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What’s so Special with Neutrinos?

© de Gouvêa

✓ they’re super light! 
✓ they might be Majorana particles 
✓ neutrinos are massive: the SM is incomplete! 
✓ the neutrino mass spectrum is not hierarchical 
✓ the flavour states are not even close to be mass eigenstates 
✓ large flavour mixing angles can potentially lead to large CP violation 
✓ the origin of neutrino masses might be different from that of quarks  and 

leptons (still involving the Higgs field or not) 
✓ they might be related to the mechanism of baryogenesis  
✓ etc.

1995 Reines 
2000 Davis, Koshiba 
2015 Kajita McDonald 
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Neutrino Sources

reactor

solar

atmospheric

Accelerator 
LBL

Neutrino sources
• natural: Sun, Earth, cosmic 

rays, SN, …
• artificial: reactors, accelerators

Homestake  
Borexino 
Sage, Gallex 
SNO 
Super K…

Super K 
Minos 
IceCube…

KamLand 
Double-Chooz 
Daya Bay 
Reno…

K2K, T2K 
Minos, NOvA 
Opera…

Neutrinos can been seen as 
flavour states: νe, νµ, ντ 

(and νe̅, νµ̅, ντ̅)

One hundred billion solar 
neutrinos per cm2 per sec

Detection: 1 kilo-ton 
of water → one solar 

neutrino per day
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favoured 95% CL : solid regions 
excluded 90% CL : open regions

© Murayama

θ12 θ23θ13

θ12 = θ⊙ ≃ 34º 
θ23 = θatm ≃ 45º 
θ13 ≃ 8º

Δm2 = Δm2atm 

δm2 = Δm2⊙ 

Neutrino flavour oscillations (SK/SNO 1998) 
prove that neutrinos have non-zero distinct 

masses and establish the paradigm with 
three neutrinos ν1, ν2, ν3 (mass states)

Decades of  Neutrino 
Oscillation Experiments
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3-Neutrino Paradigm Flavour Structure

Δm2

δm2
1
2

3
e µ τ

↵ = e, µ, ⌧
<latexit sha1_base64="Qj+d6vFM09j1SWfZmqXDdtcgTlw=">AAACCXicbVC7SgNBFJ31GeMrKtjYDAbBIoTdWGihELCxjGAekA3h7mQ2GTKzu8zMKsuS1saP8AdsLBSx9Q/s/AD/w9kkhSYemOFwzr3ce48Xcaa0bX9ZC4tLyyurubX8+sbm1nZhZ7ehwlgSWichD2XLA0U5C2hdM81pK5IUhMdp0xteZn7zlkrFwuBGJxHtCOgHzGcEtJG6BewCjwaAL7ArQA+kSOmo5JZcEWe/hrhbKNpleww8T5wpKVb3G3dR8v1Y6xY+3V5IYkEDTTgo1XbsSHdSkJoRTkd5N1Y0AjKEPm0bGoCgqpOOLxnhI6P0sB9K8wKNx+rvjhSEUonwTGW2rpr1MvE/rx1r/6yTsiCKNQ3IZJAfc6xDnMWCe0xSonliCBDJzK6YDEAC0Sa8vAnBmT15njQqZeekXLk2aZyjCXLoAB2iY+SgU1RFV6iG6oige/SEXtCr9WA9W2/W+6R0wZr27KE/sD5+AO70nOI=</latexit>

flavour massPMNS

|⌫↵i =
3X

i=1

U⇤
↵i |⌫ii

<latexit sha1_base64="BxQCnI5v+Trj2phy1vOORfQ3Pqk="></latexit>

☞ PMNS flavour mixing matrix  
(Pontecorvo, Maki-Nakagawa-Sakata)

νe

νµ

ντ

⎧
⎩

ν1 ν2 ν3⎫
⎭

UPMNS = 

(m
as

s)
2

flavour
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3-Neutrino Paradigm Flavour Structure

Δm2

δm2
1
2

3
e µ τ

|Ue3| ≠ 0  
(recently discovered)

|Uτ3| = |Uµ3| ?  
(“maximal µ-τ mixing”)

