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 This lecture aims to deliver an “Introductory” review of experimental neutrino physics 

      with accelerators


• I try to cover broad relevant topics comprehensively

• We do not have much time to dive into the details of each topic, but I try to 

insert supplemental reference information on slides

• The selection of topics is biased leaning toward my expertise


• e.g. more on beam and near detectors, less on far detectors
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Introduction to neutrinos
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Neutrinos

Neutral cousins of charged leptons

• Only weak interactions 

The fact
Three types of neutrinos

• Very elusive

c.f. EM interaction

Neutrinos in the Standard Model of particle physics
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Neutral cousins of charged leptons

• Only weak interactions 

The fact
Three types of neutrinos

• Very elusive

(mb	=	10-27	cm2)

Rev.	Mod.	Phys.	84,	1307-1341	(2012)

c.f. Higgs production cross-section 

at 13 TeV LHC: ~50 pb (5x10-8 mb)

Neutrinos
Neutrinos in the Standard Model of particle physics
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Neutral cousins of charged leptons

• Only weak interactions 


Mass is strictly zero

The fact
Three types of neutrinos

• Very elusive


Non-zero mass
m⌫ ⌘ 0

Image credit: Hitoshi Murayama of http://hitoshi.berkeley.edu/

Neutrinos in the Standard Model of particle physics

Neutrinos

http://hitoshi.berkeley.edu/


Neutral cousins of charged leptons

• Only weak interactions 


Mass is strictly zero
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The fact
Three types of neutrinos

• Very elusive


Non-zero mass

• Discovery of neutrino oscillation

Super-Kamiokande (1998) Sudbury Neutrino Observatory (2001)

<latexit sha1_base64="KDoA9ui3m12EHOh4MlFTxVkcpqs=">AAAB9XicbVDLTsMwENzwLOVV4MjFokLiVCWI17GCC8ci0YfUhMpxndaq7QTbKaqi/gcXDiDElX/hxt/gtjlAy0grjWZ2tbsTJpxp47rfztLyyuraemGjuLm1vbNb2ttv6DhVhNZJzGPVCrGmnElaN8xw2koUxSLktBkObiZ+c0iVZrG8N6OEBgL3JIsYwcZKD6LjyxT59DFlQ+R2SmW34k6BFomXkzLkqHVKX343Jqmg0hCOtW57bmKCDCvDCKfjop9qmmAywD3atlRiQXWQTa8eo2OrdFEUK1vSoKn6eyLDQuuRCG2nwKav572J+J/XTk10FWRMJqmhkswWRSlHJkaTCFCXKUoMH1mCiWL2VkT6WGFibFBFG4I3//IiaZxWvIvK+d1ZuXqdx1GAQziCE/DgEqpwCzWoAwEFz/AKb86T8+K8Ox+z1iUnnzmAP3A+fwDMYJIR</latexit>

m⌫ ⌘ 0

Neutrinos in the Standard Model of particle physics

Neutrinos
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Natural sources

Atmospheric neutrinos
Solar neutrinos

Supernova neutrinos Cosmic neutrino background 

(unconfirmed)

Where are neutrinos?

Everywhere !!
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Natural sources

Atmospheric neutrinos
Solar neutrinos

Supernova neutrinos Cosmic neutrino background 

(unconfirmed)

65 billion (65x109) neutrinos pass through  
your thumbnail every second !! 

Where are neutrinos?
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Example: A few milestones in the past

Frederick Reines

Experiment (1956)

Nobel Prize (1995) 

"for the detection of the 
neutrino" and "for pioneering 
experimental contributions to 

lepton physics" 

A long history of research, including several milestones awarded the Nobel Prize in Physics

Leon Lederman Melvin Schwartz

Jack Steinberger

"for the neutrino beam method 
and the demonstration of the 
doublet structure of the leptons 
through the discovery of the 
muon neutrino" 

Experiment (1962)

Nobel Prize (1988) 

Raymond Davis

Masatoshi Koshiba

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

Experiment (Davis: 1967) 
                  Koshiba: 1987) 
Nobel Prize (2002) 

Arthur McDonald

Takaaki Kajita

"for the discovery of neutrino 
oscillations, which shows that 
neutrinos have mass" 

Experiment (Kajita: 1998) 
               McDonald: 2001) 
Nobel Prize (2015) 
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Lots of progress in the last >50 years.  
Do we understand the nature of neutrinos well?  

Unfortunately (or probably fortunately!?)… No!
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 Is a neutrino its own antiparticle?

 Are there any additional neutrinos?    

 What is the absolute neutrino mass?

 Does the neutrino have a magnetic moment?

 Are they stable?

 Is there a CP violation in the neutrino sector?

 Is mass ordering normal or inverted?

Open Questions in Neutrino Physics
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 Is a neutrino its own antiparticle?

 Are there any additional neutrinos?    

 What is the absolute neutrino mass?

 Does the neutrino have a magnetic moment?

 Are they stable?

 Is there a CP violation in the neutrino sector?

 Is mass ordering normal or inverted?

Open Questions in Neutrino Physics
Example	experiments

0ν	double	β	decay	(KamLAND-Zen,	etc)

Short	baseline	neutrino	oscillations

		(SBN	at	FNAL,	JSNS2	at	J-PARC,	etc)

KamLAND-Zen

JSNS2

Beta	decay	kinematics

		(KATRIN,	Project	8,	HOLMES)

KATRIN

Neutrino	decay	search?

(COBAND)

New	ideas	to	win 
the	Nobel	Prize?	

<latexit sha1_base64="Hp6sK2W0hqYm3H4JahafiZJSqtA=">AAACBXicbVDLSgMxFM3UV62vUZe6CBZBUMpMK+qy6MZlBfuAzjBk0kwbmmSGJCOUoRs3/oobF4q49R/c+Tdm2i609UDgcM693JwTJowq7TjfVmFpeWV1rbhe2tjc2t6xd/daKk4lJk0cs1h2QqQIo4I0NdWMdBJJEA8ZaYfDm9xvPxCpaCzu9SghPkd9QSOKkTZSYB96Ig1q0NMxzFnmnlXH8BR6fcQ5CuyyU3EmgIvEnZEymKER2F9eL8YpJ0JjhpTquk6i/QxJTTEj45KXKpIgPER90jVUIE6Un01SjOGxUXowiqV5QsOJ+nsjQ1ypEQ/NJEd6oOa9XPzP66Y6uvIzKpJUE4Gnh6KUQZM5rwT2qCRYs5EhCEtq/grxAEmEtSmuZEpw5yMvkla14l5Uanfn5fr1rI4iOABH4AS44BLUwS1ogCbA4BE8g1fwZj1ZL9a79TEdLViznX3wB9bnDxXTlwo=</latexit>

⌫3 ! ⌫1,2 + �
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 Is a neutrino its own antiparticle?

 Are there any additional neutrinos?    

 What is the absolute neutrino mass?

 Does the neutrino have a magnetic moment?

 Are they stable?

 Is there a CP violation in the neutrino sector?

 Is mass ordering normal or inverted?

Open Questions in Neutrino Physics

Apologize… No time to address each item in detail.

Let’s focus on two topics that can be addressed by a long-baseline experiment.  
We search for these signals in neutrino oscillations.



Neutrino Oscillation in a Nutshell 
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Neutrino flavor eigenstates are not the same as neutrino mass eigenstates


Flavor eigenstates

(⌫e, ⌫µ, ⌫⌧ )

<latexit sha1_base64="DeQItB1JQH+9FMpB2/TSVW28/fA=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFqCAlkYK6K7pxWcFeoAlhMp20QyeTMBehhIIbX8WNC0Xc+hLufBsnbRZaPTDMx/+fw8z5w5RRqRznyyotLa+srpXXKxubW9s79u5eRyZaYNLGCUtEL0SSMMpJW1HFSC8VBMUhI91wfJ373XsiJE34nZqkxI/RkNOIYqSMFNgHNY/rgJzC/PJiXYBC+iSwq07dmRX8C24BVVBUK7A/vUGCdUy4wgxJ2XedVPkZEopiRqYVT0uSIjxGQ9I3yFFMpJ/NdpjCY6MMYJQIc7iCM/XnRIZiKSdxaDpjpEZy0cvF/7y+VtGFn1GeakU4nj8UaQZVAvNA4IAKghWbGEBYUPNXiEdIIKxMbBUTgru48l/onNXdRv3ytlFtXhVxlMEhOAI14IJz0AQ3oAXaAIMH8ARewKv1aD1bb9b7vLVkFTP74FdZH99v9pbH</latexit>

neutrino states on their interactions

(⌫1, ⌫2, ⌫3)

<latexit sha1_base64="QRJt1k6RwfiU4veYyVzhDIdPpG0=">AAAB/nicbVDLSgMxFL1TX7W+quLKTbAIFaTM1IK6K7pxWcE+oB2GTJppQzOZIckIZSj4K25cKOLW73Dn35hpu9DWA+EezrmXe3P8mDOlbfvbyq2srq1v5DcLW9s7u3vF/YOWihJJaJNEPJIdHyvKmaBNzTSnnVhSHPqctv3Rbea3H6lULBIPehxTN8QDwQJGsDaSVzwq90TiOecoK9VZuTjziiW7Yk+BlokzJyWYo+EVv3r9iCQhFZpwrFTXsWPtplhqRjidFHqJojEmIzygXUMFDqly0+n5E3RqlD4KImme0Giq/p5IcajUOPRNZ4j1UC16mfif1010cOWmTMSJpoLMFgUJRzpCWRaozyQlmo8NwUQycysiQywx0SaxggnBWfzyMmlVK06tcn1fK9Vv5nHk4RhOoAwOXEId7qABTSCQwjO8wpv1ZL1Y79bHrDVnzWcO4Q+szx9wMpPi</latexit>

Mass eigenstates

neutrino states on their propagation

• Produced as a flavor neutrino (e.g. νe) but propagate 
in space as a superposition of mass eigenstate 

Flavor state   Flavor state   

Mass state   

<latexit sha1_base64="Hehrs96QM/i6I1oIUb6UhwhtuFw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cKxhbaUDbbSbt0swm7G6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6nfqtJ1SaJ/LBjFMMYjqQPOKMGiv5XZn1sFetuXV3BrJMvILUoECzV/3q9hOWxSgNE1TrjuemJsipMpwJnFS6mcaUshEdYMdSSWPUQT47dkJOrNInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6DnMs0MyjZfFGUCWISMv2c9LlCZsTYEsoUt7cSNqSKMmPzqdgQvMWXl8njWd27rF/cn9caN0UcZTiCYzgFD66gAXfQBB8YcHiGV3hzpPPivDsf89aSU8wcwh84nz/X8Y65</latexit>⌫e <latexit sha1_base64="yyWrJa6Ey56zfgxYz1ln5WfBdyw=">AAACKXicfVDLSgNBEJz1bXytevQyGAQPEnbF1zHoxaOC0UA2hNlJJxmcnV1mesSw5He8+CteFBT16o84iXtQIxY0FFXddHfFmRQGg+DNm5icmp6ZnZsvLSwuLa/4q2uXJrWaQ42nMtX1mBmQQkENBUqoZxpYEku4iq9Phv7VDWgjUnWB/QyaCesq0RGcoZNafjVStgXRDo1QqH4eIdxinurBYCg5K0rsPyYy2/LLQSUYgY6TsCBlUuCs5T9F7ZTbBBRyyYxphEGGzZxpFFzCoBRZAxnj16wLDUcVS8A089GnA7rllDbtpNqVQjpSv0/kLDGmn8SuM2HYM7+9ofiX17DYOWrmQmUWQfGvRR0rKaZ0GBttCw0cZd8RxrVwt1LeY5pxdOGWXAjh75fHyeVuJTyo7J/vlavHRRxzZINskm0SkkNSJafkjNQIJ3fkgTyTF+/ee/Revfev1gmvmFknP+B9fAKg86gc</latexit>⌫e or ⌫µ or ⌫⌧

