
Nuclear  ef f ect s on QE r econst r uct ion in 
low-ener gy neut r ino long-baseline exper iment s

Chr ist opher  Walt er
Bost on Univer sit y

O16

n m

GeV

N
um

be
r 

of
 E

ve
nt

s

0

500

1000

1500

2000

2500

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5



Neut r ino Oscillat ion
Pr imar y cosmic r ay (p,  He,  . . . ) or  acceler at or  pr ot on
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I n an acceler at or  t his �  is st opped

Typical Ener gy
1GeV

How do t hey oscillat e?
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Allowed Regions of  Oscillat ion Par amet er s
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What  ar e t he t r ue values
of  t he oscillat ion
par amet er s?
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How ar e most  neut r inos det ect ed?
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Thr eshold f or  pr oducing 
each lept on:

e   E
�
 > 1. 5 MeV

�    E
�
 > 110 MeV

�    E
�
 > 3500 MeV

Most  Neut r inos have <3. 5 GeV!

CC int er act ion

nucleon
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�
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�
 oscillat ions looks like disappear ance!



Wat er  Cher enkov Det ect or s
� For  neut r ino oscillat ion exper iment s wat er

Cher enkov is a well pr oven t echnology.

– Cheap f or  lar ge mass

– Cher enkov t hr eshold means not  all par t icles
ar e visible. -> Only r ely on lept on angle/ ener gy.

Moment um t heshold f or  
pr oducing Cher enkov light
in wat er :

e 58 MeV/ c
� 120 MeV/ c
P 1064 MeV/ c



QE Cr oss Sect ions dominat e ~ 1 GeV

� For  ~300km
baselines, 

m� 2 ~ 3x10-3,
The f lux is maximally 
supr essed <~1 GeV

� maximize our  beam 
f lux ~700 MeV

� I n t his r egion t he QE
cr oss sect ion 
dominat es

Neutrino Energy

Lipari, Lusignolli and Sartogo  PRL74(1995)4384

Ener gy of  J HF/ K2K 
oscillat ion supr ession



E
n 
Reconst r uct ion (assuming QE) 

Luckily, in a Quasi-Elast ic r eact ion,
even if  only t he muon is visible
we can r econst r uct  t he neut r ino
ener gy!
 

I f  t he int er act ion is 
non Quasi-Elast ic t hen t he 
r econst r uct ed ener gy will be
incor r ect .
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= Neut r on mass

E� = Muon ener gy

m� = Muon mass

p� = Muon moment um

� � = Muon angle wr t beam



Non-QE int er act ions and E
n 
Reconst r uct ion
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Example: K2K Flux MC

Tr ue – Reconst r uct ed Ener gy

Non-QE

Non-QE

Non-QE

Tr ue  Ener gy

Reconst r uct ed
Ener gy

Non-QE r econst r uct s at  
low-ener gy in t he oscillat ion dip!



� Only t he lept on is visible in t he det ect or .

– Allows us t o r econst r uct  E
�

� The ener gy of  t he beam is peaked in t he 1 Gev 
r egion.

– A lar ge f r act ion of  t he cr oss sect ion is QE.

When is QE r econst r uct ion  necessar y 
and/ or  usef ul?



Det er mining QE f r act ions in FGD det ect or s
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QE Event s

Non- QE
Event s
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M
easur ed 2

nd t r ack

Expect ed P dir ect ion

I f  we assume a QE  
int er act ion we can 
pr edict  t he dir ect ion 
of  t he out going pr ot on 
and compar e t he 
dir ect ion wit h t he 
measur ed second 
t r ack.

The dif f er ence in t his 
angle allows us t o 
enhance QE and Non-
QE event  samples.

For  2 t r ack event s:

QE º  DQ < 25 deg             NonQE º  DQ > 30 deg
DQ

�
�



Example St udy: K2K Oscillat ion Expt
We measur ed 56 FC event s in t he f iducial volume.
We expect ed 80.1 +6.2 -5.4 wit h no oscillat ion 

Basic For m of  t he likelihood:

L
nor malizat ion
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N
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!

L = Lnor malizat ion ×  L
shape

L
shape           

= �
i

Pr ob E
� r econst r uct ed

These t wo t er ms ar e cor r elat ed!
An ener gy dist or t ion r esult s in a decr ease in t he obser ved number .

