/Bs3MZeIgnWqrqqGrnYjwZW2rE9jbn5hcWk5t5JfXVvf2DS3tmsqjCXDKgtFKBsuVSh4gFXNtcBGJJH6rsC6O7wY+/U7lIqHwa0eRdj2aS/gHmdUZ5Jj7rWC2BmQM4Kd5Ii3PElZ4juDTolcp0npMk2JYxbsojUB+ZsUYIqKY360uiGLfQw0E1Sppm1Fup1QqTkTmOZbscKIsiHtYTIpkJIDL5RE95FM5pkE9ZUa+W6W8anuq5/eWPzNa8baO20nPIhijQHLIpnnxYLokIz/QLpcItNilBHKJM9uI6xPs/o6+1b+f6VrpaJtFe2b40L5fFo/B7uwD4dgwwmU4QoqUAUGD/ACb/Bu3BuPxpPx/B2dM6Y7OzAD4/ULy9WSvA==</latexit><latexit sha1_base64="hPY68tZfe8QK73sS8RRWZo/jQMk=">AAAB+nicjVDLSgNBEOz1GeNr1aOX0SB4MewGQfEUFMGDhwjmAXkss5PeZJLZBzOzQlj37H94E/Emevcv/Bs3MZeIgnWqrqqGrnYjwZW2rE9jbn5hcWk5t5JfXVvf2DS3tmsqjCXDKgtFKBsuVSh4gFXNtcBGJJH6rsC6O7wY+/U7lIqHwa0eRdj2aS/gHmdUZ5Jj7rWC2BmQM4Kd5Ii3PElZ4juDTolcp0npMk2JYxbsojUB+ZsUYIqKY360uiGLfQw0E1Sppm1Fup1QqTkTmOZbscKIsiHtYTIpkJIDL5RE95FM5pkE9ZUa+W6W8anuq5/eWPzNa8baO20nPIhijQHLIpnnxYLokIz/QLpcItNilBHKJM9uI6xPs/o6+1b+f6VrpaJtFe2b40L5fFo/B7uwD4dgwwmU4QoqUAUGD/ACb/Bu3BuPxpPx/B2dM6Y7OzAD4/ULy9WSvA==</latexit><latexit sha1_base64="hPY68tZfe8QK73sS8RRWZo/jQMk=">AAAB+nicjVDLSgNBEOz1GeNr1aOX0SB4MewGQfEUFMGDhwjmAXkss5PeZJLZBzOzQlj37H94E/Emevcv/Bs3MZeIgnWqrqqGrnYjwZW2rE9jbn5hcWk5t5JfXVvf2DS3tmsqjCXDKgtFKBsuVSh4gFXNtcBGJJH6rsC6O7wY+/U7lIqHwa0eRdj2aS/gHmdUZ5Jj7rWC2BmQM4Kd5Ii3PElZ4juDTolcp0npMk2JYxbsojUB+ZsUYIqKY360uiGLfQw0E1Sppm1Fup1QqTkTmOZbscKIsiHtYTIpkJIDL5RE95FM5pkE9ZUa+W6W8anuq5/eWPzNa8baO20nPIhijQHLIpnnxYLokIz/QLpcItNilBHKJM9uI6xPs/o6+1b+f6VrpaJtFe2b40L5fFo/B7uwD4dgwwmU4QoqUAUGD/ACb/Bu3BuPxpPx/B2dM6Y7OzAD4/ULy9WSvA==</latexit><latexit sha1_base64="UZ1081qy/HfJSvHRfTKWPjwCGok=">AAAB1HicbVDLSgNBEOyJr7i+olcvg0HwFHa96FHw4jGCeUASwuykNxkyu7PM9AohxJsIngT/yL/wb5zEgCSxTtVd1VDVca6VozD8ZqWt7Z3dvfJ+cHAYHB2fVE6bzhRWYkMabWw7Fg61yrBBijS2c4sijTW24vH9XG89o3XKZE80ybGXimGmEiUF+VW9X6mGtXABvkmiJanCEv3KV3dgZJFiRlIL5zpRmFNvKiwpqXEWdAuHuZBjMcTpItyMXybGchohX8wrDpE6N0lj70kFjdy6Nl/+p3UKSm57U5XlBWEmvcVrSaE5GT7vyAfKoiQ98URIq3w2LkfCCkn+E4HvHK033CTN61oU1qLHv/JQhnO4gCuI4Abu4AHq0AAJA3iHT9ZmL+yVvf0aS2x5cQYrYB8/NUOEQg==</latexit><latexit sha1_base64="QjPOOUiNUxYmnow66L7jzRCiGRQ=">AAAB+nicbZA7SwNBFIXvxleMr1VLm1ERbAy7aRQrQQQLiwjmAUlcZid3zZjZBzOzQli39n/YidiJ9v4L/42TGJAknurMPWfgftdPBFfacb6twtz8wuJScbm0srq2vmFvbtVVnEqGNRaLWDZ9qlDwCGuaa4HNRCINfYENv38+zBsPKBWPoxs9SLAT0ruIB5xRbUaevduOUu+enBK8zY54O5CUZaF3f1shV3lWuchz4tn7TtkZicwad2z2YayqZ3+1uzFLQ4w0E1SpluskupNRqTkTmJfaqcKEsj69w2wEkJODIJZE95CM3hMNGio1CH3TCanuqelsOPwva6U6OOlkPEpSjREzFZMFqSA6JsM7kC6XyLQYGEOZ5GY3wnrU4GtzrZKBdqcRZ029Unadsnv9Rw9F2IE9OAQXjuEMLqEKNWDwBG/wAZ/Wo/VsvVivv9WCNf6zDROy3n8AnwaSMw==</latexit><latexit