<latexit sha1_base64="vwBGgXHU0qh8AB79JLwCR9KCbMI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cKxhbaUDbbTbt0swm7E6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7dRvPXFtRKIecJzyIKYDJSLBKFrJ76qs5/WqNbfuzkCWiVeQGhRo9qpf3X7CspgrZJIa0/HcFIOcahRM8kmlmxmeUjaiA96xVNGYmyCfHTshJ1bpkyjRthSSmfp7IqexMeM4tJ0xxaFZ9Kbif14nw+g6yIVKM+SKzRdFmSSYkOnnpC80ZyjHllCmhb2VsCHVlKHNp2JD8BZfXiaPZ3Xvsn5xf15r3BRxlOEIjuEUPLiCBtxBE3xgIOAZXuHNUc6L8+58zFtLTjFzCH/gfP4AiSGOhQ==</latexit>⌫1
<latexit sha1_base64="O0EFfcyS9ovC8VVNtGtIv48GKy0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKX8eiF48VTFtoQ9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0N/NbT6g0T+SjGacYxHQgecQZNVbyuzLr1Xrlilt15yCrxMtJBXI0euWvbj9hWYzSMEG17nhuaoIJVYYzgdNSN9OYUjaiA+xYKmmMOpjMj52SM6v0SZQoW9KQufp7YkJjrcdxaDtjaoZ62ZuJ/3mdzEQ3wYTLNDMo2WJRlAliEjL7nPS5QmbE2BLKFLe3EjakijJj8ynZELzll1dJs1b1rqqXDxeV+m0eRxFO4BTOwYNrqMM9NMAHBhye4RXeHOm8OO/Ox6K14OQzx/AHzucPiqWOhg==</latexit>⌫2

<latexit sha1_base64="ZX4lIt4zNdTMJOAcxkFY0f50c94=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0n8Pha9eKxg2kIbymY7bZduNmF3I5TQ3+DFgyJe/UHe/Ddu2xy09cHA470ZZuaFieDauO63U1hZXVvfKG6WtrZ3dvfK+wcNHaeKoc9iEatWSDUKLtE33AhsJQppFApshqO7qd98QqV5LB/NOMEgogPJ+5xRYyW/I9PuebdccavuDGSZeDmpQI56t/zV6cUsjVAaJqjWbc9NTJBRZTgTOCl1Uo0JZSM6wLalkkaog2x27IScWKVH+rGyJQ2Zqb8nMhppPY5C2xlRM9SL3lT8z2unpn8TZFwmqUHJ5ov6qSAmJtPPSY8rZEaMLaFMcXsrYUOqKDM2n5INwVt8eZk0zqreVfXy4aJSu83jKMIRHMMpeHANNbiHOvjAgMMzvMKbI50X5935mLcWnHzmEP7A+fwBjCmOhw==</latexit>⌫3
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Neutrino flavor eigenstates are not the same as neutrino mass eigenstates


Flavor eigenstates

(⌫e, ⌫µ, ⌫⌧ )

<latexit sha1_base64="DeQItB1JQH+9FMpB2/TSVW28/fA=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFqCAlkYK6K7pxWcFeoAlhMp20QyeTMBehhIIbX8WNC0Xc+hLufBsnbRZaPTDMx/+fw8z5w5RRqRznyyotLa+srpXXKxubW9s79u5eRyZaYNLGCUtEL0SSMMpJW1HFSC8VBMUhI91wfJ373XsiJE34nZqkxI/RkNOIYqSMFNgHNY/rgJzC/PJiXYBC+iSwq07dmRX8C24BVVBUK7A/vUGCdUy4wgxJ2XedVPkZEopiRqYVT0uSIjxGQ9I3yFFMpJ/NdpjCY6MMYJQIc7iCM/XnRIZiKSdxaDpjpEZy0cvF/7y+VtGFn1GeakU4nj8UaQZVAvNA4IAKghWbGEBYUPNXiEdIIKxMbBUTgru48l/onNXdRv3ytlFtXhVxlMEhOAI14IJz0AQ3oAXaAIMH8ARewKv1aD1bb9b7vLVkFTP74FdZH99v9pbH</latexit>

neutrino states on their interactions

(⌫1, ⌫2, ⌫3)

<latexit sha1_base64="QRJt1k6RwfiU4veYyVzhDIdPpG0=">AAAB/nicbVDLSgMxFL1TX7W+quLKTbAIFaTM1IK6K7pxWcE+oB2GTJppQzOZIckIZSj4K25cKOLW73Dn35hpu9DWA+EezrmXe3P8mDOlbfvbyq2srq1v5DcLW9s7u3vF/YOWihJJaJNEPJIdHyvKmaBNzTSnnVhSHPqctv3Rbea3H6lULBIPehxTN8QDwQJGsDaSVzwq90TiOecoK9VZuTjziiW7Yk+BlokzJyWYo+EVv3r9iCQhFZpwrFTXsWPtplhqRjidFHqJojEmIzygXUMFDqly0+n5E3RqlD4KImme0Giq/p5IcajUOPRNZ4j1UC16mfif1010cOWmTMSJpoLMFgUJRzpCWRaozyQlmo8NwUQycysiQywx0SaxggnBWfzyMmlVK06tcn1fK9Vv5nHk4RhOoAwOXEId7qABTSCQwjO8wpv1ZL1Y79bHrDVnzWcO4Q+szx9wMpPi</latexit>

Mass eigenstates

neutrino states on their propagation
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Pontecorvo–Maki–Nakagawa–Sakata	(PMNS)	matrix	

cij ⌘ cos✓ij
<latexit sha1_base64="FXC6EoC6k6gRkDHHM0i/uGTdu84=">AAACDnicbVA9SwNBEN2LXzF+RS1tFkPAKtypoGXQxjKC+YBcCHubSbJm78PduUA48gts/Cs2ForYWtv5b9xcrtDEBwOP92aYmedFUmi07W8rt7K6tr6R3yxsbe/s7hX3Dxo6jBWHOg9lqFoe0yBFAHUUKKEVKWC+J6Hpja5nfnMMSoswuMNJBB2fDQLRF5yhkbrFMu8m4n5KXXiIxZi6PsOh8hMe6qmLQ0CW2t1iya7YKegycTJSIhlq3eKX2wt57EOAXDKt244dYSdhCgWXMC24sYaI8REbQNvQgPmgO0n6zpSWjdKj/VCZCpCm6u+JhPlaT3zPdM7O1YveTPzPa8fYv+wkIohihIDPF/VjSTGks2xoTyjgKCeGMK6EuZXyIVOMo0mwYEJwFl9eJo3TinNWsW/PS9WrLI48OSLH5IQ45IJUyQ2pkTrh5JE8k1fyZj1ZL9a79TFvzVnZzCH5A+vzB8BrnTA=</latexit>

sij ⌘ sin✓ij
<latexit sha1_base64="yvrgwfTSXo/mewvwgTpaaXl64NQ=">AAACDnicbVA9SwNBEN2LXzF+RS1tFkPAKtypoGXQxjKC+YBcCHubSbJmb+/cnQuEI7/Axr9iY6GIrbWd/8bNR6GJDwYe780wMy+IpTDout9OZmV1bX0ju5nb2t7Z3cvvH9RMlGgOVR7JSDcCZkAKBVUUKKERa2BhIKEeDK4nfn0I2ohI3eEohlbIekp0BWdopXa+aNqpuB9THx4SMaR+yLCvw9QINfaxD8imdjtfcEvuFHSZeHNSIHNU2vkvvxPxJASFXDJjmp4bYytlGgWXMM75iYGY8QHrQdNSxUIwrXT6zpgWrdKh3UjbUkin6u+JlIXGjMLAdk7ONYveRPzPaybYvWylQsUJguKzRd1EUozoJBvaERo4ypEljGthb6W8zzTjaBPM2RC8xZeXSe205J2V3NvzQvlqHkeWHJFjckI8ckHK5IZUSJVw8kieySt5c56cF+fd+Zi1Zpz5zCH5A+fzB+LVnUU=</latexit>

(3x3)

Describe neutrino oscillation phenomena with 

• 3 mixing angles 
• 2 independent mass splittings 
• 1 CP phase
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m2

An open question 

—> Which mass ordering?

Describe neutrino oscillation phenomena with 

• 3 mixing angles 
• 2 independent mass splittings 
• 1 CP phase
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Two-neutrino mixing (a good approximation to study atmospheric neutrino oscillation) 

Approximation:	a	plane	wave	with	a	common	
momentum	for	two	mass	states	(ν1,	ν2)	

with

<latexit sha1_base64="NEuTpLBpzUG/ApF/ztKxpheijSQ="></latexit>

P (⌫µ ! ⌫µ) = 1� sin2 2✓ sin2
�m2L

4E
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Two-neutrino mixing (a good approximation to study atmospheric neutrino oscillation) 

with	realistic	units

Why	does	the	factor	“1.27”	appear?

