
Neutrino parameters and open 
questions in neutrino physics
Yasaman Farzan

IPM, Iran



Neutrino mass parameters



Mixing parameters



Mixing parameters

Are        observable?



Mixing parameters

Are        observable?

We shall discuss later.



Compact form



Neutrino oscillation in matter



• Oscillation depends only on mass square 
difference both in vacuum and in matter.



•Oscillation depends only on mass square 
difference both in vacuum and in matter.



How to measure neutrino mass scale?

Shift of endpoint



To be precise

On the effective mass of the electron neutrino in beta decay, 
Phys. Lett. B 557 (2003)
YF and Smirnov



Mainz experiment

Cosmology                    stronger bounds on 



KATRIN experiment

KArlsruhe TRItium Neutrino

Down to   0.2 eV

Present bound:
Aker et al (KATRIN), 
2105.08533

m⌫ < 0.8 eV 90% C.L.
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KATRIN Bounds

KATRIN collaboration, Nature Physics 18 (2022) 160
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m⌫ < 0.8 MeV 90 % C.L



Neutrino mass parameters

Pontecorvo-Maki-Nakagawa-Sakata



Mixing parameters



Knowns parameters
Solar and KamLAND

Atmospheric and long
baseline

Chooz:

Daya Bay, RENO05, double CHOOZ

Long baseline  
✓13
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Solar neutrinos
Homestake: 1968-1994

Neutrino oscillation 
appears as deficit.



Raymond Davis

2002 Nobel prize



C. Giunti and C. W. Kim
Fundamentals of neutrino physics and astrophysics

observation= (1/3) of expected
Davis, Harmer and Hoffman, PRL (1968)



Water Cherenkov experiments

• Like super-kamiokande in Japan
• And its predecessor Kamiokande
IMB in the USA



KOSHIBA

Designed Kamiokande to search for
Proton decay



KOSHIBA and DAVIS

for pioneering contributions to astrophysics, in particular for the detection 
of cosmic neutrinos

2002 Nobel prize

https://en.wikipedia.org/wiki/Neutrino


Solar neutrino 

Super-Kamiokande:

SNO:



SNO in Canada 



SNO in Canada 



Arthur McDonald



KamLAND

deficit



KamLAND



KamLAND massacre!
Magnetic transition 
moment solution



CLOWN Diagram



CLOWN Diagram

Maskara in turkish!

Pagliaccio in Italian.



•Why only                       ?



•Why only                     ?



•Oscillation in vacuum

•Matter effects

Matter effects inside the Sun makes oscillation sensitive to 



Results of global fit
•Gonzalez-Garcia, Maltoni and Salvado, JHEP 2010



Atmospheric neutrinos 



Muon neutrino events

Famous 1998 
Super-Kamiokande
results

Super-kamiokande homepage



2004 analysis



Leading order

•To leading order, we can neglect effects of 

Atmospheric neutrino data





2015 nobel prize



CHOOZ experiment

reactor detector
116.7 m

Observation:



Long baseline experiments

•K2K, MINOS, CERN to Gran Sasso, T2K



Sub-leading effects-global analysis

Gonzalez-Garcia
Maltoni
Salvado

JHEP 2010



MINOS





T2K+MINOS

Abe et al., (T2K), PRL 107 (2011)

Adamson et al., (MINOS) PRL 107 (2011)



Double CHOOZ



Double CHOOZ results

Abe, Double CHOOZ collaboration, (2011)

No oscillation Ruled out at    



Daya Bay and RENO

Daya Bay, An et al, PRL 108 (2012)
171803

RENO, Ahn et al, PRL 108 (2012) 191802



www.nu-fit.org

http://www.nu-fit.org/




Unknown parameters



CP-violation and T-violation

Neutrino factory??

Superbeam? DUNE
T2HK 
T2HKK

MOMENT

ESSnuSB



Mass terms invariant under Lorentz 
symmetry

•Dirac mass term

•Majorana mass term 



Mass terms invariant under Lorentz 
symmetry

•Dirac mass term

•Majorana mass term 



Lepton number 

Invariant:

Majorana mass term does not conserve lepton number.



