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⌫1
<latexit sha1_base64="smdZBdfiHXp4Sz/zg+6tlKK/DMk=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0nS2tZbQQSPFUxbaEPZbLft0s0m7G6EEvobvHhQxKs/yJv/xk1bQUUfDDzem2FmXhBzprRtf1i5tfWNza38dmFnd2//oHh41FZRIgn1SMQj2Q2wopwJ6mmmOe3GkuIw4LQTTK8yv3NPpWKRuNOzmPohHgs2YgRrI3l9kQycQbFkly8bNffCRXbZtutupZYRt151K8gxSoZSE5ZoDYrv/WFEkpAKTThWqufYsfZTLDUjnM4L/UTRGJMpHtOeoQKHVPnp4tg5OjPKEI0iaUpotFC/T6Q4VGoWBqYzxHqifnuZ+JfXS/So4adMxImmgiwXjRKOdISyz9GQSUo0nxmCiWTmVkQmWGKiTT4FE8LXp+h/0nbLTqXs3lZLzetVHHk4gVM4Bwfq0IQbaIEHBBg8wBM8W8J6tF6s12VrzlrNHMMPWG+fQg6PBg==</latexit>

⌫2
<latexit sha1_base64="RmI82FgA38bNtaJL00sIPLkKth8=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU9iktra3gggeK5i20Iay2W7apZtN2N0IJfQ3ePGgiFd/kDf/jZu2goo+GHi8N8PMvCDhTGmEPqzC2vrG5lZxu7Szu7d/UD486qg4lYR6JOax7AVYUc4E9TTTnPYSSXEUcNoNple5372nUrFY3OlZQv0IjwULGcHaSN5ApEN3WK4gG9VrTdSEyK4hp7EgCNUbbhU6huSotMAS7WH5fTCKSRpRoQnHSvUdlGg/w1Izwum8NEgVTTCZ4jHtGypwRJWfLY6dwzOjjGAYS1NCw4X6fSLDkVKzKDCdEdYT9dvLxb+8fqrDhp8xkaSaCrJcFKYc6hjmn8MRk5RoPjMEE8nMrZBMsMREm3xKJoSvT+H/pOPaTtV2by8qretVHEVwAk7BOXDAJWiBG9AGHiCAgQfwBJ4tYT1aL9brsrVgrWaOwQ9Yb59HnI8K</latexit>

⌫3
<latexit sha1_base64="NJGbP+6D54j/hurLyXHj97TxVvU=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0lSqe2tIILHCqYttKFstpt26WYTdjdCCf0NXjwo4tUf5M1/46atoKIPBh7vzTAzL0g4U9q2P6zC2vrG5lZxu7Szu7d/UD486qg4lYR6JOax7AVYUc4E9TTTnPYSSXEUcNoNple5372nUrFY3OlZQv0IjwULGcHaSN5ApMPasFyxq7ZBvY5y4jRsx5Bms+G6TeQsLNuutGCJ9rD8PhjFJI2o0IRjpfqOnWg/w1Izwum8NEgVTTCZ4jHtGypwRJWfLY6dozOjjFAYS1NCo4X6fSLDkVKzKDCdEdYT9dvLxb+8fqrDhp8xkaSaCrJcFKYc6Rjln6MRk5RoPjMEE8nMrYhMsMREm3xKJoSvT9H/pONWnVrVvb2otK5XcRThBE7hHBy4hBbcQBs8IMDgAZ7g2RLWo/VivS5bC9Zq5hh+wHr7BDlyjwE=</latexit>

⌫�
<latexit sha1_base64="0xE7onZyUIrsld2Lz4cfAKDz65k=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjKjre2u6MZlBfuQzlAyaaYNTTJDkhFK6Ve4caGIWz/HnX9j+hBU9MCFwzn3cu89UcqZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q0kmmCG2ShCeqE2FNOZO0aZjhtJMqikXEaTsaXc389j1VmiXy1oxTGgo8kCxmBBsr3QUy6wURNbhXLCHXL6Na1YPIRRa+b0kZebVKBXpzBaFSHSzQ6BXfg35CMkGlIRxr3fVQasIJVoYRTqeFINM0xWSEB7RrqcSC6nAyP3gKT6zSh3GibEkD5+r3iQkWWo9FZDsFNkP925uJf3ndzMTVcMJkmhkqyWJRnHFoEjj7HvaZosTwsSWYKGZvhWSIFSbGZlSwIXx9Cv8nLd/1zlz/5rxUv1zGkQdH4BicAg9cgDq4Bg3QBAQI8ACewLOjnEfnxXldtOac5cwh+AHn7RN+65Dm</latexit>

⌫↵
<latexit sha1_base64="Qq2melG1Ijg94mRqnWpF/BQiq2Y=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0VwFSZpiumu6MZlBfvAJpTJdNoOnUzCzEQooX/hxoUibv0bd/6N04egogcuHM65l3vviVLOlEbowyqsrW9sbhW3Szu7e/sH5cOjtkoySWiLJDyR3QgrypmgLc00p91UUhxHnHaiydXc79xTqVgibvU0pWGMR4INGcHaSHeByPoB5ukY98sVZNfryPN8iOwacl2vZgiqur7vQMdGC1QaYIlmv/weDBKSxVRowrFSPQelOsyx1IxwOisFmaIpJhM8oj1DBY6pCvPFxTN4ZpQBHCbSlNBwoX6fyHGs1DSOTGeM9Vj99ubiX14v00M/zJlIM00FWS4aZhzqBM7fhwMmKdF8aggmkplbIRljiYk2IZVMCF+fwv9J27Wdqu3eeJXG5SqOIjgBp+AcOOACNMA1aIIWIECAB/AEni1lPVov1uuytWCtZo7BD1hvn2LakWw=</latexit>



Next Questions In Neutrino Physics

• Mass ordering 

• Nature of ν3 - 
θ23 octant 

• Is CP 
violated? 