—>	A	good	exercise	if	you	are	not	familiar	with	the	natural	unit

						(Answer	in	the	backup	slide)
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Two-neutrino mixing (a good approximation to study atmospheric neutrino oscillation) 
<latexit sha1_base64="tw3RsbaNsWqw1pJeDh881KhJ/n8="></latexit>

P (⌫µ ! ⌫µ) = 1� sin22✓ sin2(1.27�m2(eV2)
L(km)

E(GeV)
)

Oscillations expected as a function of L/E 

(Δm	=	0.005	eV2)
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Two-neutrino mixing (a good approximation to study atmospheric neutrino oscillation) 
<latexit sha1_base64="tw3RsbaNsWqw1pJeDh881KhJ/n8="></latexit>

P (⌫µ ! ⌫µ) = 1� sin22✓ sin2(1.27�m2(eV2)
L(km)

E(GeV)
)

(Δm	=	0.005	eV2)

Oscillations expected as a function of L/E -> Confirmed by experiments

(reconstructed kinematics)

Super-Kamiokande: 

Phys. Rev. Lett. 93, 101801 (2004) 
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Two-neutrino mixing (a good approximation to study atmospheric neutrino oscillation) 
<latexit sha1_base64="tw3RsbaNsWqw1pJeDh881KhJ/n8="></latexit>

P (⌫µ ! ⌫µ) = 1� sin22✓ sin2(1.27�m2(eV2)
L(km)

E(GeV)
)

Oscillations expected as a function of L/E -> Confirmed by experiments

To study neutrino oscillations in detail,

design experiments to maximize 
oscillation probability


Proper choice of L/E is a key factor
(Δm	=	0.005	eV2)

= 
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Three-neutrino oscillation probabilities

⌫µ

⌫e
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Three-neutrino oscillation probabilities

⌫µ

⌫e

P (⌫µ ! ⌫e) ⇡ sin2(2✓13) sin
2✓23 sin

2(
1.27�m2

32L

E
)

<latexit sha1_base64="/wzSjWJOu9hRCZKf+tI7eu44hMY="></latexit>

⌥1.27�m2
21L

E
8JCP sin2

✓
1.27�m2

32L

E

◆

<latexit sha1_base64="BmBMBrjs5EJFtjLvse8+MvaSbxI="></latexit>

P (⌫µ ! ⌫µ) ⇡ 1� 4 cos2✓13 sin
2✓23

<latexit sha1_base64="eI9TYWr6CNT1+BvkQCp9X4xFFSk="></latexit>

⇥(1� cos2✓13 sin
2✓23) sin

2

✓
1.27�m2

32L

E

◆

<latexit sha1_base64="tKdLmt+ov4BCSdawaLuCfRMHsPs="></latexit>

(νµ	disappearance	in	vacuum)

(νe	appearance	in	vacuum)

 Oscillations expected as a function of L/E
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Three-neutrino oscillation probabilities
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(νe	appearance	in	vacuum)

 νe appearance probability can be different between ν and ν

JCP =
1

8
cos✓13 sin(2✓12) sin(2✓23) sin(2✓13) sin�CP

<latexit sha1_base64="6iZ7ViJyKlbANeQtRXZfCSJLI3Y="></latexit>

Jarlskog invariant

(if	δCP	=	0	or	π,	CP	symmetry	is	conserved)

An open question —> Is CP symmetry broken?

sign	changes

b/w	ν	and	ν

(bonus: Can leptonic CP violation 

explain matter-dominated universe?)
so-called	Leptogenesis	scenario
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Neutrino traveling through matter
In addition, neutrinos interact with matter

when traveling through a medium

The phenomenon is analogous to light traveling through a medium.

Light sees a refractive index due to coherent forward scattering on the medium.


A similar phenomenon applies to neutrino flavor states as they travel through matter.

- All flavors (νe, νμ, ντ) see a common refractive index via NC forward scattering in matter.

- Only electron (anti)neutrinos see an extra refractive index via CC forward scattering in matter.

—> Matter effects  
      (MSW effect)

L.	Wolfenstein	:	First	suggestion	on	the	CC-induced	phase	changing	the	neutrino	oscillation	behavior	

																													Phys.	Rev.	D	17,	2369-2374	(1978)

S.P.	Mikheyev	and	A.Yu.	Smirnov:	Matter	effect	inside	the	Sun			Sov.J.Nucl.Phys.	42,	913-917	(1985)
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Matter effects (just outcomes without any serious calculations)

Skip	the	extraction	of	modified	probability	today

—>	A	good	exercise	why	it	becomes	this	conclusion	(Example	calculations	in	the	backup	slide)

electron neutrinos experience an additional potential energy: 
<latexit sha1_base64="LLcHhso7IF4qFDFfkQR5r8Fs8qI=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTia1kU1JVUMG2hDWEyvWmHTh7MTIQQ6q+4caGIWz/EnX/jtM1CWw9cOJxzL/fe4yecSWVZ30ZpaXllda28XtnY3NreMXf3WjJOBQWHxjwWHZ9I4CwCRzHFoZMIIKHPoe2PriZ++xGEZHH0oLIE3JAMIhYwSpSWPLPqeIB7iYgTFeMb7xrfeeCZNatuTYEXiV2QGirQ9MyvXj+maQiRopxI2bWtRLk5EYpRDuNKL5WQEDoiA+hqGpEQpJtPjx/jQ630cRALXZHCU/X3RE5CKbPQ150hUUM5703E/7xuqoILN2dRkiqI6GxRkHKsH50kgftMAFU804RQwfStmA6JIFTpvCo6BHv+5UXSOq7bZ/XT+5Na47KIo4z20QE6QjY6Rw10i5rIQRRl6Bm9ojfjyXgx3o2PWWvJKGaq6A+Mzx9ONZPq</latexit>

Ue / GFNe

Mixing angle in matter θm compared to θ in vacuum: 

Key points

1. Oscillation probability for neutrinos and antineutrinos can be different because of the ± sign in front of “A” 

=> Even if neutrino does not violate CP symmetry (fake CP effect)

2. Maximal mixing occurs when A = cos2θ   

=> the resonance condition that significantly enhances neutrino oscillation probability  
(This is always happening for the solar neutrinos above 1 MeV energy with θsol ~ 30◦ and Δm2sol ~ 8 × 10−5 eV2 )


3. Resonance condition can occur if “A” is positive, which depends on the sign of Δm2 
=> This is the reason why (enough) long-baseline experiments are sensitive to resolving mass hierarchy 

         if Δm2 ~ Δm223 . Typically, O(1000 km) with O(GeV) is required. 

<latexit sha1_base64="o85flY4Lt2XqOjSME9VBbVXKaLs="></latexit>

a = ±2
p
2GFE⌫Ne/�m2

, A
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Three-neutrino oscillation complexity in reality

(νe	appearance	in	matter)

Jarlskog invariant

Even if CP is conserved, matter effects make νe and 
anti-νe appearance probabilities different.

-> Mimic the CP effect

Matter and CP effects appear in an entangled way.

-> Very complicated effect!!
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This implies no single experiment may distinguish CP and Matter effects!

example:  What if the truth CP is -π/2 with Inverted Order?

=> Combine different baseline experiments (complementarity) 
T2K-NOvA combination (See seminar: https://indico.fnal.gov/event/62062 , paper under preparation)

T2K-SuperK combination (See seminar: https://kds.kek.jp/event/49194 , arXiv:2405.12488 )

https://indico.fnal.gov/event/62062
https://kds.kek.jp/event/49194
https://arxiv.org/abs/2405.12488
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flavor mass

cij ⌘ cos✓ij
<latexit sha1_base64="FXC6EoC6k6gRkDHHM0i/uGTdu84=">AAACDnicbVA9SwNBEN2LXzF+RS1tFkPAKtypoGXQxjKC+YBcCHubSbJm78PduUA48gts/Cs2ForYWtv5b9xcrtDEBwOP92aYmedFUmi07W8rt7K6tr6R3yxsbe/s7hX3Dxo6jBWHOg9lqFoe0yBFAHUUKKEVKWC+J6Hpja5nfnMMSoswuMNJBB2fDQLRF5yhkbrFMu8m4n5KXXiIxZi6PsOh8hMe6qmLQ0CW2t1iya7YKegycTJSIhlq3eKX2wt57EOAXDKt244dYSdhCgWXMC24sYaI8REbQNvQgPmgO0n6zpSWjdKj/VCZCpCm6u+JhPlaT3zPdM7O1YveTPzPa8fYv+wkIohihIDPF/VjSTGks2xoTyjgKCeGMK6EuZXyIVOMo0mwYEJwFl9eJo3TinNWsW/PS9WrLI48OSLH5IQ45IJUyQ2pkTrh5JE8k1fyZj1ZL9a79TFvzVnZzCH5A+vzB8BrnTA=</latexit>

sij ⌘ sin✓ij
<latexit sha1_base64="yvrgwfTSXo/mewvwgTpaaXl64NQ=">AAACDnicbVA9SwNBEN2LXzF+RS1tFkPAKtypoGXQxjKC+YBcCHubSbJmb+/cnQuEI7/Axr9iY6GIrbWd/8bNR6GJDwYe780wMy+IpTDout9OZmV1bX0ju5nb2t7Z3cvvH9RMlGgOVR7JSDcCZkAKBVUUKKERa2BhIKEeDK4nfn0I2ohI3eEohlbIekp0BWdopXa+aNqpuB9THx4SMaR+yLCvw9QINfaxD8imdjtfcEvuFHSZeHNSIHNU2vkvvxPxJASFXDJjmp4bYytlGgWXMM75iYGY8QHrQdNSxUIwrXT6zpgWrdKh3UjbUkin6u+JlIXGjMLAdk7ONYveRPzPaybYvWylQsUJguKzRd1EUozoJBvaERo4ypEljGthb6W8zzTjaBPM2RC8xZeXSe205J2V3NvzQvlqHkeWHJFjckI8ckHK5IZUSJVw8kieySt5c56cF+fd+Zi1Zpz5zCH5A+fzB+LVnUU=</latexit>

Oscillation Parameters (Current Knowledge)

JHEP 09 (2020) 178 [arXiv:2007.14792], NuFIT 5.2 (2022), www.nu-fit.org

CP phase (δCP)

A hint on  
<latexit sha1_base64="1wdqXpfdWDp5JtRnKWmwzQT/JV4=">AAACAHicbVA9SwNBEN2LXzF+RS0sbBaDYBXuJKhlMI1lBPMBuRD2NpNkyd7euTsnhiONf8XGQhFbf4ad/8bNR6GJDwYe780wMy+IpTDout9OZmV1bX0ju5nb2t7Z3cvvH9RNlGgONR7JSDcDZkAKBTUUKKEZa2BhIKERDCsTv/EA2ohI3eEohnbI+kr0BGdopU7+yO+CRNbxER4xrVTH1FdwT91OvuAW3SnoMvHmpEDmqHbyX3434kkICrlkxrQ8N8Z2yjQKLmGc8xMDMeND1oeWpYqFYNrp9IExPbVKl/YibUshnaq/J1IWGjMKA9sZMhyYRW8i/ue1EuxdtVOh4gRB8dmiXiIpRnSSBu0KDRzlyBLGtbC3Uj5gmnG0meVsCN7iy8ukfl70Loql21KhfD2PI0uOyQk5Ix65JGVyQ6qkRjgZk2fySt6cJ+fFeXc+Zq0ZZz5zSP7A+fwBIWyWGw==</latexit>

�CP 6= 0

Best fit with Normal ordering
(Inverted ordering disfavored 
 with ~2σ level)

Mass-ordering

?

No definitive conclusion yet

Two open questions

http://dx.doi.org/10.1007/JHEP09(2020)178
http://arxiv.org/abs/2007.14792
http://www.nu-fit.org/


33

or
�m2

32

�m2
21 �m2

31

flavor mass

cij ⌘ cos✓ij
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sij ⌘ sin✓ij
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Snowmass Neutrino Frontier:  
NF01 Topical Group Report on  
Three-Flavor Neutrino Oscillations 
https://doi.org/10.48550/arXiv.2212.00809

Entering the precision era on 
neutrino oscillation studies!! 