Lepton number conserved                                           

Lepton number violated                                             



mee = m�� = |
3X

i=1

miU
2
ei|
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Barabash, arXiv:
1702.06340



Barabash, arXiv:1702.06340



•
• *** 2023 long range plan for nuclear science released
• https://science.osti.gov/-/media/np/nsac/pdf/202310/NSAC_LRP_2023.pdf
• RECOMMENDATION 2 is "As the highest priority for new experiment
• construction, we recommend that the US lead an international
• consortium that will undertake a neutrinoless double beta decay
• campaign, featuring the expeditious construction of ton-scale
• experiments, using different isotopes and complementary
• techniques." The plan endorses CUPID, nEXO and LEGEND-1000.
• The report is a vision for nuclear physics for the next 5-10 y.

https://urldefense.proofpoint.com/v2/url?u=https-3A__science.osti.gov_-2D_media_np_nsac_pdf_202310_NSAC-5FLRP-5F2023.pdf&d=DwMFAg&c=gRgGjJ3BkIsb5y6s49QqsA&r=WfNXqeZPSDpASHXyOsq-vPcznaRiqEDqC3dk7-cjPgw&m=sq6BAkyhyGud1e8dBSHAmcGoLFD8PqPfTHP0pVm3BO3X8aZJ4X6ry5Nx0UFO3lj2&s=r5xGBLS8G8q33UBCqQTUHbJWEBPtM13Ib05N8CTqyHs&e=


De Anda, 
Valle and
Vaquera-Araujo,
arXiv:1910.05605

mee = m�� = |
3X

i=1

miU
2
ei|
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Neutrino mass parameters



Mixing parameters

Are        observable?
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Open question:
Is neutrino mass of Dirac type or Majorana type?

Is lepton number conserved?



Invariance under electroweak 
symmetry

•Yukawa coupling

•Dirac massSinglet  under SU(2)   U(1)



Majorana mass term

• Rich literature on models for Majorana mass

• Radiative mass

• Seesaw mechanism

• Type I seesaw, Type II seesaw, Type II seesaw



Type I seesaw mechanism

N = ⌫R
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Type I seesaw mechanism



Type I seesaw mechanism



Type I seesaw mechanism



Bonus of type I seesaw mechanism:
Explaining matter-antimatter 
asymmetry
• Baryon (proton, neutron) density in the 

universe

• Anti-baryon (Anti-proton, anti-neutron) density 
in the universe



Reminder
11/17/23



How many neutrinos are there?

• Fourth generation

• Sterile neutrino can be light! 



Short baseline experiments

No oscillation is expected.



LSND
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fit obtains a best-fit at maximal mixing, with a �m2 of
0.033 eV2, compatible with this diagonal band. The ex-
cess drives the allowed values of sin2(2✓µe), but large de-
viations from the best-fit in |Ue4|2 and |Uµ4|2 are allowed,
provided the combination produces enough ⌫µ ! ⌫e ap-
pearance to describe the excess. This freedom is present
in part because the systematic errors of the prediction
allow large changes to the muon-neutrino channel with
little penalty, which in turn provides only a weak con-
straint on |Uµ4|2 through ⌫µ disappearance.

In both analyses, MicroBooNE’s electron-neutrino
data do not exhibit an excess at the lower end of their
energy spectrum, as MiniBooNE’s electron-neutrino data
do, and MicroBooNE overall observes a lower event rate
than predicted by the nominal no-oscillation model [12].
However, the data sample from MicroBooNE does not
have the statistical power needed to rule out a 3+1
⌫µ ! ⌫e explanation of the MiniBooNE low-energy-
excess. The observed event-rate from MicroBooNE’s ⌫e
CCQE 1e1p analysis precludes very large ⌫µ ! ⌫e ap-
pearance at values of�m2 and sin2(2✓µe) higher than the
MiniBooNE allowed region. This manifests in Figure 2
(top) as a small shift in the allowed region to lower �m2

and lower sin2(2✓µe). In Figure 1c, the best-fit 3+1 oscil-
lation prediction increases the expected number of events
in a region where the MicroBooNE CCQE analysis ob-
serves a deficit, suggesting that the fit is primarily driven
by the larger MiniBooNE data sample, in line with our
expectation. This is also true for the MicroBooNE inclu-
sive analysis, as shown in Figure 1d. However, the inclu-
sive analysis provides a stronger constraint on ⌫µ ! ⌫e
appearance in general. This manifests in Figure 2 as (1)
a more significant modification of the allowed regions for
the combined fit and (2) a smaller ��2 between the 3+1
best fit and the SM in Table I, in comparison to the com-
bined fit with the MicroBooNE CCQE analysis.