• Is there more 
to this 
picture?
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T. Kajita June 5th, at Neutrino 1998



Phys.Rev.Lett. 81 (1998) 1562-1567



Let’s imagine we are at a “SNOWMASS 
1998” and you want to know if its 

possible to measure the oscillations 
reported by SK using an accelerator.

Let’s see what we can get on the back of an envelope…



Can we reproduce these 
conditions using accelerators?

L ' 500 km
<latexit sha1_base64="fo+jFUBlPCWlmLRRtGjrUnhJkgg=">AAAB/nicbVDLSgNBEJz1GeNrVTx5GQyCp7AbFT0GvXjwEME8ILuE2UknGTIzu87MCmGJ+CtePCji1e/w5t84eRw0saChqOqmuytKONPG876dhcWl5ZXV3Fp+fWNza9vd2a3pOFUUqjTmsWpERANnEqqGGQ6NRAEREYd61L8a+fUHUJrF8s4MEggF6UrWYZQYK7Xc/RscaCbgHp953mMWKIH7YthyC17RGwPPE39KCmU0QaXlfgXtmKYCpKGcaN30vcSEGVGGUQ7DfJBqSAjtky40LZVEgA6z8flDfGSVNu7EypY0eKz+nsiI0HogItspiOnpWW8k/uc1U9O5CDMmk9SApJNFnZRjE+NRFrjNFFDDB5YQqpi9FdMeUYQam1jehuDPvjxPaqWif1Is3Z4WypfTOHLoAB2iY+Sjc1RG16iCqoiiDD2jV/TmPDkvzrvzMWldcKYze+gPnM8fLtWVBg==</latexit>

E⌫ ' 1 GeV
<latexit sha1_base64="y5xsJXVXKpbDQjSKAL7dz2Uj9hE="></latexit>

P (⌫µ ! ⌫µ) = 1� sin2 2✓23 sin
2

✓
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◆

<latexit sha1_base64="N+nt9Mk7LFazBlVY8U+uruo8aqE="></latexit>
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Can we reproduce these 
conditions using accelerators?

1.27�m2
32

L

E
=

(2n� 1)

2
⇡ for n = 1, 2, 3, ...

<latexit sha1_base64="J7SdCcpbrJFxvqfG2QDU9pwUJ5I="></latexit>

P (⌫µ ! ⌫µ) = 1� sin2 2✓23 sin
2

✓
1.27�m2

32 [eV2]
L [km]

E [GeV]

◆

<latexit sha1_base64="N+nt9Mk7LFazBlVY8U+uruo8aqE="></latexit>

1
23



Long baseline experiments

Dates Source
Primary 
Energy 
(GeV)

P [kW] M 
[kt]

L 
[km]

E 
[GeV]

K2K 1999 - 
2004 KEK PS 12 5.2 22.5 250 0.9

T2K 2010 - 
present JPARC 30 515 22.5 295 0.6

T2HK 2027 JPARC 30 [500,1
300] 188 295 0.6

MINOS 2005 - 
2012

Fermilab 
Main Injector 120 240 5.4 735 3.6

MINOS+ 2013 - 
2016

Fermilab 
Main Injector 120 700 5.4 735 6.2

NOvA 2014-
present

Fermilab 
Main Injector 120 400 - 

960 14 810 1.8

DUNE >2030 Fermilab 
Main Injector 120 1000 - 

2400 40 1350 2.2

CNGS / 
OPERA

2008 - 
2012 CERN PS 400 512 1.25 730 1.25



Can we reproduce these 
conditions using accelerators?

AD
<latexit sha1_base64="+CQOuS5ynLRExhu2sqPozV1UUK8=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjNR0GNcDh4jmgWSIfR0epImPT1Dd40QhnyCFw+KePWLvPk3dpaDJj4oeLxXRVW9IJHCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMHGqGa+zWMa6FVDDpVC8jgIlbyWa0yiQvBkMbyZ+84lrI2L1iKOE+xHtKxEKRtFKD1fd226x5JbdKcgy8eakVIUZat3iV6cXszTiCpmkxrQ9N0E/oxoFk3xc6KSGJ5QNaZ+3LVU04sbPpqeOyYlVeiSMtS2FZKr+nshoZMwoCmxnRHFgFr2J+J/XTjG89DOhkhS5YrNFYSoJxmTyN+kJzRnKkSWUaWFvJWxANWVo0ynYELzFl5dJo1L2zsqV+/NS9XoeRx6O4BhOwYMLqMId1KAODPrwDK/w5kjnxXl3PmatOWc+cwh/4Hz+AC0AjcA=</latexit>

LD
<latexit sha1_base64="1pLanTkabQGZ6kJvknvTw0KSZxA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BPXjwENE8IFnC7GQ2GTI7u8z0CmHJJ3jxoIhXv8ibf+PkcdDEgoaiqpvuriCRwqDrfju5ldW19Y38ZmFre2d3r7h/0DBxqhmvs1jGuhVQw6VQvI4CJW8lmtMokLwZDK8nfvOJayNi9YijhPsR7SsRCkbRSg933ZtuseSW3SnIMvHmpFSFGWrd4lenF7M04gqZpMa0PTdBP6MaBZN8XOikhieUDWmfty1VNOLGz6anjsmJVXokjLUthWSq/p7IaGTMKApsZ0RxYBa9ifif104xvPQzoZIUuWKzRWEqCcZk8jfpCc0ZypEllGlhbyVsQDVlaNMp2BC8xZeXSaNS9s7KlfvzUvVqHkcejuAYTsGDC6jCLdSgDgz68Ayv8OZI58V5dz5mrTlnPnMIf+B8/gA9wo3L</latexit>