Oscillation Parameters (Current Knowledge)

https://doi.org/10.48550/arXiv.2212.00809
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Natural sources

Atmospheric	neutrinos
Solar	neutrinos

• Source is freePros:

Supernova	neutrinos Cosmic	neutrino	background	

(unconfirmed)

Cons:

• Cannot control exp. 
parameters

 (e.g. L/E for oscillation studies)


• Not enough intensity

Lots of past milestones achieved with natural sources
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Artificial sources

Accelerator neutrinos

(MeV~GeV)

Reactor neutrinos

(MeV)

Collider neutrinos

(GeV~TeV)

⌫̄e
<latexit sha1_base64="sJty55Xcq3wpnPiFBi4Ehw2ijfQ=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6LHoxWMF+wFJKJvttF262Q27G6GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTjnTxvO+ndLa+sbmVnm7srO7t39QPTxqa5kpii0quVTdmGjkTGDLMMOxmyokScyxE4/vZn7nCZVmUjyaSYpRQoaCDRglxkpBGBOVhyKb9rBXrXl1bw53lfgFqUGBZq/6FfYlzRIUhnKideB7qYlyogyjHKeVMNOYEjomQwwsFSRBHeXzk6fumVX67kAqW8K4c/X3RE4SrSdJbDsTYkZ62ZuJ/3lBZgY3Uc5EmhkUdLFokHHXSHf2v9tnCqnhE0sIVcze6tIRUYQam1LFhuAvv7xK2hd1/7LuPVzVGrdFHGU4gVM4Bx+uoQH30IQWUJDwDK/w5hjnxXl3PhatJaeYOYY/cD5/AJ07kXY=</latexit>

Use artificial neutrino sources for precision oscillation measurements

• High intensity achievable (high statistics data)

• Well-understood ν beam spectrum (E is either known or controllable)

• Flexible choice of detector positions (L is controllable)



Reactor neutrinos

(MeV)

Collider neutrinos

(GeV~TeV)

⌫̄e
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What neutrino sources can we use?
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Artificial sources

Accelerator neutrinos

(MeV~GeV)

Use artificial neutrino sources for precision oscillation measurements

• High intensity achievable (high statistics data)

• Well-understood ν beam spectrum (E is either known or controllable)

• Flexible choice of detector positions (L is controllable)

This talk will focus on accelerator-based neutrino experiments,

particularly, long-baseline experiments.
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Accelerator-based  
neutrino experiments
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We learned that neutrinos are elusive.

How can we overcome the difficulty?


The basic strategy of neutrino physics is simple. 
1. More neutrinos!


• Large neutrino fluxes 
-> a solution: High intensity beams  
                      with accelerators

2. More neutrino targets!

• A tremendous amount of target nuclei 

-> solution 1: Scale-up detector size 
   e.g. Kamiokande-> Super-K -> Hyper-K 
-> solution 2: Denser material 
   e.g.  liquid Ar as the neutrino target 
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running

PDG: Prog. Theor. Exp. Phys. 2022, 083C01 (2022)

There are also short-baseline accelerator-based experiments, e.g., at Fermilab

-> Will not discuss in this lecture, but try googling “Short Baseline Neutrino” or “SBN experiments”

0.5-4 GeV
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 Running experiments using intense  and  beams⌫µ
<latexit sha1_base64="3+D00a61hd3Np6Nuv9fMtIDJa50=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF48RzAOyS5idzCZDZmaXeQhhyUd48aCIV7/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4buZ3nqjSLJWPZpLRSOChZAkj2DipE0rbD4XtV2t+3Z8DrZKgIDUo0OxXv8JBSqyg0hCOte4FfmaiHCvDCKfTSmg1zTAZ4yHtOSqxoDrK5+dO0ZlTBihJlStp0Fz9PZFjofVExK5TYDPSy95M/M/rWZPcRDmTmTVUksWixHJkUjT7HQ2YosTwiSOYKOZuRWSEFSbGJVRxIQTLL6+S9kU9uKz7D1e1xm0RRxlO4BTOIYBraMA9NKEFBMbwDK/w5mXei/fufSxaS14xcwx/4H3+AGyYj54=</latexit>

⌫̄µ
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NuMI beamline (120 GeV proton beam)
running experiments: NOvA

J-PARC beamline (30 GeV proton beam)
running experiment: T2K
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LBNF beamline (likely 120 GeV proton beam) 
future experiment: DUNE

Hyper-Kamiokande

J-PARC beamline (30 GeV proton beam)
future experiment: T2HK

 Future experiments using intense  and  beams (after 2028)⌫µ
<latexit sha1_base64="3+D00a61hd3Np6Nuv9fMtIDJa50=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF48RzAOyS5idzCZDZmaXeQhhyUd48aCIV7/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4buZ3nqjSLJWPZpLRSOChZAkj2DipE0rbD4XtV2t+3Z8DrZKgIDUo0OxXv8JBSqyg0hCOte4FfmaiHCvDCKfTSmg1zTAZ4yHtOSqxoDrK5+dO0ZlTBihJlStp0Fz9PZFjofVExK5TYDPSy95M/M/rWZPcRDmTmTVUksWixHJkUjT7HQ2YosTwiSOYKOZuRWSEFSbGJVRxIQTLL6+S9kU9uKz7D1e1xm0RRxlO4BTOIYBraMA9NKEFBMbwDK/w5mXei/fufSxaS14xcwx/4H3+AGyYj54=</latexit>

⌫̄µ
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1300	km
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example:	T2K	experiment

(Running:	2011-	present)

Beamline

• Create intense (anti-)neutrino beams


Near detector

• Constrain flux and cross-section for far detector prediction

• Measure neutrino-nucleus cross-section in detail


Far detector  

• Extract neutrino oscillation parameters by counting oscillated neutrino events


NND /
Z

�ND · � dE⌫

NFD /
Z

�FD · � · Posc dE⌫

�initial
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Neutrino oscillation

Neutrino	flux	model

	proton	beam	monitor

	hadron	production	data

ν-nucleus	interaction	model

	nuclear	model

	hadron	final	state	interaction

Near	Detector	dataNear	Detector	Fit

Far	Detector	Fit

Oscillation	Parameters

Far	Detector	data

✓23
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✓13
<latexit sha1_base64="MHW+533ZW1uwd+M8FN7JCJuUVG8=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0laQY9FLx4r2A9oQ9lsJ+3STTbsToQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNirVHFpcSaW7ATMgRQwtFCihm2hgUSChE0zu5n7nCbQRKn7EaQJ+xEaxCAVnaKVeH8eAbJB59dmgXHGr7gJ0nXg5qZAczUH5qz9UPI0gRi6ZMT3PTdDPmEbBJcxK/dRAwviEjaBnacwiMH62OHlGL6wypKHStmKkC/X3RMYiY6ZRYDsjhmOz6s3F/7xeiuGNn4k4SRFivlwUppKiovP/6VBo4CinljCuhb2V8jHTjKNNqWRD8FZfXiftWtWrV2sPV5XGbR5HkZyRc3JJPHJNGuSeNEmLcKLIM3klbw46L86787FsLTj5zCn5A+fzBw1jkRk=</latexit>

�CP
<latexit sha1_base64="vmxmtCX/+V12wWO2mER4XCy2It0=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMdiLx4r2A9IQ9lsNu3SzW7YnQgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSq4Adf9dkobm1vbO+Xdyt7+weFR9fika1SmKetQJZTuh8QwwSXrAAfB+qlmJAkF64WT1tzvPTFtuJKPME1ZkJCR5DGnBKzkDyImgAzzVns2rNbcursAXideQWqoQHtY/RpEimYJk0AFMcb33BSCnGjgVLBZZZAZlhI6ISPmWypJwkyQL06e4QurRDhW2pYEvFB/T+QkMWaahLYzITA2q95c/M/zM4hvg5zLNAMm6XJRnAkMCs//xxHXjIKYWkKo5vZWTMdEEwo2pYoNwVt9eZ10G3Xvqt54uK4174o4yugMnaNL5KEb1ET3qI06iCKFntErenPAeXHenY9la8kpZk7RHzifP0I5kTw=</latexit>

�m2
32

<latexit sha1_base64="Hru9+0UFV5qOwzmVdQBVGaSqqUk=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkrSCnos6sFjBfsBbQyb7aZdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0E4+uZ33mkUrFY3OtJQr0IDwULGcHaSL5d7t9QrjGKHmp+Vq9NfbviVJ050Cpxc1KBHE3f/uoPYpJGVGjCsVI910m0l2GpGeF0WuqniiaYjPGQ9gwVOKLKy+aHT9GpUQYojKUpodFc/T2R4UipSRSYzgjrkVr2ZuJ/Xi/V4aWXMZGkmgqyWBSmHOkYzVJAAyYp0XxiCCaSmVsRGWGJiTZZlUwI7vLLq6Rdq7r1au3uvNK4yuMowjGcwBm4cAENuIUmtIBACs/wCm/Wk/VivVsfi9aClc8cwR9Ynz+Wl5Jk</latexit>

�m2
13

<latexit sha1_base64="YElAhQWi8zeHZ1ev4r2a+P3pFTA=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkrSCnos6sFjBfsBbQyb7aRdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnkkKLxjyW3YAo4ExASzPNoZtIIFHAoROMr2d+5xGkYrG415MEvIgMBQsZJdpIvl3u3wDXBEcPNT9z61PfrjhVZw68StycVFCOpm9/9QcxTSMQmnKiVM91Eu1lRGpGOUxL/VRBQuiYDKFnqCARKC+bHz7Fp0YZ4DCWpoTGc/X3REYipSZRYDojokdq2ZuJ/3m9VIeXXsZEkmoQdLEoTDnWMZ6lgAdMAtV8YgihkplbMR0RSag2WZVMCO7yy6ukXau69Wrt7rzSuMrjKKJjdILOkIsuUAPdoiZqIYpS9Ixe0Zv1ZL1Y79bHorVg5TNH6A+szx+VEJJj</latexit>

, , , or
(Normal) (Inverted)
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Neutrino oscillation

Neutrino	flux	model

	proton	beam	monitor

	hadron	production	data

ν-nucleus	interaction	model

	nuclear	model

	hadron	final	state	interaction

Near	Detector	dataNear	Detector	Fit

Far	Detector	Fit

Oscillation	Parameters

Far	Detector	data

✓23
<latexit sha1_base64="w4NllNBIJN262JDbFXn0bK9MvVQ=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0laQY9FLx4r2A9oQ9lsJ+3STTbsToQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNirVHFpcSaW7ATMgRQwtFCihm2hgUSChE0zu5n7nCbQRKn7EaQJ+xEaxCAVnaKVeH8eAbJDV6rNBueJW3QXoOvFyUiE5moPyV3+oeBpBjFwyY3qem6CfMY2CS5iV+qmBhPEJG0HP0phFYPxscfKMXlhlSEOlbcVIF+rviYxFxkyjwHZGDMdm1ZuL/3m9FMMbPxNxkiLEfLkoTCVFRef/06HQwFFOLWFcC3sr5WOmGUebUsmG4K2+vE7atapXr9YeriqN2zyOIjkj5+SSeOSaNMg9aZIW4USRZ/JK3hx0Xpx352PZWnDymVPyB87nDw7pkRo=</latexit>