|Uτ2| = |Uµ2| =  |Ue2|?
νe

νµ

ντ

⎧
⎩

ν1 ν2 ν3⎫
⎭

↵ = e, µ, ⌧
<latexit sha1_base64="Qj+d6vFM09j1SWfZmqXDdtcgTlw=">AAACCXicbVC7SgNBFJ31GeMrKtjYDAbBIoTdWGihELCxjGAekA3h7mQ2GTKzu8zMKsuS1saP8AdsLBSx9Q/s/AD/w9kkhSYemOFwzr3ce48Xcaa0bX9ZC4tLyyurubX8+sbm1nZhZ7ehwlgSWichD2XLA0U5C2hdM81pK5IUhMdp0xteZn7zlkrFwuBGJxHtCOgHzGcEtJG6BewCjwaAL7ArQA+kSOmo5JZcEWe/hrhbKNpleww8T5wpKVb3G3dR8v1Y6xY+3V5IYkEDTTgo1XbsSHdSkJoRTkd5N1Y0AjKEPm0bGoCgqpOOLxnhI6P0sB9K8wKNx+rvjhSEUonwTGW2rpr1MvE/rx1r/6yTsiCKNQ3IZJAfc6xDnMWCe0xSonliCBDJzK6YDEAC0Sa8vAnBmT15njQqZeekXLk2aZyjCXLoAB2iY+SgU1RFV6iG6oige/SEXtCr9WA9W2/W+6R0wZr27KE/sD5+AO70nOI=</latexit>

flavour massPMNS

|⌫↵i =
3X

i=1

U⇤
↵i |⌫ii

<latexit sha1_base64="BxQCnI5v+Trj2phy1vOORfQ3Pqk="></latexit>

☞ PMNS flavour mixing matrix  
(Pontecorvo, Maki-Nakagawa-Sakata)

 νe ≃ 68% of ν1, 30% of ν2, 2% of ν3 

u

c

t

⎧
⎩

d s b⎫
⎭

UPMNS = 

UCKM = 

The flavour structure is the leptonic sector 
is radically different than in the quark sector:
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3-Neutrino Paradigm Flavour Structure

Δm2

δm2
1
2

3
e µ τ

|Ue3| ≠ 0  
(recently discovered)

|Uτ3| = |Uµ3| ?  
(“maximal µ-τ mixing”)

|Uτ2| = |Uµ2| =  |Ue2|?
νe

νµ

ντ

⎧
⎩

ν1 ν2 ν3⎫
⎭

↵ = e, µ, ⌧
<latexit sha1_base64="Qj+d6vFM09j1SWfZmqXDdtcgTlw=">AAACCXicbVC7SgNBFJ31GeMrKtjYDAbBIoTdWGihELCxjGAekA3h7mQ2GTKzu8zMKsuS1saP8AdsLBSx9Q/s/AD/w9kkhSYemOFwzr3ce48Xcaa0bX9ZC4tLyyurubX8+sbm1nZhZ7ehwlgSWichD2XLA0U5C2hdM81pK5IUhMdp0xteZn7zlkrFwuBGJxHtCOgHzGcEtJG6BewCjwaAL7ArQA+kSOmo5JZcEWe/hrhbKNpleww8T5wpKVb3G3dR8v1Y6xY+3V5IYkEDTTgo1XbsSHdSkJoRTkd5N1Y0AjKEPm0bGoCgqpOOLxnhI6P0sB9K8wKNx+rvjhSEUonwTGW2rpr1MvE/rx1r/6yTsiCKNQ3IZJAfc6xDnMWCe0xSonliCBDJzK6YDEAC0Sa8vAnBmT15njQqZeekXLk2aZyjCXLoAB2iY+SgU1RFV6iG6oige/SEXtCr9WA9W2/W+6R0wZr27KE/sD5+AO70nOI=</latexit>

flavour massPMNS

|⌫↵i =
3X

i=1

U⇤
↵i |⌫ii

<latexit sha1_base64="BxQCnI5v+Trj2phy1vOORfQ3Pqk="></latexit>

☞ PMNS flavour mixing matrix  
(Pontecorvo, Maki-Nakagawa-Sakata)

 νe ≃ 68% of ν1, 30% of ν2, 2% of ν3 

What flavour symmetry can produce 
this pattern of flavour mixing? 
• if yes, how is that symmetry 

broken? 
• more broadly, is there a dynamical 

origin to the mixing and masses of 
neutrinos?

UPMNS = 

νe

νµ

ντ

⎧
⎩
⎫
⎭

ν1 ν2 ν3

p
1/2

<latexit sha1_base64="MtouIKNEl4QivB2olWCOqZQ7s60=">AAAB9HicbVC7TsNAEFzzDOGRACXNiQhEFexQQBmJhjJI5CElVnS+nJNTzmfn7hwpslzQ8As0FCCE6PgIPoGOv+GcpICEkVYazexqd8eLOFPatr+tldW19Y3N3FZ+e2d3r1DcP2ioMJaE1knIQ9nysKKcCVrXTHPaiiTFgcdp0xteZ35zTKViobjTk4i6Ae4L5jOCtZHcjhpJnSTOeSVN891iyS7bU6Bl4sxJqVpovj98nt7XusWvTi8kcUCFJhwr1XbsSLsJlpoRTtN8J1Y0wmSI+7RtqMABVW4yPTpFJ0bpIT+UpoRGU/X3RIIDpSaBZzoDrAdq0cvE/7x2rP0rN2EiijUVZLbIjznSIcoSQD0mKdF8YggmkplbERlgiYk2OWUhOIsvL5NGpexclCu3Jo0yzJCDIziGM3DgEqpwAzWoA4ERPMIzvFhj68l6td5mrSvWfOYQ/sD6+AF7/ZTW</latexit>