L
<latexit sha1_base64="RxXDbDHHvFaoQxU1HYa67DztRcc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx48JGAekCxhdtKbjJmdXWZmhbDkC7x4UMSrn+TNv3HyOGhiQUNR1U13V5AIro3rfju5tfWNza38dmFnd2//oHh41NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hbqt55QaR7LBzNO0I/oQPKQM2qsVL/vFUtu2Z2BrBJvQUpVmKPWK351+zFLI5SGCap1x3MT42dUGc4ETgrdVGNC2YgOsGOppBFqP5sdOiFnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrZm4r/eZ3UhNd+xmWSGpRsvihMBTExmX5N+lwhM2JsCWWK21sJG1JFmbHZFGwI3vLLq6RZKXsX5Ur9slS9WcSRhxM4hXPw4AqqcAc1aAADhGd4hTfn0Xlx3p2PeWvOWcwcwx84nz/7140U</latexit>

N
<latexit sha1_base64="Jpacu5yP7G8vK0PLY65UwXEKhEI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL54kAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+n2vWHLL7gxklXgLUqrCHLVe8avbj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmzSp+EsbIlDZmpvycyGmk9jgLbGVEz1MveVPzP66QmvPYzLpPUoGTzRWEqiInJ9GvS5wqZEWNLKFPc3krYkCrKjM2mYEPwll9eJc1K2bsoV+qXperNIo48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nzMW3POYuYY/sD5/AH+340W</latexit>

accelerator

target

focusing

decay region

detector

Nevents

GeV
' F · � · ✏ · M

mN
· T

<latexit sha1_base64="tqAZNpD66Q2wIxDpFjRnFodpm6o="></latexit>

neutrino flux

neutrino - nucleon cross-section

detection and 
reconstruction efficiency number of target nucleons: detector 

mass / nucleon mass

running time



Can we reproduce these 
conditions using accelerators?

detector of mass M (kt), at distance L (km) 
collects neutrino interactions with efficiency 𝝐 

⇥
0.7E⌫ ⇥ 10�38 cm2

⇤
· ✏ ·


M ⇥ 106 kg

1.67⇥ 10�27 kg

�
·
⇥
T ⇥ 3.15⇥ 107 s

⇤

<latexit sha1_base64="iQ3sZgWPQnOZCAvlUv2d/SXD8WY=">AAACuHicbVFda9swFJW9r877yrrHvoiFwV5m7KRtSp/CRqEvgw6atmC7mSzLjogsGel6EIz3Fwd727+pEidbmu6C4Ojee86R7k0rwQ0EwR/HffT4ydNne8+9Fy9fvX7Te7t/ZVStKZtQJZS+SYlhgks2AQ6C3VSakTIV7Dqdf1nWr38wbbiSl7CoWFKSQvKcUwI2Ne39igXLIcKBP8Jn0yaWdYtj4CUzOAxum0/Dk/ZnE+sS07 K9HeBY82IGiRfTTIEXs8pwoeTmupLy4lwT2nzdkjnuJOZF2zahfzy65zAYtf/K3o5Bp3i5IQz98GibvKGav8Rprx/4wSrwQxCuQX+MuriY9n7HmaJ1ySRQQYyJwqCCpCEaOBXM6taGVYTOScEiCyWx3kmzGnyLP9hMhnOl7ZGAV9ltRkNKYxZlajtLAjOzW1sm/1eLashPkobLqgYmaWeU1wKDwsst4oxrRkEsLCBUc/tWTGfEzh3srj07hHD3yw/B1cAPh/7g22F//Hk9jj10gN6jjyhEIzRG5+gCTRB1jpzIyRzmnrrf3cLlXavrrDnv0L1w9R32vdNh</latexit>

Nevents

GeV
= F ·

�
130E⌫ (MT )

⇥
cm2s

⇤�
<latexit sha1_base64="W0Umb163X4J8NMnx2M93l5NhG3A="></latexit>

accelerator

target

focusing

decay region

detector

Nevents

GeV
' F · � · ✏ · M

mN
· T

<latexit sha1_base64="tqAZNpD66Q2wIxDpFjRnFodpm6o="></latexit>

exposure in 
kiloton years



Can we reproduce these 
conditions using accelerators?

F ' N [
protons

s
] · Y[

⌫

proton
] · 1

AD
(
LD

L
)2

<latexit sha1_base64="h+AGD0Ak6etQnoP/+7qkViZ7q8c="></latexit>

AD
<latexit sha1_base64="+CQOuS5ynLRExhu2sqPozV1UUK8=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjNR0GNcDh4jmgWSIfR0epImPT1Dd40QhnyCFw+KePWLvPk3dpaDJj4oeLxXRVW9IJHCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMHGqGa+zWMa6FVDDpVC8jgIlbyWa0yiQvBkMbyZ+84lrI2L1iKOE+xHtKxEKRtFKD1fd226x5JbdKcgy8eakVIUZat3iV6cXszTiCpmkxrQ9N0E/oxoFk3xc6KSGJ5QNaZ+3LVU04sbPpqeOyYlVeiSMtS2FZKr+nshoZMwoCmxnRHFgFr2J+J/XTjG89DOhkhS5YrNFYSoJxmTyN+kJzRnKkSWUaWFvJWxANWVo0ynYELzFl5dJo1L2zsqV+/NS9XoeRx6O4BhOwYMLqMId1KAODPrwDK/w5kjnxXl3PmatOWc+cwh/4Hz+AC0AjcA=</latexit>