✓13
<latexit sha1_base64="MHW+533ZW1uwd+M8FN7JCJuUVG8=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0laQY9FLx4r2A9oQ9lsJ+3STTbsToQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNirVHFpcSaW7ATMgRQwtFCihm2hgUSChE0zu5n7nCbQRKn7EaQJ+xEaxCAVnaKVeH8eAbJB59dmgXHGr7gJ0nXg5qZAczUH5qz9UPI0gRi6ZMT3PTdDPmEbBJcxK/dRAwviEjaBnacwiMH62OHlGL6wypKHStmKkC/X3RMYiY6ZRYDsjhmOz6s3F/7xeiuGNn4k4SRFivlwUppKiovP/6VBo4CinljCuhb2V8jHTjKNNqWRD8FZfXiftWtWrV2sPV5XGbR5HkZyRc3JJPHJNGuSeNEmLcKLIM3klbw46L86787FsLTj5zCn5A+fzBw1jkRk=</latexit>

�CP
<latexit sha1_base64="vmxmtCX/+V12wWO2mER4XCy2It0=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMdiLx4r2A9IQ9lsNu3SzW7YnQgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSq4Adf9dkobm1vbO+Xdyt7+weFR9fika1SmKetQJZTuh8QwwSXrAAfB+qlmJAkF64WT1tzvPTFtuJKPME1ZkJCR5DGnBKzkDyImgAzzVns2rNbcursAXideQWqoQHtY/RpEimYJk0AFMcb33BSCnGjgVLBZZZAZlhI6ISPmWypJwkyQL06e4QurRDhW2pYEvFB/T+QkMWaahLYzITA2q95c/M/zM4hvg5zLNAMm6XJRnAkMCs//xxHXjIKYWkKo5vZWTMdEEwo2pYoNwVt9eZ10G3Xvqt54uK4174o4yugMnaNL5KEb1ET3qI06iCKFntErenPAeXHenY9la8kpZk7RHzifP0I5kTw=</latexit>

�m2
32

<latexit sha1_base64="Hru9+0UFV5qOwzmVdQBVGaSqqUk=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkrSCnos6sFjBfsBbQyb7aZdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0E4+uZ33mkUrFY3OtJQr0IDwULGcHaSL5d7t9QrjGKHmp+Vq9NfbviVJ050Cpxc1KBHE3f/uoPYpJGVGjCsVI910m0l2GpGeF0WuqniiaYjPGQ9gwVOKLKy+aHT9GpUQYojKUpodFc/T2R4UipSRSYzgjrkVr2ZuJ/Xi/V4aWXMZGkmgqyWBSmHOkYzVJAAyYp0XxiCCaSmVsRGWGJiTZZlUwI7vLLq6Rdq7r1au3uvNK4yuMowjGcwBm4cAENuIUmtIBACs/wCm/Wk/VivVsfi9aClc8cwR9Ynz+Wl5Jk</latexit>

�m2
13

<latexit sha1_base64="YElAhQWi8zeHZ1ev4r2a+P3pFTA=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkrSCnos6sFjBfsBbQyb7aRdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnkkKLxjyW3YAo4ExASzPNoZtIIFHAoROMr2d+5xGkYrG415MEvIgMBQsZJdpIvl3u3wDXBEcPNT9z61PfrjhVZw68StycVFCOpm9/9QcxTSMQmnKiVM91Eu1lRGpGOUxL/VRBQuiYDKFnqCARKC+bHz7Fp0YZ4DCWpoTGc/X3REYipSZRYDojokdq2ZuJ/3m9VIeXXsZEkmoQdLEoTDnWMZ6lgAdMAtV8YgihkplbMR0RSag2WZVMCO7yy6ukXau69Wrt7rzSuMrjKKJjdILOkIsuUAPdoiZqIYpS9Ixe0Zv1ZL1Y79bHorVg5TNH6A+szx+VEJJj</latexit>

, , , or
(Normal) (Inverted)

νμ	events	at	near	detector

(before	fit)

(after	fit)

T2K: Eur.Phys.J.C 83 (2023) 9, 782
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Neutrino oscillation

Neutrino	flux	model

	proton	beam	monitor

	hadron	production	data

ν-nucleus	interaction	model

	nuclear	model

	hadron	final	state	interaction

Near	Detector	dataNear	Detector	Fit

Far	Detector	Fit

Oscillation	Parameters

Far	Detector	data

✓23
<latexit sha1_base64="w4NllNBIJN262JDbFXn0bK9MvVQ=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0laQY9FLx4r2A9oQ9lsJ+3STTbsToQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNirVHFpcSaW7ATMgRQwtFCihm2hgUSChE0zu5n7nCbQRKn7EaQJ+xEaxCAVnaKVeH8eAbJDV6rNBueJW3QXoOvFyUiE5moPyV3+oeBpBjFwyY3qem6CfMY2CS5iV+qmBhPEJG0HP0phFYPxscfKMXlhlSEOlbcVIF+rviYxFxkyjwHZGDMdm1ZuL/3m9FMMbPxNxkiLEfLkoTCVFRef/06HQwFFOLWFcC3sr5WOmGUebUsmG4K2+vE7atapXr9YeriqN2zyOIjkj5+SSeOSaNMg9aZIW4USRZ/JK3hx0Xpx352PZWnDymVPyB87nDw7pkRo=</latexit>

✓13
<latexit sha1_base64="MHW+533ZW1uwd+M8FN7JCJuUVG8=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0laQY9FLx4r2A9oQ9lsJ+3STTbsToQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNirVHFpcSaW7ATMgRQwtFCihm2hgUSChE0zu5n7nCbQRKn7EaQJ+xEaxCAVnaKVeH8eAbJB59dmgXHGr7gJ0nXg5qZAczUH5qz9UPI0gRi6ZMT3PTdDPmEbBJcxK/dRAwviEjaBnacwiMH62OHlGL6wypKHStmKkC/X3RMYiY6ZRYDsjhmOz6s3F/7xeiuGNn4k4SRFivlwUppKiovP/6VBo4CinljCuhb2V8jHTjKNNqWRD8FZfXiftWtWrV2sPV5XGbR5HkZyRc3JJPHJNGuSeNEmLcKLIM3klbw46L86787FsLTj5zCn5A+fzBw1jkRk=</latexit>

�CP
<latexit sha1_base64="vmxmtCX/+V12wWO2mER4XCy2It0=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMdiLx4r2A9IQ9lsNu3SzW7YnQgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSq4Adf9dkobm1vbO+Xdyt7+weFR9fika1SmKetQJZTuh8QwwSXrAAfB+qlmJAkF64WT1tzvPTFtuJKPME1ZkJCR5DGnBKzkDyImgAzzVns2rNbcursAXideQWqoQHtY/RpEimYJk0AFMcb33BSCnGjgVLBZZZAZlhI6ISPmWypJwkyQL06e4QurRDhW2pYEvFB/T+QkMWaahLYzITA2q95c/M/zM4hvg5zLNAMm6XJRnAkMCs//xxHXjIKYWkKo5vZWTMdEEwo2pYoNwVt9eZ10G3Xvqt54uK4174o4yugMnaNL5KEb1ET3qI06iCKFntErenPAeXHenY9la8kpZk7RHzifP0I5kTw=</latexit>

�m2
32

<latexit sha1_base64="Hru9+0UFV5qOwzmVdQBVGaSqqUk=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkrSCnos6sFjBfsBbQyb7aZdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0E4+uZ33mkUrFY3OtJQr0IDwULGcHaSL5d7t9QrjGKHmp+Vq9NfbviVJ050Cpxc1KBHE3f/uoPYpJGVGjCsVI910m0l2GpGeF0WuqniiaYjPGQ9gwVOKLKy+aHT9GpUQYojKUpodFc/T2R4UipSRSYzgjrkVr2ZuJ/Xi/V4aWXMZGkmgqyWBSmHOkYzVJAAyYp0XxiCCaSmVsRGWGJiTZZlUwI7vLLq6Rdq7r1au3uvNK4yuMowjGcwBm4cAENuIUmtIBACs/wCm/Wk/VivVsfi9aClc8cwR9Ynz+Wl5Jk</latexit>

�m2
13

<latexit sha1_base64="YElAhQWi8zeHZ1ev4r2a+P3pFTA=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkrSCnos6sFjBfsBbQyb7aRdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnkkKLxjyW3YAo4ExASzPNoZtIIFHAoROMr2d+5xGkYrG415MEvIgMBQsZJdpIvl3u3wDXBEcPNT9z61PfrjhVZw68StycVFCOpm9/9QcxTSMQmnKiVM91Eu1lRGpGOUxL/VRBQuiYDKFnqCARKC+bHz7Fp0YZ4DCWpoTGc/X3REYipSZRYDojokdq2ZuJ/3m9VIeXXsZEkmoQdLEoTDnWMZ6lgAdMAtV8YgihkplbMR0RSag2WZVMCO7yy6ukXau69Wrt7rzSuMrjKKJjdILOkIsuUAPdoiZqIYpS9Ixe0Zv1ZL1Y79bHorVg5TNH6A+szx+VEJJj</latexit>

, , , or
(Normal) (Inverted)

νe	events	(appearance)	at	far	detector

T2K: Eur.Phys.J.C 83 (2023) 9, 782
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Neutrino oscillation

Neutrino	flux	model

	proton	beam	monitor

	hadron	production	data

ν-nucleus	interaction	model

	nuclear	model

	hadron	final	state	interaction

Near	Detector	data

Simultaneous	Fit

Oscillation	Parameters

Far	Detector	data

✓23
<latexit sha1_base64="w4NllNBIJN262JDbFXn0bK9MvVQ=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0laQY9FLx4r2A9oQ9lsJ+3STTbsToQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNirVHFpcSaW7ATMgRQwtFCihm2hgUSChE0zu5n7nCbQRKn7EaQJ+xEaxCAVnaKVeH8eAbJDV6rNBueJW3QXoOvFyUiE5moPyV3+oeBpBjFwyY3qem6CfMY2CS5iV+qmBhPEJG0HP0phFYPxscfKMXlhlSEOlbcVIF+rviYxFxkyjwHZGDMdm1ZuL/3m9FMMbPxNxkiLEfLkoTCVFRef/06HQwFFOLWFcC3sr5WOmGUebUsmG4K2+vE7atapXr9YeriqN2zyOIjkj5+SSeOSaNMg9aZIW4USRZ/JK3hx0Xpx352PZWnDymVPyB87nDw7pkRo=</latexit>