sha1_base64="eaFWkxfemOCk5xHIHRZZxOLyNoY=">AAAB+nicjVDLSsNAFL3xWesr6tLNaBHcWJJuFFeCCC5cVLAPaNowmd60004ezEyEErP2P9yJuBPd+xf+jWktSEXBszr3nHPhnuvFgittWR/G3PzC4tJyYaW4ura+sWlubddVlEiGNRaJSDY9qlDwEGuaa4HNWCINPIENb3g+9hu3KBWPwhs9irEd0F7Ifc6oziXX3HPCxB2QU4Kd9Ig7vqQsDdxBp0KusrRykWXENUt22ZqA/E1KMEXVNd+dbsSSAEPNBFWqZVuxbqdUas4EZkUnURhTNqQ9TCcFMnLgR5LoPpLJPJOggVKjwMszAdV99dMbi795rUT7J+2Uh3GiMWR5JPf8RBAdkfEfSJdLZFqMckKZ5PlthPVpXl/n3yr+r3S9Uratsn393R4KsAv7cAg2HMMZXEIVasDgHp7hFd6MO+PBeDSevqJzxnRnB2ZgvHwCozuSNg==</latexit><latexit sha1_base64="5lpWRvzshLCGBK7Mh3c2infAUjc=">AAAB+nicjVC7SgNBFL0bXzG+Vi1tRoNgY9hNo1gFRbCwiGAekMcyO7mbTDL7YGZWCOvW/oediJ1o71/4N25imoiCpzr3nHPhnutGgittWZ9GbmFxaXklv1pYW9/Y3DK3d+oqjCXDGgtFKJsuVSh4gDXNtcBmJJH6rsCGO7qY+I07lIqHwa0eR9jxaT/gHmdUZ5Jj7reD2BmSM4Ld5Ji3PUlZ4jvDbplcp0n5Mk2JYxbtkjUF+ZsUYYaqY360eyGLfQw0E1Splm1FupNQqTkTmBbascKIshHtYzItkJJDL5RED5BM57kE9ZUa+26W8akeqJ/eRPzNa8XaO+0kPIhijQHLIpnnxYLokEz+QHpcItNinBHKJM9uI2xAs/o6+1bhf6Xr5ZJtlewbq1g5n9XPwx4cwBHYcAIVuIIq1IDBA7zAG7wb98aj8WQ8f0dzxmxnF+ZgvH4BypWSuA==</latexit><latexit sha1_base64="hPY68tZfe8QK73sS8RRWZo/jQMk=">AAAB+nicjVDLSgNBEOz1GeNr1aOX0SB4MewGQfEUFMGDhwjmAXkss5PeZJLZBzOzQlj37H94E/Emevcv/Bs3MZeIgnWqrqqGrnYjwZW2rE9jbn5hcWk5t5JfXVvf2DS3tmsqjCXDKgtFKBsuVSh4gFXNtcBGJJH6rsC6O7wY+/U7lIqHwa0eRdj2aS/gHmdUZ5Jj7rWC2BmQM4Kd5Ii3PElZ4juDTolcp0npMk2JYxbsojUB+ZsUYIqKY360uiGLfQw0E1Sppm1Fup1QqTkTmOZbscKIsiHtYTIpkJIDL5RE95FM5pkE9ZUa+W6W8anuq5/eWPzNa8baO20nPIhijQHLIpnnxYLokIz/QLpcItNilBHKJM9uI6xPs/o6+1b+f6VrpaJtFe2b40L5fFo/B7uwD4dgwwmU4QoqUAUGD/ACb/Bu3BuPxpPx/B2dM6Y7OzAD4/ULy9WSvA==</latexit><latexit sha1_base64="hPY68tZfe8QK73sS8RRWZo/jQMk=">AAAB+nicjVDLSgNBEOz1GeNr1aOX0SB4MewGQfEUFMGDhwjmAXkss5PeZJLZBzOzQlj37H94E/Emevcv/Bs3MZeIgnWqrqqGrnYjwZW2rE9jbn5hcWk5t5JfXVvf2DS3tmsqjCXDKgtFKBsuVSh4gFXNtcBGJJH6rsC6O7wY+/U7lIqHwa0eRdj2aS/gHmdUZ5Jj7rWC2BmQM4Kd5Ii3PElZ4juDTolcp0npMk2JYxbsojUB+ZsUYIqKY360uiGLfQw0E1Sppm1Fup1QqTkTmOZbscKIsiHtYTIpkJIDL5RE95FM5pkE9ZUa+W6W8anuq5/eWPzNa8baO20nPIhijQHLIpnnxYLokIz/QLpcItNilBHKJM9uI6xPs/o6+1b+f6VrpaJtFe2b40L5fFo/B7uwD4dgwwmU4QoqUAUGD/ACb/Bu3BuPxpPx/B2dM6Y7OzAD4/ULy9WSvA==</latexit><latexit