LD
<latexit sha1_base64="1pLanTkabQGZ6kJvknvTw0KSZxA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BPXjwENE8IFnC7GQ2GTI7u8z0CmHJJ3jxoIhXv8ibf+PkcdDEgoaiqpvuriCRwqDrfju5ldW19Y38ZmFre2d3r7h/0DBxqhmvs1jGuhVQw6VQvI4CJW8lmtMokLwZDK8nfvOJayNi9YijhPsR7SsRCkbRSg933ZtuseSW3SnIMvHmpFSFGWrd4lenF7M04gqZpMa0PTdBP6MaBZN8XOikhieUDWmfty1VNOLGz6anjsmJVXokjLUthWSq/p7IaGTMKApsZ0RxYBa9ifif104xvPQzoZIUuWKzRWEqCcZk8jfpCc0ZypEllGlhbyVsQDVlaNMp2BC8xZeXSaNS9s7KlfvzUvVqHkcejuAYTsGDC6jCLdSgDgz68Ayv8OZI58V5dz5mrTlnPnMIf+B8/gA9wo3L</latexit>

N
<latexit sha1_base64="Jpacu5yP7G8vK0PLY65UwXEKhEI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL54kAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+n2vWHLL7gxklXgLUqrCHLVe8avbj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmzSp+EsbIlDZmpvycyGmk9jgLbGVEz1MveVPzP66QmvPYzLpPUoGTzRWEqiInJ9GvS5wqZEWNLKFPc3krYkCrKjM2mYEPwll9eJc1K2bsoV+qXperNIo48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nzMW3POYuYY/sD5/AH+340W</latexit>

accelerator intensity, protons on 
target (POT) per second

neutrino yield per proton solid angle

accelerator power

proton energy

accelerator

target

focusing

decay region

detector

L
<latexit sha1_base64="RxXDbDHHvFaoQxU1HYa67DztRcc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx48JGAekCxhdtKbjJmdXWZmhbDkC7x4UMSrn+TNv3HyOGhiQUNR1U13V5AIro3rfju5tfWNza38dmFnd2//oHh41NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hbqt55QaR7LBzNO0I/oQPKQM2qsVL/vFUtu2Z2BrBJvQUpVmKPWK351+zFLI5SGCap1x3MT42dUGc4ETgrdVGNC2YgOsGOppBFqP5sdOiFnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrZm4r/eZ3UhNd+xmWSGpRsvihMBTExmX5N+lwhM2JsCWWK21sJG1JFmbHZFGwI3vLLq6RZKXsX5Ur9slS9WcSRhxM4hXPw4AqqcAc1aAADhGd4hTfn0Xlx3p2PeWvOWcwcwx84nz/7140U</latexit>

N ' P [kW]

E0 [GeV]
· 1 GeV

1.6⇥ 10�13 kJ
· = 6.3⇥ 1012

P

E0
<latexit sha1_base64="rOkl1RUAQE1k7t74AjiEywV2i2U="></latexit>

NOvA, for example

N = 6.3⇥ 1012
700 kW

120 GeV
= 3.7⇥ 1013 protons/s

= (4.9⇥ 1013 protons/pulse)/(1.3 s/pulse)
<latexit sha1_base64="dt6xwqVN+5n39opdAt99JPjQd9Y="></latexit>



accelerator

target

focusing

decay region

detector

Can we reproduce these 
conditions using accelerators?

AD
<latexit sha1_base64="+CQOuS5ynLRExhu2sqPozV1UUK8=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjNR0GNcDh4jmgWSIfR0epImPT1Dd40QhnyCFw+KePWLvPk3dpaDJj4oeLxXRVW9IJHCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMHGqGa+zWMa6FVDDpVC8jgIlbyWa0yiQvBkMbyZ+84lrI2L1iKOE+xHtKxEKRtFKD1fd226x5JbdKcgy8eakVIUZat3iV6cXszTiCpmkxrQ9N0E/oxoFk3xc6KSGJ5QNaZ+3LVU04sbPpqeOyYlVeiSMtS2FZKr+nshoZMwoCmxnRHFgFr2J+J/XTjG89DOhkhS5YrNFYSoJxmTyN+kJzRnKkSWUaWFvJWxANWVo0ynYELzFl5dJo1L2zsqV+/NS9XoeRx6O4BhOwYMLqMId1KAODPrwDK/w5kjnxXl3PmatOWc+cwh/4Hz+AC0AjcA=</latexit>

LD
<latexit sha1_base64="1pLanTkabQGZ6kJvknvTw0KSZxA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BPXjwENE8IFnC7GQ2GTI7u8z0CmHJJ3jxoIhXv8ibf+PkcdDEgoaiqpvuriCRwqDrfju5ldW19Y38ZmFre2d3r7h/0DBxqhmvs1jGuhVQw6VQvI4CJW8lmtMokLwZDK8nfvOJayNi9YijhPsR7SsRCkbRSg933ZtuseSW3SnIMvHmpFSFGWrd4lenF7M04gqZpMa0PTdBP6MaBZN8XOikhieUDWmfty1VNOLGz6anjsmJVXokjLUthWSq/p7IaGTMKApsZ0RxYBa9ifif104xvPQzoZIUuWKzRWEqCcZk8jfpCc0ZypEllGlhbyVsQDVlaNMp2BC8xZeXSaNS9s7KlfvzUvVqHkcejuAYTsGDC6jCLdSgDgz68Ayv8OZI58V5dz5mrTlnPnMIf+B8/gA9wo3L</latexit>