The 3+1 scenario is preferred over the no-oscillation
model in both the MiniBooNE-only and combined-
fit cases. In the MiniBooNE-only fit we obtain a
��2 = 27.8 between the two models, whereas in the
combined-fit we obtain a ��2 = 24.7 for 3 additional
degrees of freedom introduced in the fit. This is smaller
than the ��2 = 29 with 3 degrees of freedom reported
in the two neutrino oscillation analysis [2], representing
a drop in the significance when disappearance e↵ects
are accounted for. If we assume the asymptotic approx-
imation to the test-statistic distribution provided by
Wilks’ theorem [28] with a di↵erence of three degrees of
freedom between the models, then we obtain p-values of
4.09⇥ 10�6 and 1.77⇥ 10�5 in favor of the 3+1 scenario
for the MiniBooNE-only and combined analyses, respec-
tively. However, we expect the true di↵erence in degrees
of freedom between the models to be less than three,
based on both the degeneracy inherent in the 3+1 model
and the smaller di↵erence in degrees of freedom observed
in the two-neutrino MiniBooNE oscillation study [2,
§5]. A reduction in the di↵erence in degrees of freedom
between the models would increase the significance of
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FIG. 2. The results of the MiniBooNE-only and combined
fits with MicroBooNE’s CCQE sample [11] (top) and Micro-
BooNE’s Inclusive sample [14] (bottom). The likelihood is
obtained by profiling over all parameters except �m2 and
sin2(2✓µe). The two best-fit points are shown as appropriately
colored stars, and the contours are obtained by comparing the
profile-likelihood-ratio test-statistic to the asymptotic distri-
bution provided by Wilks’ theorem, and assuming a di↵erence
of two degrees of freedom.

these two statistical tests. Therefore, we conservatively
estimate that the MiniBooNE-only 3+1 model test
prefers the 3+1 model to the SM at approximately 4.6�,
and the addition of the MicroBooNE electron-neutrino
CCQE (inclusive) data reduces this significance to
approximately 4.3� (3.4�).

CONCLUSION

This letter has explored a full 3+1 sterile-neutrino os-
cillation model within the context of results from the
MiniBooNE and MicroBooNE experiments. In the Mini-
BooNE electron-like analysis, we consider ⌫µ ! ⌫e ap-
pearance alongside both ⌫e and ⌫µ disappearance. In the

A. A.Aguilar-Arevalo et al. [MiniBooNE], “MiniBooNE and MicroBooNE
Combined Fit to a 3+1 Sterile Neutrino Scenario,’’ 
Phys. Rev. Lett. 129 (2022) no.20, 201801
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Shower vs muon-track

Charged current interaction of muon neutrinos

Muon-track

Charged current interaction of tau neutrinos and subsequent decay of tau to
the muon

<latexit sha1_base64="t5jJ+dYzmB6LlthUsIBM1Y624LU=">AAAB+3icbZDLSsNAFIYnXmu9xbp0M1gEQSiJFHVZdONKKtgLNCFMptN26MwkzEUsoa/ixoUibn0Rd76NkzYLbf1h4OM/5zDn/HHKqNKe9+2srK6tb2yWtsrbO7t7++5Bpa0SIzFp4YQlshsjRRgVpKWpZqSbSoJ4zEgnHt/k9c4jkYom4kFPUhJyNBR0QDHS1orcSiBMFHBzdhfoBObQjdyqV/NmgsvgF1AFhZqR+xX0E2w4ERozpFTP91IdZkhqihmZlgOjSIrwGA1Jz6JAnKgwm+0+hSfW6cNBIu0TGs7c3xMZ4kpNeGw7OdIjtVjLzf9qPaMHV2FGRWo0EXj+0cAwaM/Mg4B9KgnWbGIBYUntrhCPkERY27jKNgR/8eRlaJ/X/Ita/b5ebVwXcZTAETgGp8AHl6ABbkETtAAGT+AZvII3Z+q8OO/Ox7x1xSlmDsEfOZ8/IvqT3Q==</latexit>