sha1_base64="hPY68tZfe8QK73sS8RRWZo/jQMk=">AAAB+nicjVDLSgNBEOz1GeNr1aOX0SB4MewGQfEUFMGDhwjmAXkss5PeZJLZBzOzQlj37H94E/Emevcv/Bs3MZeIgnWqrqqGrnYjwZW2rE9jbn5hcWk5t5JfXVvf2DS3tmsqjCXDKgtFKBsuVSh4gFXNtcBGJJH6rsC6O7wY+/U7lIqHwa0eRdj2aS/gHmdUZ5Jj7rWC2BmQM4Kd5Ii3PElZ4juDTolcp0npMk2JYxbsojUB+ZsUYIqKY360uiGLfQw0E1Sppm1Fup1QqTkTmOZbscKIsiHtYTIpkJIDL5RE95FM5pkE9ZUa+W6W8anuq5/eWPzNa8baO20nPIhijQHLIpnnxYLokIz/QLpcItNilBHKJM9uI6xPs/o6+1b+f6VrpaJtFe2b40L5fFo/B7uwD4dgwwmU4QoqUAUGD/ACb/Bu3BuPxpPx/B2dM6Y7OzAD4/ULy9WSvA==</latexit><latexit sha1_base64="hPY68tZfe8QK73sS8RRWZo/jQMk=">AAAB+nicjVDLSgNBEOz1GeNr1aOX0SB4MewGQfEUFMGDhwjmAXkss5PeZJLZBzOzQlj37H94E/Emevcv/Bs3MZeIgnWqrqqGrnYjwZW2rE9jbn5hcWk5t5JfXVvf2DS3tmsqjCXDKgtFKBsuVSh4gFXNtcBGJJH6rsC6O7wY+/U7lIqHwa0eRdj2aS/gHmdUZ5Jj7rWC2BmQM4Kd5Ii3PElZ4juDTolcp0npMk2JYxbsojUB+ZsUYIqKY360uiGLfQw0E1Sppm1Fup1QqTkTmOZbscKIsiHtYTIpkJIDL5RE95FM5pkE9ZUa+W6W8anuq5/eWPzNa8baO20nPIhijQHLIpnnxYLokIz/QLpcItNilBHKJM9uI6xPs/o6+1b+f6VrpaJtFe2b40L5fFo/B7uwD4dgwwmU4QoqUAUGD/ACb/Bu3BuPxpPx/B2dM6Y7OzAD4/ULy9WSvA==</latexit><latexit sha1_base64="hPY68tZfe8QK73sS8RRWZo/jQMk=">AAAB+nicjVDLSgNBEOz1GeNr1aOX0SB4MewGQfEUFMGDhwjmAXkss5PeZJLZBzOzQlj37H94E/Emevcv/Bs3MZeIgnWqrqqGrnYjwZW2rE9jbn5hcWk5t5JfXVvf2DS3tmsqjCXDKgtFKBsuVSh4gFXNtcBGJJH6rsC6O7wY+/U7lIqHwa0eRdj2aS/gHmdUZ5Jj7rWC2BmQM4Kd5Ii3PElZ4juDTolcp0npMk2JYxbsojUB+ZsUYIqKY360uiGLfQw0E1Sppm1Fup1QqTkTmOZbscKIsiHtYTIpkJIDL5RE95FM5pkE9ZUa+W6W8anuq5/eWPzNa8baO20nPIhijQHLIpnnxYLokIz/QLpcItNilBHKJM9uI6xPs/o6+1b+f6VrpaJtFe2b40L5fFo/B7uwD4dgwwmU4QoqUAUGD/ACb/Bu3BuPxpPx/B2dM6Y7OzAD4/ULy9WSvA==</latexit><latexit sha1_base64="hPY68tZfe8QK73sS8RRWZo/jQMk=">AAAB+nicjVDLSgNBEOz1GeNr1aOX0SB4MewGQfEUFMGDhwjmAXkss5PeZJLZBzOzQlj37H94E/Emevcv/Bs3MZeIgnWqrqqGrnYjwZW2rE9jbn5hcWk5t5JfXVvf2DS3tmsqjCXDKgtFKBsuVSh4gFXNtcBGJJH6rsC6O7wY+/U7lIqHwa0eRdj2aS/gHmdUZ5Jj7rWC2BmQM4Kd5Ii3PElZ4juDTolcp0npMk2JYxbsojUB+ZsUYIqKY360uiGLfQw0E1Sppm1Fup1QqTkTmOZbscKIsiHtYTIpkJIDL5RE95FM5pkE9ZUa+W6W8anuq5/eWPzNa8baO20nPIhijQHLIpnnxYLokIz/QLpcItNilBHKJM9uI6xPs/o6+1b+f6VrpaJtFe2b40L5fFo/B7uwD4dgwwmU4QoqUAUGD/ACb/Bu3BuPxpPx/B2dM6Y7OzAD4/ULy9WSvA==</latexit>