L
<latexit sha1_base64="RxXDbDHHvFaoQxU1HYa67DztRcc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx48JGAekCxhdtKbjJmdXWZmhbDkC7x4UMSrn+TNv3HyOGhiQUNR1U13V5AIro3rfju5tfWNza38dmFnd2//oHh41NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hbqt55QaR7LBzNO0I/oQPKQM2qsVL/vFUtu2Z2BrBJvQUpVmKPWK351+zFLI5SGCap1x3MT42dUGc4ETgrdVGNC2YgOsGOppBFqP5sdOiFnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrZm4r/eZ3UhNd+xmWSGpRsvihMBTExmX5N+lwhM2JsCWWK21sJG1JFmbHZFGwI3vLLq6RZKXsX5Ur9slS9WcSRhxM4hXPw4AqqcAc1aAADhGd4hTfn0Xlx3p2PeWvOWcwcwx84nz/7140U</latexit>

N
<latexit sha1_base64="Jpacu5yP7G8vK0PLY65UwXEKhEI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL54kAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+n2vWHLL7gxklXgLUqrCHLVe8avbj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmzSp+EsbIlDZmpvycyGmk9jgLbGVEz1MveVPzP66QmvPYzLpPUoGTzRWEqiInJ9GvS5wqZEWNLKFPc3krYkCrKjM2mYEPwll9eJc1K2bsoV+qXperNIo48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nzMW3POYuYY/sD5/AH+340W</latexit>

Y ' E0[GeV]

20
· ✏focusing

<latexit sha1_base64="vMOhDqo8jA6fmzUWmHQk/Y/FgVs="></latexit>

approximate pion 
yield per proton 

on target

fraction of pions yielding 
useful neutrinos

✏focusing =
⌦D

2⇡
F ' ⇡AD

2⇡L2
D

F

�
' 2⇥ 10�6

�
(100(?))

' 2⇥ 10�4
<latexit sha1_base64="tFvzX6gTsHdNx2/ZRsTu9AS3PN8="></latexit>

Y ' E0

1⇥ 105
neutrinos/proton

<latexit sha1_base64="J70bSbPoZeHaFaxXCUTmhdcZ45I="></latexit>



accelerator

target

focusing

decay region

detector

Can we reproduce these 
conditions using accelerators?

F ' N [
protons

s
] · Y[

⌫

proton
] · 1

AD
(
LD

L
)2

<latexit sha1_base64="h+AGD0Ak6etQnoP/+7qkViZ7q8c="></latexit>

AD
<latexit sha1_base64="+CQOuS5ynLRExhu2sqPozV1UUK8=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjNR0GNcDh4jmgWSIfR0epImPT1Dd40QhnyCFw+KePWLvPk3dpaDJj4oeLxXRVW9IJHCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMHGqGa+zWMa6FVDDpVC8jgIlbyWa0yiQvBkMbyZ+84lrI2L1iKOE+xHtKxEKRtFKD1fd226x5JbdKcgy8eakVIUZat3iV6cXszTiCpmkxrQ9N0E/oxoFk3xc6KSGJ5QNaZ+3LVU04sbPpqeOyYlVeiSMtS2FZKr+nshoZMwoCmxnRHFgFr2J+J/XTjG89DOhkhS5YrNFYSoJxmTyN+kJzRnKkSWUaWFvJWxANWVo0ynYELzFl5dJo1L2zsqV+/NS9XoeRx6O4BhOwYMLqMId1KAODPrwDK/w5kjnxXl3PmatOWc+cwh/4Hz+AC0AjcA=</latexit>

LD
<latexit sha1_base64="1pLanTkabQGZ6kJvknvTw0KSZxA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BPXjwENE8IFnC7GQ2GTI7u8z0CmHJJ3jxoIhXv8ibf+PkcdDEgoaiqpvuriCRwqDrfju5ldW19Y38ZmFre2d3r7h/0DBxqhmvs1jGuhVQw6VQvI4CJW8lmtMokLwZDK8nfvOJayNi9YijhPsR7SsRCkbRSg933ZtuseSW3SnIMvHmpFSFGWrd4lenF7M04gqZpMa0PTdBP6MaBZN8XOikhieUDWmfty1VNOLGz6anjsmJVXokjLUthWSq/p7IaGTMKApsZ0RxYBa9ifif104xvPQzoZIUuWKzRWEqCcZk8jfpCc0ZypEllGlhbyVsQDVlaNMp2BC8xZeXSaNS9s7KlfvzUvVqHkcejuAYTsGDC6jCLdSgDgz68Ayv8OZI58V5dz5mrTlnPnMIf+B8/gA9wo3L</latexit>

L
<latexit sha1_base64="RxXDbDHHvFaoQxU1HYa67DztRcc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx48JGAekCxhdtKbjJmdXWZmhbDkC7x4UMSrn+TNv3HyOGhiQUNR1U13V5AIro3rfju5tfWNza38dmFnd2//oHh41NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hbqt55QaR7LBzNO0I/oQPKQM2qsVL/vFUtu2Z2BrBJvQUpVmKPWK351+zFLI5SGCap1x3MT42dUGc4ETgrdVGNC2YgOsGOppBFqP5sdOiFnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrZm4r/eZ3UhNd+xmWSGpRsvihMBTExmX5N+lwhM2JsCWWK21sJG1JFmbHZFGwI3vLLq6RZKXsX5Ur9slS9WcSRhxM4hXPw4AqqcAc1aAADhGd4hTfn0Xlx3p2PeWvOWcwcwx84nz/7140U</latexit>