p
1/2

<latexit sha1_base64="MtouIKNEl4QivB2olWCOqZQ7s60=">AAAB9HicbVC7TsNAEFzzDOGRACXNiQhEFexQQBmJhjJI5CElVnS+nJNTzmfn7hwpslzQ8As0FCCE6PgIPoGOv+GcpICEkVYazexqd8eLOFPatr+tldW19Y3N3FZ+e2d3r1DcP2ioMJaE1knIQ9nysKKcCVrXTHPaiiTFgcdp0xteZ35zTKViobjTk4i6Ae4L5jOCtZHcjhpJnSTOeSVN891iyS7bU6Bl4sxJqVpovj98nt7XusWvTi8kcUCFJhwr1XbsSLsJlpoRTtN8J1Y0wmSI+7RtqMABVW4yPTpFJ0bpIT+UpoRGU/X3RIIDpSaBZzoDrAdq0cvE/7x2rP0rN2EiijUVZLbIjznSIcoSQD0mKdF8YggmkplbERlgiYk2OWUhOIsvL5NGpexclCu3Jo0yzJCDIziGM3DgEqpwAzWoA4ERPMIzvFhj68l6td5mrSvWfOYQ/sD6+AF7/ZTW</latexit>

p
1/3

<latexit sha1_base64="tGmvh3ZPmCmZ+N+zn2G9nNwkMFk=">AAAB9HicbVC7TsNAEDyHVwiPBChpLCIQlbGTAspINJRBIg8psaLz5Zyccj47d+tIkeWChl+goQAhRMdH8Al0/A3nJAUkjLTSaGZXuztexJkC2/42cmvrG5tb+e3Czu7efrF0cNhUYSwJbZCQh7LtYUU5E7QBDDhtR5LiwOO05Y2uM781oVKxUNzBNKJugAeC+Yxg0JLbVWMJSeJcVNO00CuVbcuewVwlzoKUa8XW+8Pn2X29V/rq9kMSB1QA4VipjmNH4CZYAiOcpoVurGiEyQgPaEdTgQOq3GR2dGqeaqVv+qHUJcCcqb8nEhwoNQ083RlgGKplLxP/8zox+FduwkQUAxVkvsiPuQmhmSVg9pmkBPhUE0wk07eaZIglJqBzykJwll9eJc2K5VStyq1Ow0Jz5NExOkHnyEGXqIZuUB01EEFj9Iie0YsxMZ6MV+Nt3pozFjNH6A+Mjx99hJTX</latexit>

p
1/3

<latexit sha1_base64="tGmvh3ZPmCmZ+N+zn2G9nNwkMFk=">AAAB9HicbVC7TsNAEDyHVwiPBChpLCIQlbGTAspINJRBIg8psaLz5Zyccj47d+tIkeWChl+goQAhRMdH8Al0/A3nJAUkjLTSaGZXuztexJkC2/42cmvrG5tb+e3Czu7efrF0cNhUYSwJbZCQh7LtYUU5E7QBDDhtR5LiwOO05Y2uM781oVKxUNzBNKJugAeC+Yxg0JLbVWMJSeJcVNO00CuVbcuewVwlzoKUa8XW+8Pn2X29V/rq9kMSB1QA4VipjmNH4CZYAiOcpoVurGiEyQgPaEdTgQOq3GR2dGqeaqVv+qHUJcCcqb8nEhwoNQ083RlgGKplLxP/8zox+FduwkQUAxVkvsiPuQmhmSVg9pmkBPhUE0wk07eaZIglJqBzykJwll9eJc2K5VStyq1Ow0Jz5NExOkHnyEGXqIZuUB01EEFj9Iie0YsxMZ6MV+Nt3pozFjNH6A+Mjx99hJTX</latexit>