✓13
<latexit sha1_base64="MHW+533ZW1uwd+M8FN7JCJuUVG8=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0laQY9FLx4r2A9oQ9lsJ+3STTbsToQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNirVHFpcSaW7ATMgRQwtFCihm2hgUSChE0zu5n7nCbQRKn7EaQJ+xEaxCAVnaKVeH8eAbJB59dmgXHGr7gJ0nXg5qZAczUH5qz9UPI0gRi6ZMT3PTdDPmEbBJcxK/dRAwviEjaBnacwiMH62OHlGL6wypKHStmKkC/X3RMYiY6ZRYDsjhmOz6s3F/7xeiuGNn4k4SRFivlwUppKiovP/6VBo4CinljCuhb2V8jHTjKNNqWRD8FZfXiftWtWrV2sPV5XGbR5HkZyRc3JJPHJNGuSeNEmLcKLIM3klbw46L86787FsLTj5zCn5A+fzBw1jkRk=</latexit>

�CP
<latexit sha1_base64="vmxmtCX/+V12wWO2mER4XCy2It0=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMdiLx4r2A9IQ9lsNu3SzW7YnQgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSq4Adf9dkobm1vbO+Xdyt7+weFR9fika1SmKetQJZTuh8QwwSXrAAfB+qlmJAkF64WT1tzvPTFtuJKPME1ZkJCR5DGnBKzkDyImgAzzVns2rNbcursAXideQWqoQHtY/RpEimYJk0AFMcb33BSCnGjgVLBZZZAZlhI6ISPmWypJwkyQL06e4QurRDhW2pYEvFB/T+QkMWaahLYzITA2q95c/M/zM4hvg5zLNAMm6XJRnAkMCs//xxHXjIKYWkKo5vZWTMdEEwo2pYoNwVt9eZ10G3Xvqt54uK4174o4yugMnaNL5KEb1ET3qI06iCKFntErenPAeXHenY9la8kpZk7RHzifP0I5kTw=</latexit>

�m2
32

<latexit sha1_base64="Hru9+0UFV5qOwzmVdQBVGaSqqUk=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkrSCnos6sFjBfsBbQyb7aZdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0E4+uZ33mkUrFY3OtJQr0IDwULGcHaSL5d7t9QrjGKHmp+Vq9NfbviVJ050Cpxc1KBHE3f/uoPYpJGVGjCsVI910m0l2GpGeF0WuqniiaYjPGQ9gwVOKLKy+aHT9GpUQYojKUpodFc/T2R4UipSRSYzgjrkVr2ZuJ/Xi/V4aWXMZGkmgqyWBSmHOkYzVJAAyYp0XxiCCaSmVsRGWGJiTZZlUwI7vLLq6Rdq7r1au3uvNK4yuMowjGcwBm4cAENuIUmtIBACs/wCm/Wk/VivVsfi9aClc8cwR9Ynz+Wl5Jk</latexit>

�m2
13

<latexit sha1_base64="YElAhQWi8zeHZ1ev4r2a+P3pFTA=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkrSCnos6sFjBfsBbQyb7aRdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnkkKLxjyW3YAo4ExASzPNoZtIIFHAoROMr2d+5xGkYrG415MEvIgMBQsZJdpIvl3u3wDXBEcPNT9z61PfrjhVZw68StycVFCOpm9/9QcxTSMQmnKiVM91Eu1lRGpGOUxL/VRBQuiYDKFnqCARKC+bHz7Fp0YZ4DCWpoTGc/X3REYipSZRYDojokdq2ZuJ/3m9VIeXXsZEkmoQdLEoTDnWMZ6lgAdMAtV8YgihkplbMR0RSag2WZVMCO7yy6ukXau69Wrt7rzSuMrjKKJjdILOkIsuUAPdoiZqIYpS9Ixe0Zv1ZL1Y79bHorVg5TNH6A+szx+VEJJj</latexit>

, , , or
(Normal) (Inverted)

νe	events	(appearance)	at	far	detector

T2K: Eur.Phys.J.C 83 (2023) 9, 782
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Neutrino interactions studies BSM

nucleus

µ�
<latexit sha1_base64="v5PwCCHTSLU5QiS/tRYTsPddY3M=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiRbILJnokevGIiQsksJJu6UJD2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWjpOFaE+iXmsOiHWlDNJfcMMp51EUSxCTtvh+Hbmt5+o0iyWD2aS0EDgoWQRI9hYye+J9PGiX664VXcOtEq8nFQgR7Nf/uoNYpIKKg3hWOuu5yYmyLAyjHA6LfVSTRNMxnhIu5ZKLKgOsvmxU3RmlQGKYmVLGjRXf09kWGg9EaHtFNiM9LI3E//zuqmJroOMySQ1VJLFoijlyMRo9jkaMEWJ4RNLMFHM3orICCtMjM2nZEPwll9eJa1a1atXa/eXlcZNHkcRTuAUzsGDK2jAHTTBBwIMnuEV3hzpvDjvzseiteDkM8fwB87nD34Tjnk=</latexit>
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any	other	particles

Near	Detector

⌫µ
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Search for

• Dark photon production on neutrino target

• Lorentz violation

• CPT violation

• Non-Standard interactions (NSI)

• Sterile neutrinos, heavy neutrinos

…


Rich physics topics. 
Add your shopping list here!! 



Other Physics Programs
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Neutrino interactions studies BSM
T2K: Phys.Rev.D 99 (2019) 7, 071103

e.g.		Search	for	light	sterile	neutrinos
e.g.		Measurement	of	coherent	pion	production	on	12C

T2K: Phys.Rev.D 108 (2023), 092009
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Producing and Understanding 
Neutrino Beams

- Producing	neutrino	beam




Neutrino Beams
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Not a recent idea, more than 60 years of history! 

1962: The first accelerator neutrino beam and the discovery of the muon neutrino

Leon Lederman Melvin Schwartz Jack Steinberger

The Nobel Prize 
in Physics 1988 

OK	Slide	
!!!



Neutrino Beams with Accelerators

51

An example: J-PARC accelerator complex
Key parameters for the neutrino beamline

• protons per bunch: 3.13 x 1013 

   —> To be upgraded to 4.0 x 1013

   (c.f. LHC Run3: ~1011 protons per bunch)

• repetition rate: 1.36 s

   —> To be upgraded to 1.16 s

=> ~750 kW (Achieved), 1.3 MW by 2027

Beam	power	(W)	=	Beam	current	(A)	x	Beam	energy	(eV)

Beam	current	(A)	=	#	of	protons/sec.

Beam	energy	(eV)	=	30	GeV	(for	T2K)

->	More	protons	with	a	shorter	repetition	rate	makes	

higher	beam	power

OK	Slide	
!!!



Neutrino Beamline at J-PARC
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Beam	monitors

Essential	to	protect	beamline	from	high-power	
proton	beam	(now	750	kW	—>	1.3	MW)

Essential	for	understanding	and	predicting	the	ν	flux	

Beam	intensity

Current	transformer	

<	2.7%	precision

Beam	loss

Sensitive	down	to	16	mW

Beam	Position

Electro-static	monitor

450	μm	precision

Beam	position	&	profile

various	technology

~100	μm	resolution
wire	secondary	

emission	monitor



Neutrino Beamline at J-PARC
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Muon	monitor

Monitor	neutrino	direction	using	muons

One	example:	beam	direction
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Hadron productions of       and        through  
primary interactions in the target

T2K	target

at	J-PARC	

(Japan)


length:	90	cm

(p + C, p + Be)

π+target (C or Be)

Primary	

protons

K+

Accelerator Neutrino Production

NuMI	target	at	Fermilab

(USA)

length:	120	cm
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π+

B

B

magnetic horn

target (C or Be)

Primary	

protons

K+

Accelerator Neutrino Production

T2K	

magnetic	

horn

Charged hadrons (pions and kaons) are  
focused by a toroidal field (magnetic horns)

to produce (anti)neutrino-enhanced beams 

NuMI	magnetic	horn
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π+
µ+

B

B

νµ
Primary	

protons

νee+

π0
K+

Beam 

dump

Muon 

monitor

Decay	volume	(Helium	or	vacuum)

target (C or Be)

Charged hadrons (pions and kaons) decays 

to neutrinos in decay volume 
—> Primary contribution to the neutrino flux

T2K	decay	volume

(Helium	filled,	length:	110m)

NuMI	decay	pipe

(~1	Torr	vacuum,	

	length:	675	m)

Accelerator Neutrino Production
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B

B

magnetic horn

target (C or Be)

Primary	

protons

Hadron production process can be more complex:
Secondary interactions with beamline materials


X = C, Be, Al, Ti, Fe, H2O, etc..

Neutral hadron decay (p + C / Be —> V0 + X)

Non-interacted primarily protons reach at beam dump

p

π+
µ+

π -
p

π+ π+

µ+
νµ

νµ

Non-negligible contribution 

to the neutrino flux

⇤
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Accelerator Neutrino Production

Beam	dump

=>



Off-axis Beam
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Why do T2K and NOvA use off-axis beams?

—> Optimize the flux at the first oscillation maximum

first	oscillation	

maximum

⇡± ! µ± (�)
⌫µ
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Reminder: Oscillations are seen as a function of L/E

—> Detectors cannot move (fixed L value), we need a 
monochromatic beam to maximize oscillation probability



T2K: Eur. Phys. J. C 83, 782 (2023)
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DUNE: Eur. Phys. J. C 80, 978 (2020)

On-axis vs Off-axis Neutrino Beams

pros

On-axis Off-axis

cons

- A	priori	knowledge	of	neutrino	energy

- Can	be	tuned	to	a	preferable	L/E	(osc.	maxima)

- Lower	neutrino	flux

- Maximum	neutrino	flux

- Can	study	broader	phase-space	 
(1st	and	2nd	osc.	maxima)

- Neutrino	reconstruction	is	tough
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Protons On Target (POT) to express data statistics 

• A typical measure for representing statistics in fixed target experiments 

(Collider experiments typically use integrated Luminosity, L [cm-2⋅s-1] )

Example: T2K

Run period: 
Jan 2010 - Feb 2024


Power max: 
780.631 kW (design: 750 kW)


POT total: 
4.14047 x 1021

(ν-mode) 2.49x1021 (~60%) 
(ν-mode) 1.65x1021 (~40%)

Representing Data Statistics
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Representing Data Statistics
The goal for the current generation experiments (T2K and NOvA): POT ~O(1022) 

	—>	To	give	you	some	idea,	it	is	roughly	

νμ	->	νe	appearance	channel:		~100	νe	or	νe	events	at	the	far	detector

νμ	->	νμ	disappearance	channel:	~1000	νμ	or	νμ	events	at	the	far	detector

(—) (—)

(—) (—)

T2K

Eur.Phys.J.C 83 (2023) 9, 782

1.97x1021	POT
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Representing Data Statistics
The goal for the next generation experiments (Hyper-K and DUNE): POT > O(1022) 

Note: POT does not indicate the size of the detector (= number of target nuclei)

—> We also use a different measure to represent data statistics: kt-MW-years
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J-PARC beamline (T2K flux) 

Beam	peak	@	600	MeV

T2K:	Phys.	Rev.	D87,	012001	(2013)Beam	peak	@	600	MeV

Two	major	uncertainty	sources:	Beamline	hardware	and	Hadron	production

A	leading	source	of	systematic	uncertainty	on	flux	prediction	->	Hadron	Production

⇡+ ! µ+⌫µ
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K+ ! µ+⌫µ

Requirement for future experiments: below 2-3% uncertainty on flux prediction!!