N
<latexit sha1_base64="Jpacu5yP7G8vK0PLY65UwXEKhEI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL54kAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+n2vWHLL7gxklXgLUqrCHLVe8avbj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmzSp+EsbIlDZmpvycyGmk9jgLbGVEz1MveVPzP66QmvPYzLpPUoGTzRWEqiInJ9GvS5wqZEWNLKFPc3krYkCrKjM2mYEPwll9eJc1K2bsoV+qXperNIo48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nzMW3POYuYY/sD5/AH+340W</latexit>

AD ' ⇡(100 cm)2
<latexit sha1_base64="lgSjapEJsVDl0yL984Nd419MqtI=">AAACCHicbVC7TsMwFHV4lvIKMDJgUSGVpUoKEozlMTAWiT6kJkSO67RWbSfYDlIVlY2FX2FhACFWPoGNv8F9DNBypCsdnXOv7r0nTBhV2nG+rbn5hcWl5dxKfnVtfWPT3tquqziVmNRwzGLZDJEijApS01Qz0kwkQTxkpBH2LoZ+455IRWNxo/sJ8TnqCBpRjLSRAnvvLLiEnqKc3EEvobDoOs5D5kkOMR8c3pYDu+CUnBHgLHEnpFABY1QD+8trxzjlRGjMkFIt10m0nyGpKWZkkPdSRRKEe6hDWoYKxInys9EjA3hglDaMYmlKaDhSf09kiCvV56Hp5Eh31bQ3FP/zWqmOTv2MiiTVRODxoihlUMdwmApsU0mwZn1DEJbU3ApxF0mEtckub0Jwp1+eJfVyyT0qla+PC5XzSRw5sAv2QRG44ARUwBWoghrA4BE8g1fwZj1ZL9a79TFunbMmMzvgD6zPHyIHmCw=</latexit>

LD ' 0.5 km
<latexit sha1_base64="t62gnrsekSTn3vkznonOaf71rEk=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYoqSAoKxAgYGhiLRh9REkeO6rVXbCbaDVEVh4FdYGECIlc9g429wHwO0HOlKR+fcq3vviRJGlXbdb6uwsLi0vFJcLa2tb2xu2ds7DRWnEpM6jlksWxFShFFB6ppqRlqJJIhHjDSjweXIbz4QqWgs7vQwIQFHPUG7FCNtpNDeuwmvoK8oJ/fQdU4fM19yOOB5aJddxx0DzhNvSspVMEEttL/8ToxTToTGDCnV9txEBxmSmmJG8pKfKpIgPEA90jZUIE5UkI0fyOGhUTqwG0tTQsOx+nsiQ1ypIY9MJ0e6r2a9kfif10519zzIqEhSTQSeLOqmDOoYjtKAHSoJ1mxoCMKSmlsh7iOJsDaZlUwI3uzL86RRcbxjp3J7Uq5eTOMogn1wAI6AB85AFVyDGqgDDHLwDF7Bm/VkvVjv1sektWBNZ3bBH1ifP3rVlbs=</latexit>

F ' 6.3⇥ 1012
P

E0
· E0

105
· 1

1.3⇥ 105L2


1

cm2 s

�

<latexit sha1_base64="vvbgutXGm3VgNewLy7BJJjtHsmA="></latexit>

F ' 500
P

L2


1

cm2 s

�

<latexit sha1_base64="HJT2tuhCnLrsyYhpHOzzm4oKoWM="></latexit>



accelerator

target

focusing

decay region

detector

Can we reproduce these 
conditions using accelerators?

AD
<latexit sha1_base64="+CQOuS5ynLRExhu2sqPozV1UUK8=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjNR0GNcDh4jmgWSIfR0epImPT1Dd40QhnyCFw+KePWLvPk3dpaDJj4oeLxXRVW9IJHCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMHGqGa+zWMa6FVDDpVC8jgIlbyWa0yiQvBkMbyZ+84lrI2L1iKOE+xHtKxEKRtFKD1fd226x5JbdKcgy8eakVIUZat3iV6cXszTiCpmkxrQ9N0E/oxoFk3xc6KSGJ5QNaZ+3LVU04sbPpqeOyYlVeiSMtS2FZKr+nshoZMwoCmxnRHFgFr2J+J/XTjG89DOhkhS5YrNFYSoJxmTyN+kJzRnKkSWUaWFvJWxANWVo0ynYELzFl5dJo1L2zsqV+/NS9XoeRx6O4BhOwYMLqMId1KAODPrwDK/w5kjnxXl3PmatOWc+cwh/4Hz+AC0AjcA=</latexit>

LD
<latexit sha1_base64="1pLanTkabQGZ6kJvknvTw0KSZxA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BPXjwENE8IFnC7GQ2GTI7u8z0CmHJJ3jxoIhXv8ibf+PkcdDEgoaiqpvuriCRwqDrfju5ldW19Y38ZmFre2d3r7h/0DBxqhmvs1jGuhVQw6VQvI4CJW8lmtMokLwZDK8nfvOJayNi9YijhPsR7SsRCkbRSg933ZtuseSW3SnIMvHmpFSFGWrd4lenF7M04gqZpMa0PTdBP6MaBZN8XOikhieUDWmfty1VNOLGz6anjsmJVXokjLUthWSq/p7IaGTMKApsZ0RxYBa9ifif104xvPQzoZIUuWKzRWEqCcZk8jfpCc0ZypEllGlhbyVsQDVlaNMp2BC8xZeXSaNS9s7KlfvzUvVqHkcejuAYTsGDC6jCLdSgDgz68Ayv8OZI58V5dz5mrTlnPnMIf+B8/gA9wo3L</latexit>