⌫µ +N ! µ+X

<latexit sha1_base64="YzEz/BptaocbIAYd1y8bGXCsyWg=">AAACJXicbZBNS8MwGMfT+TbrW9Wjl+AQBGG0MtSDh6EXTzLBvcBaSpqlW1ialiQVRtmX8eJX8eLBIYInv4pp14NuPhDyy/95Hp48/yBhVCrb/jIqK6tr6xvVTXNre2d3z9o/6Mg4FZi0ccxi0QuQJIxy0lZUMdJLBEFRwEg3GN/m+e4TEZLG/FFNEuJFaMhpSDFSWvKta5envqtQenbvqhgW1IMuFmaOsNAifQdIZLp06hevsse3anbdLgIug1NCDZTR8q2ZO4hxGhGuMENS9h07UV6GhKKYkanpppIkCI/RkPQ1chQR6WXFllN4opUBDGOhD1ewUH93ZCiSchIFujJCaiQXc7n4X66fqvDKyyhPUkU4ng8KUwb17rllcEAFwYpNNCAsqP4rxCMkEFbaWFOb4CyuvAyd87pzUW88NGrNm9KOKjgCx+AUOOASNMEdaIE2wOAZvIJ3MDNejDfjw/icl1aMsucQ/Anj+wfzsaT4</latexit>

⌫⌧ +N ! ⌧ +X

⌧ ! µ⌫̄µ⌫⌧



Shower vs muon-track

Shower=cascade

Charged current interaction of electron and tau neutrinos

NC interaction of all three flavors 

<latexit sha1_base64="Ce8UUmaBxCuHkz5wwOOckE5T3vk=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEIQqEkUtRj0YsnqWA/oAlhs520SzebsLsRaukv8eJBEa/+FG/+G7dtDtr6YODx3gwz88KUM6Ud59sqrK1vbG4Vt0s7u3v7ZfvgsK2STFJo0YQnshsSBZwJaGmmOXRTCSQOOXTC0c3M7zyCVCwRD3qcgh+TgWARo0QbKbDLnsgCqN55OsFQ7eLArjg1Zw68StycVFCOZmB/ef2EZjEITTlRquc6qfYnRGpGOUxLXqYgJXREBtAzVJAYlD+ZHz7Fp0bp4yiRpoTGc/X3xITESo3j0HTGRA/VsjcT//N6mY6u/AkTaaZB0MWiKOPYfDlLAfeZBKr52BBCJTO3YjokklBtsiqZENzll1dJ+7zmXtTq9/VK4zqPo4iO0Qk6Qy66RA10i5qohSjK0DN6RW/Wk/VivVsfi9aClc8coT+wPn8APqSSLQ==</latexit>