Understanding Neutrino Beams



We rely on hadronic interaction models to calculate the neutrino flux

• FLUKA (J-PARC/T2K)

• Geant 4 FTFP_BERT (Fermilab experiments at NuMI, LBNF, and Booster beamlines)

Why Hadron Production Measurements?

64

However, prediction of hadron production is difficult…


Need to constrain flux uncertainty 
coming from hadron production

Flux Prediction

NuMI beamline 


(MINERvA flux)

Leonidas Aliaga (Ph.D Thesis, 2016)



Hadron Production Measurement
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You may think of “in situ” hadron production measurement at the neutrino beamline

B

B

magnetic horn

target

Primary	

protons

p
π+

π+ π+
⇤
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Strategy of Improvement
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OK	Slide	
!!!

B

B

magnetic horn

target

Primary	

protons

p
π+

π+ π+
⇤
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Not	practically	possible	because…

• proton	beam	intensity	is	too	high!	


• protons	per	bunch	~1013			(c.f	LHC	Run	3:	protons	per	bunch	->	~1011)

You may think of “in situ” hadron production measurement at the neutrino beamline

Hadron Production Measurement
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One	such	experiment	is	NA61/SHINE	at	CERN	SPS
 Instead, we rely on “external” measurements to understand hadron production 

Strategy of ImprovementExternal Hadron Production Measurement



T2K Flux Uncertainty with NA61/SHINE Data
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Achieved

• Flux uncertainty < 5% at the flux peak


Next step

• Flux outside of the peak needs to be 

further reduced

• Low energy side: low-momentum hadron 

rescattering

• High energy side: kaon production


• Flux of intrinsic beam background

• anti-ν and electron-ν 

T2K: Eur.Phys.J.C 83 (2023) 9, 782
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Detecting neutrinos 



70

Neutrino Interactions

• Charged current (CC) interactions

• Exchange a W boson

• Produce a charged lepton of the same flavor


• Neutral current (NC) interactions

• Exchange a Z boson

• No charged leptons produced


• Other particles also get produced 

• Protons

• Neutrons

• Hadrons (e.g. pions, kaons)
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Neutrino Detection Goals

• Identify the flavor of the neutrinos

• Only via produced particles in neutrino interactions


• Use CC interactions!!


• Reconstruct neutrino energy

• Only via produced particles in neutrino interactions


• outgoing leptons

• other particles (if detectable!)


 -> a motivation to use an off-axis beam to ease this business


• Determine neutrinos or antineutrinos

• Key information for searching for CP violation


 -> a motivation to use (anti)neutrino-enhanced beams to ease 

     this business

This depends largely on the experiment, but typically for long-baseline experiments:

e? μ? τ?unknown Eν

Can we detect them?
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Neutrino Energy Reconstruction

Neutrino interactions and 
reconstruction are one of the 
biggest challenges we face!!

Neutrino experiments use reconstructed 
neutrino energy spectrum for each flavor 
to extract neutrino oscillation parameters

sin22θ23

Δm232

T2K: Phys.Rev.D 96 (2017) 1, 011102
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Neutrino Interactions
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• Nuclear effects join the business

• Getting tougher!
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Nuclear Effects Modeling (Very Briefly)

A	very	rich	field	where	nuclear	physics	meets	neutrino	physics!!

• Fermi Motion

• Nucleons are moving targets

• Their momenta isn’t so different than  

neutrino energy

• Nuclear Removal Energy

• Nucleons are bound inside the nucleus

• Most models predict that removal energy and 

Fermi motion should be correlated
Nucl.	Phys.	A	579	(1994)	493-517

• Final State Interaction (FSI)

• Hadrons can re-interact inside the nucleus

• Distorts kinematics and changes the final state 

topology

For	more	detail,	check	lecture	by	S.	Doran:

https://indico.cern.ch/event/1011452/contributions/4448410

https://indico.cern.ch/event/1011452/contributions/4448410
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Nuclear Effects Modeling (Very Briefly)
• Multi-nucleon Interactions


• Nucleons are interacting with each 
other inside the nucleus


• Some interactions are with nucleons 
bound together somehow “2p2h”

• Additional Correlations

• “Long-range” interactions between nucleons 

can act to shield target

• Difficult, usually parameterized and treated via 

Random Phase Approximation (RPA)

• Pauli Blocking

• Nucleons cannot be excited into nuclear states 

that are already filled

• Reduction of cross-section at low-E transfer
A	very	rich	field	where	nuclear	physics	meets	neutrino	physics!!

For	more	detail,	check	lecture	by	S.	Doran:

https://indico.cern.ch/event/1011452/contributions/4448410

Phys. Rev. C 70, 055503 (2004)

https://indico.cern.ch/event/1011452/contributions/4448410
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What do we actually measure?

->	~18	nucleon	

					resonances	

T2K/Hyper-K	main	channel

NOvA/DUNE	main	channel

CC	resonance
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Why do we care?
Example:	T2K	CCQE	reconstruction	based	on	lepton	kinematics

No	nuclear	effect

Topological	Contamination

Fermi	Motion	Smearing Nuclear	Removal	Energy	Loss
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Impact on Oscillation Parameters

B.	Abi,	et	al.	JINST	15	T08008

• Neutrino energy is incorrectly estimated if particles emerging from a 
neutrino interaction are unaccounted for


• A simple case study:

• Getting “only” 20% of the proton energy wrong can have significant 

impacts on the measurements of the oscillation parameters

assume:
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Detector Technology Choice

Slides	by	Tanaz	Mohayai	

shown	at	“Neutrino	University”	2023

https://npc.fnal.gov/neutrino-university	


https://npc.fnal.gov/neutrino-university
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Designing a Neutrino Detector
T2K	Near	Detector			Multi-purpose	detector


NOvA					Liquid	scintillator	tracker

(proto)DUNE					Liquid	Ar	TPC			(ionization)T2K	Far	Detector				Water	Cherenkov
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Designing a Neutrino Detector
T2K	Near	Detector			Multi-purpose	detector


NOvA					Liquid	scintillator	tracker

(proto)DUNE					Liquid	Ar	TPC			(ionization)T2K	Far	Detector				Water	Cherenkov

	

Cherenkov-based:

<latexit sha1_base64="fGrmmi3M/0lr2TcuC4ek5hXA2xU=">AAACC3icbVDLSgMxFM3UV62vqks3oUVwVWbE17IogssKthU6pWTSjA3NJCG5I5ahezf+ihsXirj1B9z5N6aPhbYeCBzOuZebcyItuAXf//ZyC4tLyyv51cLa+sbmVnF7p2FVaiirUyWUuY2IZYJLVgcOgt1qw0gSCdaM+hcjv3nPjOVK3sBAs3ZC7iSPOSXgpE6xdNkJZYpDbZQGhUNgD5CFZaxirHsKlLTDTrHsV/wx8DwJpqSMpqh1il9hV9E0YRKoINa2Al9DOyMGOBVsWAhTyzShfXLHWo5KkjDbzsZZhnjfKV0cK+OeBDxWf29kJLF2kERuMiHQs7PeSPzPa6UQn7UzLnUKTNLJoTgV2KUeFYO73DAKYuAIoYa7v2LaI4ZQcPUVXAnBbOR50jisBCeV4+ujcvV8Wkce7aESOkABOkVVdIVqqI4oekTP6BW9eU/ei/fufUxGc950Zxf9gff5A7+7muQ=</latexit>

E⌫ / # of photons

Tracking-based 
+	(EM	cal)

+	(ToF)
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Detector Upgrade towards Lower Threshold

• T2K

• Fine-Grained Detector (FGD) -> Super-FGD (2024!!)


       Threshold: 400 MeV -> 250 MeV


As we learned, the detector’s capability to reconstruct low-momentum particles is a key.
FGD: Nucl.Instrum.Meth.A 696 (2012) 1-31

Super-FGD: arXiv:1901.03750 

OK	Slide	
!!!

We made a press release:

NEUTRINO RESEARCH HAS ENTERED A NEW PHASE
(English)							https://www.elte.hu/en/content/neutrino-research-has-entered-a-new-phase.t.3016	

(Hungarian)	https://www.elte.hu/content/uj-szakaszba-lepett-a-neutrinokutatas.t.29847	

(for	protons)

https://arxiv.org/abs/1901.03750
https://www.elte.hu/en/content/neutrino-research-has-entered-a-new-phase.t.3016
https://www.elte.hu/content/uj-szakaszba-lepett-a-neutrinokutatas.t.29847
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• DUNE

• Liquid Argon TPC (Phase-I)


       Threshold: 40 MeV 

• High-pressure gas Argon TPC (Phase-II)


       Threshold: 4 MeV 


Liquid Ar TPC

(ND-LAr)


5x7 = 35 TPC modules

(module: 1m x 1m x 3 m)

Detector Upgrade towards Lower Threshold

High-pressure gas Ar TPC 

(ND-GAr)


Repurposed ALICE TPC

(5.2 m drift length)

(5.2 m diameter)

DUNE Near Detector Conceptual Design Report: Instruments 5 (2021) 4, 31

(for	protons)

(for	protons)

https://doi.org/10.3390/instruments5040031
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• DUNE

• Liquid Argon TPC (Phase-I)


       Threshold: 40 MeV 

• High-pressure gas Argon TPC (Phase-II)


       Threshold: 4 MeV 


Detector Upgrade towards Lower Threshold

DUNE Near Detector Conceptual Design Report: Instruments 5 (2021) 4, 31

Form	“oscillated	flux”	at	the	near	detector	

with	linear	combinations	of	multiple	off-axis	data


->	An	approach	to	make	the	far	detector	spectra	

				“largely”	interaction	model	independent

(for	protons)

(for	protons)

https://doi.org/10.3390/instruments5040031
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Power of the Low Threshold Detector

OK	Slide	
!!!

Low-energy	protons	produced	via	neutrino	interactions

->	Very	model-dependent

(Because	we	do	not	have	any	past	data	to	constrain	

the	model	prediction)

Next	generation	experiments	must	have	the	capability	

to	constrain	these	model	uncertainties.

protons	produced	through	neutrino-Ar	interaction	

(DUNE)
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Power of the Low Threshold Detector
Assume a neutrino CC interaction produce 1 muon, 7 low energy protons, and 9 neutrons

Note: the same neutrino event simulated in ND-LAr and ND-GAr

Lower density gaseous argon allows low energy particles to travel further

—> Easier to detect and reconstruct their tracks

—> Even neutrons can be detected in combination with ECAL (not shown)

with	LAr	TPC

CC	1p	-like

with	GAr	TPC

CC	multi-p	like

OK	Slide	
!!!