L
<latexit sha1_base64="RxXDbDHHvFaoQxU1HYa67DztRcc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx48JGAekCxhdtKbjJmdXWZmhbDkC7x4UMSrn+TNv3HyOGhiQUNR1U13V5AIro3rfju5tfWNza38dmFnd2//oHh41NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hbqt55QaR7LBzNO0I/oQPKQM2qsVL/vFUtu2Z2BrBJvQUpVmKPWK351+zFLI5SGCap1x3MT42dUGc4ETgrdVGNC2YgOsGOppBFqP5sdOiFnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrZm4r/eZ3UhNd+xmWSGpRsvihMBTExmX5N+lwhM2JsCWWK21sJG1JFmbHZFGwI3vLLq6RZKXsX5Ur9slS9WcSRhxM4hXPw4AqqcAc1aAADhGd4hTfn0Xlx3p2PeWvOWcwcwx84nz/7140U</latexit>

N
<latexit sha1_base64="Jpacu5yP7G8vK0PLY65UwXEKhEI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL54kAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZPHQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOl+n2vWHLL7gxklXgLUqrCHLVe8avbj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTmzSp+EsbIlDZmpvycyGmk9jgLbGVEz1MveVPzP66QmvPYzLpPUoGTzRWEqiInJ9GvS5wqZEWNLKFPc3krYkCrKjM2mYEPwll9eJc1K2bsoV+qXperNIo48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nzMW3POYuYY/sD5/AH+340W</latexit>

LD ' 0.5 km
<latexit sha1_base64="t62gnrsekSTn3vkznonOaf71rEk=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYoqSAoKxAgYGhiLRh9REkeO6rVXbCbaDVEVh4FdYGECIlc9g429wHwO0HOlKR+fcq3vviRJGlXbdb6uwsLi0vFJcLa2tb2xu2ds7DRWnEpM6jlksWxFShFFB6ppqRlqJJIhHjDSjweXIbz4QqWgs7vQwIQFHPUG7FCNtpNDeuwmvoK8oJ/fQdU4fM19yOOB5aJddxx0DzhNvSspVMEEttL/8ToxTToTGDCnV9txEBxmSmmJG8pKfKpIgPEA90jZUIE5UkI0fyOGhUTqwG0tTQsOx+nsiQ1ypIY9MJ0e6r2a9kfif10519zzIqEhSTQSeLOqmDOoYjtKAHSoJ1mxoCMKSmlsh7iOJsDaZlUwI3uzL86RRcbxjp3J7Uq5eTOMogn1wAI6AB85AFVyDGqgDDHLwDF7Bm/VkvVjv1sektWBNZ3bBH1ifP3rVlbs=</latexit>

Nevents

GeV
= F ·

�
130E⌫ (MT )

⇥
cm2s

⇤�
<latexit sha1_base64="W0Umb163X4J8NMnx2M93l5NhG3A="></latexit>

beam power P ranges from 
100 to 1000 kW

detector mass M ranges 
from 5 to 200 kt Nevents

GeV
' 102...104 per year

<latexit sha1_base64="8fVgrcM/gp5gj6aW8dCc1eVnru0="></latexit>

( yes, and maybe much better! )

F ' 500
P

L2


1

cm2 s

�

<latexit sha1_base64="HJT2tuhCnLrsyYhpHOzzm4oKoWM="></latexit>

Nevents

GeV
' P [kW] ·M [kt] · T [years] ·

✓
250

L

◆2

· ✏ · E⌫ [GeV]
<latexit sha1_base64="48ekuqdeF1MK98NWQqep67lRrcE="></latexit>



K2K Experiment PHYSICAL REVIEW D 74, 072003 (2006)

0.7 GeV �m2
32 ' ⇡

2.54

0.7 GeV

250 km
= 3⇥ 10�3 eV2

<latexit sha1_base64="RUyyODS3+sg26cHG2BnNpQMcciM="></latexit>

sin2 2✓23 ' ?
<latexit sha1_base64="tAlaCWJ6B8kXIMVO/bEA4OGMDgY=">AAACB3icbVBNS8NAEN34bf2KehRksQieShIFvVn04lHBqtDUstlO2qWbTdydCCXUkxf/ihcPinj1L3jz37j9OPj1YODx3gwz86JMCoOe9+lMTE5Nz8zOzZcWFpeWV9zVtQuT5ppDjacy1VcRMyCFghoKlHCVaWBJJOEy6h4P/Mtb0Eak6hx7GTQS1lYiFpyhlZruZmiEug5oQEPsALJmEez2qRUTuKF3h0237FW8Iehf4o9JuUpGOG26H2Er5XkCCrlkxtR9L8NGwTQKLqFfCnMDGeNd1oa6pYolYBrF8I8+3bZKi8aptqWQDtXvEwVLjOklke1MGHbMb28g/ufVc4wPGoVQWY6g+GhRnEuKKR2EQltCA0fZs4RxLeytlHeYZhxtdCUbgv/75b/kIqj4u5XgbK9cPRrHMUc2yBbZIT7ZJ1VyQk5JjXByTx7JM3lxHpwn59V5G7VOOOOZdfIDzvsXZoaYaQ==</latexit>