⌫e +N ! e+X



Shower vs muon-track

Shower=cascade

Charged current interaction of electron and tau neutrinos

NC interaction of all three flavors 

<latexit sha1_base64="VpSsAeAw3bvAp0k0ekKJwl32vxE="></latexit>

⌫⌧ +N ! ⌧ +X

⌧ ! e⌫̄e⌫⌧

⌧ ! hadrons + ⌫⌧



Shower vs muon-track

Shower=cascade

Charged current interaction of electron and tau neutrinos

NC interaction of all three flavors 
<latexit sha1_base64="6NJvZ+5i6ZoKCxoxM3PVQhFdyGU=">AAACBnicbVDLSgMxFL3js9bXqEsRgkUQhDIjRV0W3biSCvYBnWHIpJk2NJMZkoxQSldu/BU3LhRx6ze4829M21nU1gOBk3PuJTknTDlT2nF+rKXlldW19cJGcXNre2fX3ttvqCSThNZJwhPZCrGinAla10xz2kolxXHIaTPs34z95iOViiXiQQ9S6se4K1jECNZGCuwjT2SBh3naw2d3nk7QzL2FArvklJ0J0CJxc1KCHLXA/vY6CcliKjThWKm266TaH2KpGeF0VPQyRVNM+rhL24YKHFPlDycxRujEKB0UJdIcodFEnd0Y4lipQRyayRjrnpr3xuJ/XjvT0ZU/ZCLNNBVk+lCUcWTijjtBHSYp0XxgCCaSmb8i0sMSE22aK5oS3PnIi6RxXnYvypX7Sql6nddRgEM4hlNw4RKqcAs1qAOBJ3iBN3i3nq1X68P6nI4uWfnOAfyB9fULNUOYUQ==</latexit>

⌫↵ +N ! ⌫↵ +X



Two other sort of events

• Double bang or elongated track

• Glashow resonance
<latexit sha1_base64="wvpVld5hYT81+uUYJJ/TPrWaaYs=">AAACE3icbVDLSgMxFM3UV62vUZdugkUQxTIjRV0W3bisYB/QGUsmvW1DM5khyQhlmH9w46+4caGIWzfu/BvTdhZaPRByOOdeknOCmDOlHefLKiwsLi2vFFdLa+sbm1v29k5TRYmk0KARj2Q7IAo4E9DQTHNoxxJIGHBoBaOrid+6B6lYJG71OAY/JAPB+owSbaSufeQFRKaeSLIuHMPdCfZ0hFv5nXoyxEPSk5FQGe7aZafiTIH/EjcnZZSj3rU/vV5EkxCEppwo1XGdWPspkZpRDlnJSxTEhI7IADqGChKC8tNppgwfGKWH+5E0R2g8VX9upCRUahwGZjIkeqjmvYn4n9dJdP/CT5mIEw2Czh7qJxybvJOCcI9JoJqPDSFUMvNXTIdEEqpNjSVTgjsf+S9pnlbcs0r1plquXeZ1FNEe2keHyEXnqIauUR01EEUP6Am9oFfr0Xq23qz32WjBynd20S9YH99sFJ1B</latexit>

⌫̄e + e� ! W� ! hadrons



Possible sources

• AGN
• Gamma ray bursters

Proton-proton 

Proton-gamma

<latexit sha1_base64="eUn/OTrG09okY5oC0i23fE4hNo0=">AAACEnicbZDLSsNAFIYn9VbrLerSzWARdFOSUlQKQlEQlxXsBZoQJtNpO3QyCXMRSugzuPFV3LhQxK0rd76N0zagtv4w8PGfczhz/jBhVCrH+bJyS8srq2v59cLG5tb2jr2715SxFpg0cMxi0Q6RJIxy0lBUMdJOBEFRyEgrHF5N6q17IiSN+Z0aJcSPUJ/THsVIGSuwT66D1OM6IONqRl6kf1ghPb5wq+WqAwO76JScqeAiuBkUQaZ6YH963RjriHCFGZKy4zqJ8lMkFMWMjAueliRBeIj6pGOQo4hIP52eNIZHxunCXizM4wpO3d8TKYqkHEWh6YyQGsj52sT8r9bRqnfup5QnWhGOZ4t6mkEVw0k+sEsFwYqNDCAsqPkrxAMkEFYmxYIJwZ0/eRGa5ZJ7WqrcVoq1yyyOPDgAh+AYuOAM1MANqIMGwOABPIEX8Go9Ws/Wm/U+a81Z2cw++CPr4xsrvZ0g</latexit>

F⌫e : F⌫µ : F⌫⌧ = 1 : 2 : 0
<latexit sha1_base64="OE7egE2UBaB99ecIvmrv4d1cWFk=">AAACJ3icbZDLSgMxFIYz9VbrbdSlm2ARXJUZKSoFpSiIywr2Ap1xyKRpG5rJDLkIZejbuPFV3AgqokvfxLQdRFtPCPx8/zkk5w8TRqVynE8rt7C4tLySXy2srW9sbtnbOw0Za4FJHccsFq0QScIoJ3VFFSOtRBAUhYw0w8Hl2G/eEyFpzG/VMCF+hHqcdilGyqDAPr8KUo/rgIzuvDhhWlYy4EV6Din0w87cijkwsItOyZkUnBduJoogq1pgv3idGOuIcIUZkrLtOonyUyQUxYyMCp6WJEF4gHqkbSRHEZF+OtlzBA8M6cBuLMzlCk7o74kURVIOo9B0Rkj15aw3hv95ba26p35KeaIV4Xj6UFczqGI4Dg12qCBYsaERCAtq/gpxHwmElYm2YEJwZ1eeF42jkntcKt+Ui9WLLI482AP74BC44ARUwTWogTrA4AE8gVfwZj1az9a79TFtzVnZzC74U9bXN0Caprk=</latexit>