p
1/3

<latexit sha1_base64="tGmvh3ZPmCmZ+N+zn2G9nNwkMFk=">AAAB9HicbVC7TsNAEDyHVwiPBChpLCIQlbGTAspINJRBIg8psaLz5Zyccj47d+tIkeWChl+goQAhRMdH8Al0/A3nJAUkjLTSaGZXuztexJkC2/42cmvrG5tb+e3Czu7efrF0cNhUYSwJbZCQh7LtYUU5E7QBDDhtR5LiwOO05Y2uM781oVKxUNzBNKJugAeC+Yxg0JLbVWMJSeJcVNO00CuVbcuewVwlzoKUa8XW+8Pn2X29V/rq9kMSB1QA4VipjmNH4CZYAiOcpoVurGiEyQgPaEdTgQOq3GR2dGqeaqVv+qHUJcCcqb8nEhwoNQ083RlgGKplLxP/8zox+FduwkQUAxVkvsiPuQmhmSVg9pmkBPhUE0wk07eaZIglJqBzykJwll9eJc2K5VStyq1Ow0Jz5NExOkHnyEGXqIZuUB01EEFj9Iie0YsxMZ6MV+Nt3pozFjNH6A+Mjx99hJTX</latexit>

p
2/3

<latexit sha1_base64="j0IYyJyNoXrBZwEl0X1/DBlQLtk=">AAAB9HicbVC7TgJBFL2LL8QHqKXNRKKxWneh0JLExhITeSSwIbPDLEyYfTAzS0I2W9j4CzYWGmPs/Ag/wc6/cRYoFDzJTU7OuTf33uNGnEllWd9Gbm19Y3Mrv13Y2d3bL5YODpsyjAWhDRLyULRdLClnAW0opjhtR4Ji3+W05Y6uM781oUKyMLhT04g6Ph4EzGMEKy05XTkWKkkqF9U0LfRKZcu0ZkCrxF6Qcq3Yen/4PLuv90pf3X5IYp8GinAsZce2IuUkWChGOE0L3VjSCJMRHtCOpgH2qXSS2dEpOtVKH3mh0BUoNFN/TyTYl3Lqu7rTx2ool71M/M/rxMq7chIWRLGiAZkv8mKOVIiyBFCfCUoUn2qCiWD6VkSGWGCidE5ZCPbyy6ukWTHtqlm51WmYMEcejuEEzsGGS6jBDdShAQTG8AjP8GJMjCfj1Xibt+aMxcwR/IHx8QN/DZTY</latexit>

p
1/6

<latexit sha1_base64="nZ4jOb866AY1DHbfL+UawynP5Uw=">AAAB9HicbVC7SgNBFJ2NrxgfiVraDAbFat2NoJYBG8sI5gHJEmYns8mQ2Udm7gbCsoWNv2BjoYjY+RF+gp1/42ySQhMPXDiccy/33uNGgiuwrG8jt7K6tr6R3yxsbe/sFkt7+w0VxpKyOg1FKFsuUUzwgNWBg2CtSDLiu4I13eF15jfHTCoeBncwiZjjk37APU4JaMnpqJGEJLHPLtK00C2VLdOaAi8Te07K1WLz/eHz5L7WLX11eiGNfRYAFUSptm1F4CREAqeCpYVOrFhE6JD0WVvTgPhMOcn06BQfa6WHvVDqCgBP1d8TCfGVmviu7vQJDNSil4n/ee0YvCsn4UEUAwvobJEXCwwhzhLAPS4ZBTHRhFDJ9a2YDogkFHROWQj24svLpFEx7XOzcqvTMNEMeXSIjtApstElqqIbVEN1RNEIPaJn9GKMjSfj1XibteaM+cwB+gPj4weCGZTa</latexit>

p
1/6

<latexit sha1_base64="nZ4jOb866AY1DHbfL+UawynP5Uw=">AAAB9HicbVC7SgNBFJ2NrxgfiVraDAbFat2NoJYBG8sI5gHJEmYns8mQ2Udm7gbCsoWNv2BjoYjY+RF+gp1/42ySQhMPXDiccy/33uNGgiuwrG8jt7K6tr6R3yxsbe/sFkt7+w0VxpKyOg1FKFsuUUzwgNWBg2CtSDLiu4I13eF15jfHTCoeBncwiZjjk37APU4JaMnpqJGEJLHPLtK00C2VLdOaAi8Te07K1WLz/eHz5L7WLX11eiGNfRYAFUSptm1F4CREAqeCpYVOrFhE6JD0WVvTgPhMOcn06BQfa6WHvVDqCgBP1d8TCfGVmviu7vQJDNSil4n/ee0YvCsn4UEUAwvobJEXCwwhzhLAPS4ZBTHRhFDJ9a2YDogkFHROWQj24svLpFEx7XOzcqvTMNEMeXSIjtApstElqqIbVEN1RNEIPaJn9GKMjSfj1XibteaM+cwB+gPj4weCGZTa</latexit>