(10	bar)
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Advertisement:  
Activities of the experimental neutrino 

physics group in Hungary

We	are	a	member	institute	of	three	international	experimental	collaborations!!

(Japan) (USA) (CERN)
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Neutrino oscillation

Neutrino	flux	model

	proton	beam	monitor

	hadron	production	data

ν-nucleus	interaction	model

	nuclear	model

	hadron	final	state	interaction

Near	Detector	data

Simultaneous	Fit

Oscillation	Parameters

Far	Detector	data

✓23
<latexit sha1_base64="w4NllNBIJN262JDbFXn0bK9MvVQ=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0laQY9FLx4r2A9oQ9lsJ+3STTbsToQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNirVHFpcSaW7ATMgRQwtFCihm2hgUSChE0zu5n7nCbQRKn7EaQJ+xEaxCAVnaKVeH8eAbJDV6rNBueJW3QXoOvFyUiE5moPyV3+oeBpBjFwyY3qem6CfMY2CS5iV+qmBhPEJG0HP0phFYPxscfKMXlhlSEOlbcVIF+rviYxFxkyjwHZGDMdm1ZuL/3m9FMMbPxNxkiLEfLkoTCVFRef/06HQwFFOLWFcC3sr5WOmGUebUsmG4K2+vE7atapXr9YeriqN2zyOIjkj5+SSeOSaNMg9aZIW4USRZ/JK3hx0Xpx352PZWnDymVPyB87nDw7pkRo=</latexit>

✓13
<latexit sha1_base64="MHW+533ZW1uwd+M8FN7JCJuUVG8=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0laQY9FLx4r2A9oQ9lsJ+3STTbsToQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNirVHFpcSaW7ATMgRQwtFCihm2hgUSChE0zu5n7nCbQRKn7EaQJ+xEaxCAVnaKVeH8eAbJB59dmgXHGr7gJ0nXg5qZAczUH5qz9UPI0gRi6ZMT3PTdDPmEbBJcxK/dRAwviEjaBnacwiMH62OHlGL6wypKHStmKkC/X3RMYiY6ZRYDsjhmOz6s3F/7xeiuGNn4k4SRFivlwUppKiovP/6VBo4CinljCuhb2V8jHTjKNNqWRD8FZfXiftWtWrV2sPV5XGbR5HkZyRc3JJPHJNGuSeNEmLcKLIM3klbw46L86787FsLTj5zCn5A+fzBw1jkRk=</latexit>

�CP
<latexit sha1_base64="vmxmtCX/+V12wWO2mER4XCy2It0=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMdiLx4r2A9IQ9lsNu3SzW7YnQgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSq4Adf9dkobm1vbO+Xdyt7+weFR9fika1SmKetQJZTuh8QwwSXrAAfB+qlmJAkF64WT1tzvPTFtuJKPME1ZkJCR5DGnBKzkDyImgAzzVns2rNbcursAXideQWqoQHtY/RpEimYJk0AFMcb33BSCnGjgVLBZZZAZlhI6ISPmWypJwkyQL06e4QurRDhW2pYEvFB/T+QkMWaahLYzITA2q95c/M/zM4hvg5zLNAMm6XJRnAkMCs//xxHXjIKYWkKo5vZWTMdEEwo2pYoNwVt9eZ10G3Xvqt54uK4174o4yugMnaNL5KEb1ET3qI06iCKFntErenPAeXHenY9la8kpZk7RHzifP0I5kTw=</latexit>

�m2
32

<latexit sha1_base64="Hru9+0UFV5qOwzmVdQBVGaSqqUk=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkrSCnos6sFjBfsBbQyb7aZdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0E4+uZ33mkUrFY3OtJQr0IDwULGcHaSL5d7t9QrjGKHmp+Vq9NfbviVJ050Cpxc1KBHE3f/uoPYpJGVGjCsVI910m0l2GpGeF0WuqniiaYjPGQ9gwVOKLKy+aHT9GpUQYojKUpodFc/T2R4UipSRSYzgjrkVr2ZuJ/Xi/V4aWXMZGkmgqyWBSmHOkYzVJAAyYp0XxiCCaSmVsRGWGJiTZZlUwI7vLLq6Rdq7r1au3uvNK4yuMowjGcwBm4cAENuIUmtIBACs/wCm/Wk/VivVsfi9aClc8cwR9Ynz+Wl5Jk</latexit>

�m2
13

<latexit sha1_base64="YElAhQWi8zeHZ1ev4r2a+P3pFTA=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkrSCnos6sFjBfsBbQyb7aRdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnkkKLxjyW3YAo4ExASzPNoZtIIFHAoROMr2d+5xGkYrG415MEvIgMBQsZJdpIvl3u3wDXBEcPNT9z61PfrjhVZw68StycVFCOpm9/9QcxTSMQmnKiVM91Eu1lRGpGOUxL/VRBQuiYDKFnqCARKC+bHz7Fp0YZ4DCWpoTGc/X3REYipSZRYDojokdq2ZuJ/3m9VIeXXsZEkmoQdLEoTDnWMZ6lgAdMAtV8YgihkplbMR0RSag2WZVMCO7yy6ukXau69Wrt7rzSuMrjKKJjdILOkIsuUAPdoiZqIYpS9Ixe0Zv1ZL1Y79bHorVg5TNH6A+szx+VEJJj</latexit>

, , , or
(Normal) (Inverted)

NA61/SHINE:	Hadron	production	
measurements	for	T2K	and	DUNE

T2K:	Beam	group	leadership
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Neutrino oscillation

Neutrino	flux	model

	proton	beam	monitor

	hadron	production	data

ν-nucleus	interaction	model

	nuclear	model

	hadron	final	state	interaction

Near	Detector	data

Simultaneous	Fit

Oscillation	Parameters

Far	Detector	data
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<latexit sha1_base64="YElAhQWi8zeHZ1ev4r2a+P3pFTA=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkrSCnos6sFjBfsBbQyb7aRdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnkkKLxjyW3YAo4ExASzPNoZtIIFHAoROMr2d+5xGkYrG415MEvIgMBQsZJdpIvl3u3wDXBEcPNT9z61PfrjhVZw68StycVFCOpm9/9QcxTSMQmnKiVM91Eu1lRGpGOUxL/VRBQuiYDKFnqCARKC+bHz7Fp0YZ4DCWpoTGc/X3REYipSZRYDojokdq2ZuJ/3m9VIeXXsZEkmoQdLEoTDnWMZ6lgAdMAtV8YgihkplbMR0RSag2WZVMCO7yy6ukXau69Wrt7rzSuMrjKKJjdILOkIsuUAPdoiZqIYpS9Ixe0Zv1ZL1Y79bHorVg5TNH6A+szx+VEJJj</latexit>

, , , or
(Normal) (Inverted)

DUNE:	Novel	detector	R&D	

DUNE:	neutrino-Ar	interaction	studies	at	NuMI	

GEM

(Small-scale	ND-LAr	prototype)
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Wrap-up
 Apologies for only staying today because of a private reason.

• I stay till 18:30 today (will catch the last bus to Budapest) 

• Feel free to catch me during lunch, coffee, or the discussion session


 Also, feel free to contact me after this summer school!!

• I’m happy to have follow-up communications


 Want to dive into the world of neutrino physics?

• I’m happy to discuss with you

• We have various research topics :-) 


e-mail: yoshikazu.nagai@ttk.elte.hu  

webpage: https://physics.elte.hu/en/ATOM_YoshikazuNagai 

mailto:yoshikazu.nagai@ttk.elte.hu
https://physics.elte.hu/en/ATOM_YoshikazuNagai
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Thank you for your attention!!
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Exercise: Why 1.27?
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Matter Effects
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Matter effects (Borrowed Lecture Notes by Stefania Ricciardi)
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Magnetic Horn Focusing
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Off-axis Beam
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Downside: loss of flux
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Water Cherenkov Far Detector

OK	Slide	
!!!

Example:	Super-K 
Until	2018	->	pure	water

Now	->	water	+	Gd	(enhancing	neutron	capture)	

The Cherenkov threshold is 0.569 MeV/c for electrons, 115.7 MeV/c for muons and 1.04 GeV/c for protons.

Detector threshold is ~3 MeV 
Note: neutrino energy reconstruction is proportional to number of photons detected
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Hadron Production
A dedicated experiment to understand flux
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The NA61/SHINE Experiment

NA61/SHINE

(SPS	north	area)

at	H2	beamline

LHC

SPS

Over	150	physicists	from	30	institutions	and	15	countries

“The SPS Heavy Ion and Neutrino Experiment”

<—	CERN	(main	site)

<—

Geneva	airport
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OK	Slide	
!!!

top-view a fixed target experiment at CERN SPS

The NA61/SHINE Experiment



hadron	beams

(p,	π+/-,	K+/-)

between	30-350	GeV
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OK	Slide	
!!!

a	thin	graphite	target

a	T2K	replica	target

The NA61/SHINE Experiment

p

…
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OK	Slide	
!!!

The NA61/SHINE Experiment

top-view
Tracking with Time Projection Chambers

- Good position resolution and particle identification

- Good momentum resolution with two magnets




Event Display
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an	example	event	with	

p	+	NuMI	replica	@	120	GeV



Example: a dedicated measurement for T2K
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Z2 Z2 Z2

p
p

Eur. Phys. J. C79, no.2 100 (2019)

p+T2K replica@ 30 GeV
<latexit sha1_base64="RfIXsJ510iQk6raN1G3QO3ZeLeU=">AAACE3icbVBNS8NAEN3Ur1q/qh69BIsgWkrSCnoselDwUqFf0JSy2U7bpbtJ2N0IJaS/wYt/xYsHRbx68ea/cdNW0NYHA4/3ZpiZ5waMSmVZX0ZqaXlldS29ntnY3Nreye7u1aUfCgI14jNfNF0sgVEPaooqBs1AAOYug4Y7vEr8xj0ISX2vqkYBtDnue7RHCVZa6mRPglOHYzUQPKoWb8cC9FKCYydfdvIla/zjXUM97mRzVsGawFwk9ozk0AyVTvbT6fok5OApwrCULdsKVDvCQlHCIM44oYQAkyHuQ0tTD3OQ7WjyU2weaaVr9nyhy1PmRP09EWEu5Yi7ujO5Uc57ifif1wpV76IdUS8IFXhkuqgXMlP5ZhKQ2aUCiGIjTTARVN9qkgEWmCgdY0aHYM+/vEjqxYJdKlh3Z7ny5SyONDpAh+gY2egcldENqqAaIugBPaEX9Go8Gs/Gm/E+bU0Zs5l99AfGxzevxp4I</latexit>