F�
⌫e

: F�
⌫µ

: F�
⌫⌧

= 1 : 1 : 1

Oscillation



Ternary diagram

<latexit sha1_base64="CVHv0ojsz0+25XdGXsyV2eMUikY=">AAACInicbZDLSsNAFIYn9VbrLerSTbAIglASKV4WQtGNywr2Ak0Mk+mkHTqZCXMRSuizuPFV3LhQ1JXgwzhtg2jrDwM/3zmHM+ePUkqkct1Pq7CwuLS8Ulwtra1vbG7Z2ztNybVAuIE45aIdQYkpYbihiKK4nQoMk4jiVjS4Gtdb91hIwtmtGqY4SGCPkZggqAwK7fM4zHymQzy683lKtTzKgZ/oOaTgD7vwQrvsVtyJnHnj5aYMctVD+93vcqQTzBSiUMqO56YqyKBQBFE8Kvla4hSiAezhjrEMJlgG2eTEkXNgSNeJuTCPKWdCf09kMJFymESmM4GqL2drY/hfraNVfBZkhKVaYYami2JNHcWdcV5OlwiMFB0aA5Eg5q8O6kMBkTKplkwI3uzJ86Z5XPFOKtWbarl2mcdRBHtgHxwCD5yCGrgGddAACDyAJ/ACXq1H69l6sz6mrQUrn9kFf2R9fQML16XT</latexit>

f�
⌫e

+ f�
⌫µ

+ f�
⌫⌧

= 1



• In the end let me tell you an old but fascinating 
story!



OPERA experiment

Prime goal





Opera’s ground-breaking performance

• Measurement of the neutrino velocity 
with the OPERA detector in the CNGS 
beam

• arXiv:1109.4897



Abstract

• Data taking 2009-2010-2011

•Early arrival:                                                           
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• Over-excitement
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is gathered



• Science : patience until enough evidence 
• is gathered

• Science: No prejudice

• Let us see what T2K will say.



Literature

• Possible sources of systematic error

• synchronization



Literature

• Possible sources of systematic error
• Neutrinos faster than light can be 

accommodated

• Wrong

• Field theory by construction does not allow



Literature

• Possible sources of systematic error
• Neutrinos faster than light cannot be 

accommodated
• Modifying standard picture to accommodate 

superluminal neutrinos
• Lorentz violation
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Literature

• Possible sources of systematic error
• Neutrinos faster than light cannot be 

accommodated
• Modifying standard picture to accommodate 

superluminal neutrinos
• Other observational consequences

Few slides on this



Supernova neutrino

• Neutrinos from SN1987 a should have  arrived 
much earlier than light; but they did not.

Interpreting OPERA results on superluminal neutrinos
Giudice, Sibiryakov and Strumia

Energy dependent          



Pair Creation Contraint

Even in vacuum

Glashow and Cohen

Already published in PRL



Energy loss

Ideas to avoid this constraint:      oscillation to sterile neutrino

Pair production constraints on superluminal Neutrinos
Brodsky and Gardner



Non-standard neutrino propagation 
and pion decay

Observation & SM prediction

Distortion of dispersion relation:

Minarelli et al., arXiv:1112.0169



• T2K may disprove OPERA

• However, all these efforts are enriching

• Even wrong papers help us to understand basics 
better.



Outlook

• There are plenty of open questions in neutrino 
physics 
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Outlook

• There are plenty of open questions in neutrino 
physics 

• Neutrinos have surprised us so many times!

• Neutrinos will keep us busy  for ages even if LHC 
fails to find anything interesting! 