0
<latexit sha1_base64="4DZzBmx+g9GcnjvAn+rvAR2Pylw=">AAAB6XicbZDNSgMxFIXv1L9a/6ou3QSL4GrItAvdWXDjsopthXYomTTThmYyQ5IRytA3cONCEbc+gm/izrcxM+1CWw8EPs65l9x7g0RwbTD+dkpr6xubW+Xtys7u3v5B9fCoo+NUUdamsYjVQ0A0E1yytuFGsIdEMRIFgnWDyXWedx+Z0jyW92aaMD8iI8lDTomx1h2uDKo17OJCaBW8BdSuPhuFWoPqV38Y0zRi0lBBtO55ODF+RpThVLBZpZ9qlhA6ISPWsyhJxLSfFZPO0Jl1hiiMlX3SoML93ZGRSOtpFNjKiJixXs5y87+sl5rw0s+4TFLDJJ1/FKYCmRjla6MhV4waMbVAqOJ2VkTHRBFq7HHyI3jLK69Cp+56Dbd+i2tNF+Yqwwmcwjl4cAFNuIEWtIFCCE/wAq/OxHl23pz3eWnJWfQcwx85Hz+KaI7Y</latexit>

?

e.g., tribimaximal 
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PMNS Parameterisation

Δm2

δm2
1
2

3
e µ τ

↵ = e, µ, ⌧
<latexit sha1_base64="Qj+d6vFM09j1SWfZmqXDdtcgTlw=">AAACCXicbVC7SgNBFJ31GeMrKtjYDAbBIoTdWGihELCxjGAekA3h7mQ2GTKzu8zMKsuS1saP8AdsLBSx9Q/s/AD/w9kkhSYemOFwzr3ce48Xcaa0bX9ZC4tLyyurubX8+sbm1nZhZ7ehwlgSWichD2XLA0U5C2hdM81pK5IUhMdp0xteZn7zlkrFwuBGJxHtCOgHzGcEtJG6BewCjwaAL7ArQA+kSOmo5JZcEWe/hrhbKNpleww8T5wpKVb3G3dR8v1Y6xY+3V5IYkEDTTgo1XbsSHdSkJoRTkd5N1Y0AjKEPm0bGoCgqpOOLxnhI6P0sB9K8wKNx+rvjhSEUonwTGW2rpr1MvE/rx1r/6yTsiCKNQ3IZJAfc6xDnMWCe0xSonliCBDJzK6YDEAC0Sa8vAnBmT15njQqZeekXLk2aZyjCXLoAB2iY+SgU1RFV6iG6oige/SEXtCr9WA9W2/W+6R0wZr27KE/sD5+AO70nOI=</latexit>

flavour massPMNS

|⌫↵i =
3X

i=1

U⇤
↵i |⌫ii

<latexit sha1_base64="BxQCnI5v+Trj2phy1vOORfQ3Pqk="></latexit>

☞ PMNS flavour mixing matrix  
(Pontecorvo, Maki-Nakagawa-Sakata)

cij = cos ✓ij
<latexit sha1_base64="ItCly7M1p9K9pge3poSA/ZHDwM8=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4Kkld6EKhIIgboaJ9QBPCZDptx04ezNwIJWTjxl9x40IRt/6DO7/CX3DadKGtBy4czrmXe+/xY8EVWNaXMTe/sLi0XFgprq6tb2yaW9sNFSWSsjqNRCRbPlFM8JDVgYNgrVgyEviCNf3B+chv3jOpeBTewjBmbkB6Ie9ySkBLnrlHvZTfZfgMOzRSKXagz4DkWuaZJatsjYFniT0hpSq+uvkeuBc1z/x0OhFNAhYCFUSptm3F4KZEAqeCZUUnUSwmdEB6rK1pSAKm3HT8RYYPtNLB3UjqCgGP1d8TKQmUGga+7gwI9NW0NxL/89oJdE/clIdxAiyk+aJuIjBEeBQJ7nDJKIihJoRKrm/FtE8koaCDK+oQ7OmXZ0mjUraPypVrncYpylFAu2gfHSIbHaMqukQ1VEcUPaAn9IJejUfj2Xgz3vPWOWMys4P+wPj4AQfFmzk=</latexit>