Neutrino oscillations picture



Mariam Tórtola (IFIC-CSIC/UValencia) NBI Neutrino School 202523

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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✦ Conservation of probability:

✦ Neutrino oscillations are sensitive only to mass squared differences: 

✦ For antineutrinos: U →U*

✦ Phases in the mixing matrix induce CP violation:

<latexit sha1_base64="v1UAzqioGFQ+o8SaEw1QD7V/BsY=">AAACDXicbVDLSgNBEJyNrxhfUY9eBoMQPYRdCepFCHrxGME8ILssvZNOMmT2wcysEJZ8g/6MnkS9efEH/BsnMQdNrFN1VzV0VZAIrrRtf1m5peWV1bX8emFjc2t7p7i711RxKhk2WCxi2Q5AoeARNjTXAtuJRAgDga1geD3RW/coFY+jOz1K0AuhH/EeZ6DNyi+euCoNfTdADbRedqPUd0EkA6Cujul0nEjH9JI6frFkV+wp6CJxZqREZqj7xU+3G7M0xEgzAUp1HDvRXgZScyZwXHBThQmwIfSxY2gEISovm2Ya06NeLKkeIJ3Ov70ZhEqNwsB4QtADNa9Nlv9pnVT3LryMR0mqMWLGYrReKqhJOqmGdrlEpsXIEGCSmy8pG4AEpk2BBRPfmQ+7SJqnFeesUr2tlmpXsyLy5IAckjJxyDmpkRtSJw3CyCN5Jm/k3XqwnqwX6/XHmrNmN/vkD6yPb4ahmnk=</latexit>X
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P (⌫↵ ! ⌫�) 6= P (⌫↵ ! ⌫�)
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�m2
kj = m2

k �m2
j

✦ Neutrino oscillations violate flavour lepton number conservation but 
conserve total lepton number.

✦ Neutrino oscillations do not depend on the absolute neutrino mass scale 
and Majorana phases.

Neutrino oscillation properties
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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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GFp
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↵,f
V � g

↵,f
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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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→ 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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✦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
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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
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‣ For small off-diagonal terms: 

→ the transitions between the instantaneous eigenstates ν1
m and  ν2

m      
are suppressed: adiabatic approximation.

‣ Adiabaticity condition:

from the instantaneous expression of θM adiabaticity parameter

the typical value in the Sun:

→ adiabaticity applies up to 10 GeV

Adiabatic evolution
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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
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✦ In the center of the Sun:

✦ Since resonance occurs for A = cos(2θ) = 0.4 → Eres ≈ 2 MeV

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

Solar neutrinos: the MSW effect
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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: 

Mass hierarchy in solar neutrinos
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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
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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
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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