We per f or m an unbinned maximum likelihood f it  t o det er mine 
t he most  likely value of  � m2 and sin2(2� ).

Only f or  1-r ing �  event s!



Near / f ar  det ect or  cancellat ions of  xsec 
er r or s

Det ect or  1 Det ect or  2

Flux

N
1
 Event s N

2
 = �  �  N

1
 �  Rat io(2/ 1)

Funct ion of
Flux, X-sec,
ef f .
* cancels f or  
ident ical 
det ect or s*

Number :

Fit  shape Compar e

Shape:
Fit t ing er r or s
cor r espond t o 
an uncer t aint y
on pr edict ion.



I ncluding Syst emat ic Er or r s

L =

+ + + + ...

N
trials

: Random f luct uat ions in shape gener at ed
by syst emat ic er r or s on par amat er s.



Ener gy r esolut ion ef f ect s

� Act ual equat ion f or  E
�

should also include Binding 
Ener gy.

� 20 MeV uncer t aint y at  
700 MeV gives ~3% er r or

� We can use e-scat t er ing
t o t une t o ~5 MeV.
(see S. Wood t alk)
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= Neut r on mass

B = Binding ener gy = � 30 MeV
E� = Muon ener gy

m� = Muon mass

p� = Muon moment um

� � = Muon angle wr t beam



Syst emat ics ef f ect s on K2K

Dominat ed by
St at ist ics!

d(logL) at sin22q=1 using Total Number + Shape
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Example of  Fut ur e Facilit ies(J HF)

Target Station

To Super-Kamiokande

FD

Decay Pipe

The J HF is a 295km
long of f -axis long
baseline exper iment

2° of f -axis 
par amat er s

Peak Energy .7 GeV

#CC Interactions 2200
/yr/22.5 kton



Make a high luminosit y MC wit h Toy Flux
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� Make a t oy f lux
peaked ar ound
700 Mev

� Gener at e ar ound
5 year s of
J HF-like 
st at ist ics

� Per f or m 
oscillat ion
analysis

Only do shape analysis
f or  t his st udy.



No Syst emat ic Er r or s
Allowed Region - Shape
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Change only t he nonQE Fr act ion

Allowed Region - Shape
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Use dif f er ent  M
A
 f or  “dat a” & “MC”  while

changing nonQE f r act ion
Allowed Region - Shape

0.95 0.96 0.97 0.98 0.99 1
sin 22q

D
m

2

68%

90%

99%

Allowed Region - Shape

0.95 0.96 0.97 0.98 0.99 1
sin 22q

D
m

2

68%

90%

99%

� M
A
 “Dat a”: 1.11(QE) /  1.21(1� ) / Bodek   

� M
A
 MC:      1.01 

10-20% shif t  in M
A
 induces

a shif t  in sin2(2� ) of  t he same
size as t he er r or .

3.
0x

10
-3

2.
7x

10
-3

3.
3x

10
-3



“Modif ied” Flux
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I n t he “dip” r egion t her e ar e 
~2% mor e event s f or  t he 
modif ied f lux.  So a “smaller ”
sin2(2� ) descr ibes t he dat a.
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Can we under st and why t his happens?



Anot her  example of  backgr ound 
subt r act ion

� Dif f er ences in BG
shape may also be 
impor t ant  f or  ot her  
physics analyses.

– CPV need t o subt r act  
wr ong-sign BG plus pi0 
et c.

– Need t o t ake
int o account  
dif f er ence in neut r ino 
/ ant i-neut r ino cr oss 
sect ion.



Conclusions
� I n f ut ur e high-pr ecision exper iment s, syst emat ics 

will become dominant  f act or s.

– Our  pr esent  uncer t aint ies in nuclear  par amet er s 
may induce par amet er  shif t s on t he or der  of  t he 
st at ist ical er r or .

� We need t o know  M
A
 bet t er  f or  t he t ar get s we ar e 

using (exact ly how well?)

– J ust  a st ar t  -> Homewor k:

� Need t o incor por at e M
A
 er r or  par amet er  in oscillat ion f it .

� Need t o use r eal f lux of  any exper iment  t o be st udied.

– Looks Pr omising!  The ef f ect s seem t o be 
manageable