sij = sin ✓ij
<latexit sha1_base64="MesO8puZArJcZam6iOSlvdG0rC8=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4Kkld6EKhIIgboaJ9QBPCZDptx04mYeZGKKEbN/6KGxeKuPUf3PkV/oLTx0JbD1w4nHMv994TJoJrcJwva25+YXFpObeSX11b39i0t7ZrOk4VZVUai1g1QqKZ4JJVgYNgjUQxEoWC1cPe+dCv3zOleSxvoZ8wPyIdyducEjBSYO/pION3A3yGPc1lhj3oMiBjbRDYBafojIBniTshhTK+uvnu+ReVwP70WjFNIyaBCqJ103US8DOigFPBBnkv1SwhtEc6rGmoJBHTfjb6YoAPjNLC7ViZkoBH6u+JjERa96PQdEYEunraG4r/ec0U2id+xmWSApN0vKidCgwxHkaCW1wxCqJvCKGKm1sx7RJFKJjg8iYEd/rlWVIrFd2jYunapHGKxsihXbSPDpGLjlEZXaIKqiKKHtATekGv1qP1bL1Z7+PWOWsys4P+wPr4ASmum04=</latexit>

0

@
⌫e
⌫µ
⌫⌧

1

A =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13e�i�CP

0 1 0
�s13ei�CP 0 c13

1

A

0

@
c12 s12 0

�s12 c12 0
0 0 1

1

A

0

@
⌫1
⌫2
⌫3

1

A
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Usual parameterisation of the PMNS mixing matrix:

flavour massPMNS

atmospheric accelerator/reactor solar

Neutrino oscillations depend on 
• 2 squared-mass differences:  

          Δm221 and Δm232 
• 3 mixing angles: θ12, θ13, and θ23 
• 1 phase: δCP 

(oscillations do not depend on 2 possible Majorana phases α1 and α2)
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Ordering or Hierarchy?

C. Giunti, Moscow 2019

Normal Ordering (NO) Inverted Ordering (IO)

➠ quasi degenerate for mlightest > √Δm2 ≈ 50 meV

best limits from cosmology (Planck + BAO) see lecture by 
Ch. Yèche

m1≈m2≈m3 m1≈m2≈m3 



!11

Neutrinoless Double Beta Decay

                      Inverted Ordering  

              Normal Ordering  

m1≈m2≈m3 



!12

2-Neutrino Transition Probabilities
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2-Neutrino Transition probability 

P⌫↵!⌫↵ = P⌫�!⌫� = 1� P⌫↵!⌫�
<latexit sha1_base64="rDPYdlihe2/nYozBVbDxcb3jo2Q="></latexit>

Survival probability 

to be integrated over energy and 
distance, and convoluted with cross 
section, resolution, efficiency, etc.

An example: disappearance at NOvA
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Transition Probabilities
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Transition probability 

P⌫↵!⌫↵ = P⌫�!⌫� = 1� P⌫↵!⌫�
<latexit sha1_base64="rDPYdlihe2/nYozBVbDxcb3jo2Q="></latexit>

Survival probability 

to be integrated over energy and 
distance, and convoluted with cross 
section, resolution, efficiency, etc.
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Transition Probabilities
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amplitude
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Transition probability 

P⌫↵!⌫↵ = P⌫�!⌫� = 1� P⌫↵!⌫�
<latexit sha1_base64="rDPYdlihe2/nYozBVbDxcb3jo2Q="></latexit>

Survival probability 

to be integrated over energy and 
distance, and convoluted with cross 
section, resolution, efficiency, etc.
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Neutrino Flavour Transition in Vacuum
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time dependence on 
• mass squared differences 
• L(=baseline)/E(=energy) ratio 

Transition probability:

↵,� = e, µ, ⌧
<latexit sha1_base64="BmmwzhG/PsumdMXRdW2pfg68ArA=">AAACDnicbVC7SgNBFJ31bXxFBRubQREsJOzGQgsFwcYygkmEbAh3JzdmcGZ3mbmrhCVfYOMf+A02ForYWtv5Af6Hk8TC14EZDufcy733RKmSlnz/3Rsbn5icmp6ZLczNLywuFZdXajbJjMCqSFRiziOwqGSMVZKk8Dw1CDpSWI8ujwd+/QqNlUl8Rr0UmxouYtmRAshJreJWCCrtwg4PIyTghzzUQF2jc+w7TWfuI8haxU2/5A/B/5Lgi2werdWu097HXaVVfAvbicg0xiQUWNsI/JSaORiSQmG/EGYWUxCXcIENR2PQaJv58Jw+33JKm3cS415MfKh+78hBW9vTkascLGt/ewPxP6+RUWe/mcs4zQhjMRrUyRSnhA+y4W1pUJDqOQLCSLcrF10wIMglWHAhBL9P/ktq5VKwWyqfujQO2AgzbJ1tsG0WsD12xE5YhVWZYDfsnj2yJ+/We/CevZdR6Zj31bPKfsB7/QQTV56I</latexit>

CP conserving 

CP violating 

Jarlskog rephasing invariant:

JCP = �
X

i<j

=(U⇤
↵iU�iU↵jU

⇤
�j) = ±J

<latexit sha1_base64="3wKslyw7PhduXUW2hCBhOC9fq+8="></latexit>
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CP Violation in Vacuum
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with J = c12s12c23s23c
2
13s13 sin �CP
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Jmax
CP = 0.033± 0.001
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JCKM
CP = (3.0± 0.2)⇥ 10�5
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to be compared with the Jarlskog 
invariant of the CKM matrix

all CP violation 
effects are 

proportional to J

Despite the large value of the phase, γ = (71 ± 5)º,  
CP violation effects are small in CKM  

due to small mixing angles

In the neutrino sector, CP 
violating effects can be much 

larger, depending on δCP

Necessary conditions for study of CP violation 
• sensitivity to all three mixing angles  
• sensitivity to atmospheric and solar oscillations
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From 2- to 3-Neutrino Effects

e → e δm2 Δm2

µ → e

µ → µθ12 θ23

θ13

e → e

e → e Δm2 θ23δm2 θ12 µ → µ Δm2 θ23

θ13Δm2 θ23

reactor

solar

atmospheric

reactor

Acc.  
LBL

Acc. 
LBL

disappearance and…

KamLand Super K Daya Bay

Borexino NOvA T2K

appearance
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Present Knowledge of  PMNS

@
E.

 L
is

i

• the Normal Ordering (NO) hypothesis is favoured (at the 3σ level) 
• the CP conservation hypothesis is disfavoured (at the more then 2σ level) 
• the data are compatible with maximal CP violation (δCP = −π/2)



!19

Mass Ordering

Δm2 

δm2 

Normal Ordering (NO)

1
2

3
e µ τ

−Δm2

δm2

Inverted Ordering (IO)

3

1
2

e µ τ

2-neutrino oscillations do not depend on  
the absolute mass scale:  
               mmin = m1 (NO) or m3 (IO) 
➠ the sign of Δm2 is not known

The Mass Ordering comes into play in several ways: 
• matter effects (NSW) in the Earth  
➠ SK/HK, IceCube/PINGU, KM3NET/ORCA 

• 3-ν interference effects due to the small difference (3%) in Δm213 and Δm232  
➠ JUNO 

• matter effects in long baseline experiments
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Mass Hierarchy with Atmospheric νs

Mass hierarchy accessible through MSW effect in 
upward-going multi-GeV νe sample 
• Normal Ordering :   enhancement of νµ → νe  
• Inverted Ordering : enhancement of νµ̅ → νe̅ 

Zenith angle

Hyper-Kamiokande

PINGU (IceCube)

sin2 2✓M13 =
sin2 2✓13

sin2 2✓13 ± (cos 2✓13 +
p
2GFNe/�m2

31)
<latexit sha1_base64="oEuVreBvJRQaCnwW0vTzGPDeVa0="></latexit>

(mostly) ν/ν̅ mass ordering

Potential to determine mass ordering (> 3σ) by 2030
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JUNO

Reactor experiment in China 
• 50 km baseline (2 reactors) 
• 20 kt liquid scintillator detector 
• 3% energy resolution @ 1 MeV

• MO at 4σ in 6 years 
• percent level measurements of  

sin2θ12, δm2 and Δm2   

∼2021

PMT coverage  
> 75%

P (⌫e ! ⌫e) =
<latexit sha1_base64="bblzc2bk3QOyiUGKlV7c95CS9HA=">AAACLHicfVDLSsNAFJ3UV62vqEs3g0Wom5JUQRcKhW5cVrAPaEKYTCft0MkkzEyEEvJBbvwVQVxYxK3f4aTNQlvxwMDhnHvv3Hv8mFGpLGtmlNbWNza3ytuVnd29/QPz8Kgro0Rg0sERi0TfR5IwyklHUcVIPxYEhT4jPX/Syv3eIxGSRvxBTWPihmjEaUAxUlryzFa7Bp1IV+QDUocnmZc6IVJjEaYky6Cjon/9c3gLPbNq1a054CqxC1IFBdqe+eoMI5yEhCvMkJQD24qVmyKhKGYkqziJJDHCEzQiA005Col00/mxGTzTyhAGkdCPKzhXf3akKJRyGvq6Mt9TLnu5+Jc3SFRw7aaUx4kiHC8+ChIGdQJ5cnBIBcGKTTVBWFC9K8RjJBBWOt+KDsFePnmVdBt1+6LeuL+sNm+KOMrgBJyCGrDBFWiCO9AGHYDBE3gB72BmPBtvxofxuSgtGUXPMfgF4+sbEKKpRA==</latexit>
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δm2
Δm2