No oscillations with a 
>3 σ downward pull on 
the normalization

Best fit to 
oscillations



K2K Experiment PHYSICAL REVIEW D 74, 072003 (2006)

�m2
32 ' ⇡

2.54

0.7 GeV

250 km
= 3⇥ 10�3 eV2

<latexit sha1_base64="RUyyODS3+sg26cHG2BnNpQMcciM="></latexit>

sin2 2✓23 ' 1 (?)
<latexit sha1_base64="CM8KxtTQlC092nZ7irEur85aUEE=">AAACC3icbVA9SwNBEN3z2/h1ammzGITYhLtT0M6gjaWCUSE5w95mkizZ2zt354RwxNrGv2JjoYitf8DOf+Pmo9Dog4HHezPMzItSKQx63pczNT0zOze/sFhYWl5ZXXPXNy5NkmkOVZ7IRF9HzIAUCqooUMJ1qoHFkYSrqHsy8K/uQBuRqAvspRDGrK1ES3CGVmq423Uj1E1AA1rHDiBr5MFen1oxhlvq0/vS0W7DLXplbwj6l/hjUqyQEc4a7me9mfAsBoVcMmNqvpdimDONgkvoF+qZgZTxLmtDzVLFYjBhPvylT3es0qStRNtSSIfqz4mcxcb04sh2xgw7ZtIbiP95tQxbh2EuVJohKD5a1MokxYQOgqFNoYGj7FnCuBb2Vso7TDOONr6CDcGffPkvuQzK/l45ON8vVo7HcSyQLbJNSsQnB6RCTskZqRJOHsgTeSGvzqPz7Lw576PWKWc8s0l+wfn4BhpwmTM=</latexit>



K2K Experiment PHYSICAL REVIEW D 74, 072003 (2006)

�m2
32 ' ⇡

2.54

0.7 GeV

250 km
= 3⇥ 10�3 eV2

<latexit sha1_base64="RUyyODS3+sg26cHG2BnNpQMcciM="></latexit>

events in near detector tracker



�m2
32 ' ⇡

2.54

1.4 GeV

735 km
= 2.3⇥ 10�3 eV2

<latexit sha1_base64="8Kic5F9AdLWEPoVMqMthKL1Iiqs="></latexit>

1.4 GeV

sin2 2✓23 ' 1
<latexit sha1_base64="ToL5eul2OOF7UwK5mY66fdxKack=">AAACBnicbVDLSgNBEJz1GeMr6lGEwSB4CrsbQY9BLx4jmAckMcxOOsmQ2dl1plcIS05e/BUvHhTx6jd482+cPA6aWNBQVHXT3RXEUhh03W9naXlldW09s5Hd3Nre2c3t7VdNlGgOFR7JSNcDZkAKBRUUKKEea2BhIKEWDK7Gfu0BtBGRusVhDK2Q9ZToCs7QSu3cUdMIdedTnzaxD8jaqV8cUSuGcE+9di7vFtwJ6CLxZiRfIlOU27mvZifiSQgKuWTGNDw3xlbKNAouYZRtJgZixgesBw1LFQvBtNLJGyN6YpUO7UbalkI6UX9PpCw0ZhgGtjNk2Dfz3lj8z2sk2L1opULFCYLi00XdRFKM6DgT2hEaOMqhJYxrYW+lvM8042iTy9oQvPmXF0nVL3jFgn9zli9dzuLIkENyTE6JR85JiVyTMqkQTh7JM3klb86T8+K8Ox/T1iVnNnNA/sD5/AFi/ZfT</latexit>

Phys.Rev.Lett. 106 (2011) 181801

MINOS Experiment



�m2
32 ' ⇡

2.54

1.4 GeV

735 km
= 2.3⇥ 10�3 eV2

<latexit sha1_base64="8Kic5F9AdLWEPoVMqMthKL1Iiqs="></latexit>

Phys.Rev.Lett. 106 (2011) 181801

MINOS Experiment

sin2 2✓23 ' 1
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Neutrino oscillations at long baseline 
Following presentation by Nunokawa, Parke, Valle, in “CP Violation and Neutrino Oscillations”, Prog.Part.Nucl.Phys. 60 
(2008) 338-402. arXiv:0710.0554 [hep-ph]
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Summary of sensitivity of νμ→νe rates to 
physics questions

Nota bene:
• Calculations are for rate only; there is some additional information in the energy spectrum
• These estimates neglect non-linearities in combining different effects
• In the calculation of the matter effect and CP violation effects the calculated values account for the fact 

that T2K runs at an energy on the first oscillation maximum while NOvA runs at an energy slightly above 
the oscillation maximum

• θ23 was varied inside the ±2σ range found by a recent global fit (PRD 90, 093006) 

Factor Type Inverts 
for ν? NOvA T2K

Matter effect

(mass ordering) Binary Yes ±19% ±10%

CP violation Bounded, 
continuous Yes [-22…+22]% [-29…+29]%

θ23 octant Unbounded, 
continuous No [-22…+22]% [-22…+22]%

_
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Mass ordering and CP violation

T2K NOvA
P (⌫µ ! ⌫e)
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Questions? Comments?

• To submit questions: 

• https://forms.gle/
E1DNm3LvayA2Jqiq6 

• Some code to help with 
the homework questions: 

• https://colab.research.google.com/drive/
1UnJ9_8AuH0uxX-
QsE2Pb16niykqjmY8s?usp=sharing

https://colab.research.google.com/drive/1UnJ9_8AuH0uxX-QsE2Pb16niykqjmY8s?usp=sharing
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