Neutrinos and antineutrinos travel through 
matter not antimatter 
• electron density in matter causes an 

asymmetry via CC coherent forward elastic 
scattering 

• this effectively modifies the flavour mixing 
angles (larger effect between ν1 and ν3)  
 
 
 
 
 

• this depends on the electron density Ne  
and on the Mass Ordering (sign of Δm213) 

• for antineutrinos    Vcc → −Vcc
!22

Matter Effects in LBL Experiments

⌫e
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Matter Effects in LBL Experiments

A MSW resonance situation occurs for 
• neutrinos in Normal Ordering 
• antineutrinos in Inverse Ordering

Eres = |�m2
31| cos 2✓13/2

p
2GFNe

<latexit sha1_base64="CJXoerVAr6Io9Yb4sWc6XlIv0XE="></latexit>

For  Earth mantle density ρ = 2.6 g/cm3,   
                     Eres ≈ 10 GeV  
➠ for a given L/E, matter effects are  larger 
for longer baselines

�m2L

4E
= 1.27

�m2[eV2]L[km]

E[GeV]
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CP Violation vs Matter Effects
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At given L/E, larger baseline 
means higher energy,  

hence bigger matter effect, 
hence more fake CP violation
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CP Violation vs Matter Effects
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CP Violation vs Matter Effects
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CP Asymmetries

sin2θ23 = 0.425-0.5-0.575  
sin2θ13 = 0.022 
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T2K: Far Detector Sample

data: 
3×1021 POT (50/50 ν and ν)̅

νµ CCQE → 243 events 
νµ̅ CCQE → 102 events 
νe CCQE →  75 events 
νe̅ CCQE →    9 events 
νe CC1π →  15 events
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T2K CP Analysis

CP-conserving values (0, π) are outside 
the 2σ intervals for both mass ordering

with reactors
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JPARC/T2HK

• LBL = 295 km 
• off-axis (2.5∘) 
• narrow beam 
• <Eν> = 600 MeV 
• first maximum 

of oscillations

180 kt Water Cherenkov
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From JPARC to SuperK

SK

50 kt 
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HK Sensitivities

☛ Schedule 
• 1.3 MW × 186 kton for 10 yr 
☛ ν/ν ̅running = 1:3 
☛ operations up-time as SK

• 60% of phase space with >5σ sensitivity 
in 10yr 

• 5σ sensitivity in 2 yrs for maximal CPV
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LBNF/DUNE

4 × 10 kt Liquid Argon

• LBL = 1 300 km 
• on-axis 
• wide beam 
• <Eν> = 3 GeV 
• first maximum 

of oscillations 
• also second 

maximum 
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Title Text
Flux prediction Interaction model

Far Detector (FD) 
simulation Oscillations

ND & FD spectra

Systematic uncertainties

Near Detector (ND) 
simulation

Statistical analysis

Final sensitivity



!40

DUNE Far Detector Samples (7 years)

νe, νe̅ appearance: 
1 000 events

νµ, νµ̅, disappearance 
10 000 events

νe νe̅

νµ νµ̅
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DUNE Far Detector Samples (7 years)

νe νe̅

νe νe̅

Variation with 
mass ordering

Variation with δCP
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DUNE Sensitivities

  CP Violation     Mass Ordering 

☛ Staged schedule 
• 1.2 MW × 20 kton at start 
• 1.2 MW × 30 kton after 1 yr 
• 1.2 MW × 40 kton after 3 yr 
• 2.4 MW × 40 kton after 6 yr 
☛ equal ν/ν ̅running 
☛ 56% operations up-time

simultaneous fit of ND and FD data
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DUNE Sensitivities with Time

  CP Violation     Mass Ordering 

5σ for 50% of δCP values in 10 years mass ordering at 5σ in at most 2 years
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DUNE Summary of  Expected Performance

  sin2θ23 vs δCP  (15 y)  

 octant determination (10 y)

  δCP  precision

  sin2θ13 vs δCP  (15 y)  
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Proton Decay and GUT
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Proton Decay in HK

ultimate 3σ sensitivity to τp/BR = 1035 yr

ultimate 3σ sensitivity to τp/BR = 3 × 1033 yr
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Longer Term: ESSnuSB?

☛ ESSnuSB (European Spallation Source 
Neutrino Super Beam) 

• ESS neutron source under construction in 
Lund (Sweden) 

• far mega-ton class water Cherenkov 
detector?  

• two candidate sites: Garpenberg (L = 540 
km) and Zinkgruven (L = 360 km)

Excellent coverage of 
the second maximum

• more sensitivity on δCP 
• less influence from systematic uncertainties
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