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Neutrino oscillation is an interference experiment (cf. double slit experiment)  

For double slit experiment, if path ν1 and path ν2 have different length, they have 
different phase rotations and it causes interference. 

interference pattern	
light source 

ν1 

ν2 

slits screen 
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νµ	

νµ	

Neutrino oscillation is an interference experiment (cf. double slit experiment)  

If 2 neutrino Hamiltonian eigenstates, ν1 and ν2, have different phase rotation, 
they cause quantum interference.  
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νµ	 ν1 

ν2 

Uµ1	 Ue1
*	

ν1 ν2 νµ	

Neutrino oscillation is an interference experiment (cf. double slit experiment)  

If 2 neutrino Hamiltonian eigenstates, ν1 and ν2, have different phase rotation, 
they cause quantum interference. 
 
If ν1 and ν2, have different mass, they have different velocity, so thus different 
phase rotation. 
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νµ	
νe 
 
νe 
 
νe 

ν1 

ν2 

Uµ1	 Ue1
*	

νe νµ	

Neutrino oscillation is an interference experiment (cf. double slit experiment)  

If 2 neutrino Hamiltonian eigenstates, ν1 and ν2, have different phase rotation, 
they cause quantum interference.  
 
If ν1 and ν2, have different mass, they have different velocity, so thus different 
phase rotation. 
 
The detection may be different flavor (neutrino oscillations). 
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2 neutrino mixing 
The neutrino weak eigenstate is described by neutrino Hamiltonian 
eigenstates, ν1 and ν2, and their mixing matrix elements.  
 
 
 
The time evolution of neutrino weak eigenstate is written by Hamiltonian 
mixing matrix elements and eigenvalues of ν1 and ν2 . 
 
 
 
Then the transition probability from weak eigenstate νµ to νe  is, 

| ν
µ
=U

µ1 | ν1 +U
µ2 | ν2

| ν
µ
(t) =U

µ1e
−iλ1t | ν1 +U

µ2e
−iλ2t | ν2

P
µ→e(t) = νe | νµ(t)

2
= −4Ue1Ue2Uµ1Uµ2 sin

2 λ1 − λ2
2

t
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&
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In the vacuum, 2 neutrino effective Hamiltonian has a mass term, 
 
 
 
 
 
 
Therefore, 2 massive neutrino oscillation model is (Δm2=|m1

2-m2
2|) 

 
 
 
 
After adjusting the unit  

Heff →

mee
2

2E
meµ
2

2E
meµ
2

2E
m

µµ
2

2E

"

#

$
$
$
$
$

%

&

'
'
'
'
'

= cosθ −sinθ
sinθ cosθ

"

#
$

%

&
'

m1
2

2E
0

0
m2
2

2E

"

#

$
$
$
$$

%

&

'
'
'
''

cosθ sinθ
−sinθ cosθ

"

#
$

%

&
'

P
µ→e(L / E) = sin

2 2θsin2 Δm2L
4E

$

%
&

'

(
)

P
µ→e(L / E) = sin

2 2θsin2 1.27Δm2(eV2) L(m)
E(MeV)

$

%
&

'

(
)



1. ν-oscillation 
2. Accelerator-ν	
3. QE-like bkgd 
4. NCπo bkgd 
5. Systematics 
6. Osc analysis 
7. Conclusion 

2015/11/11	

 1. Neutrino oscillations 

Teppei	Katori,	Queen	Mary	University	of	London	 12	

 real formulation of neutrino oscillations 

| ν
α
= U

αa | νa∑

This doesn’t make much sense as neutrino oscillation experiment… 

Q1 	
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 real formulation of neutrino oscillations 

Kayser,PRD24(1981)110 

| ν
α
= U

αa | νa∑

| ν
α
∝ U

αa exp ipax −Eat −
(x − vat)

2

4σx
2

&

'
((

)

*
++ | νa∑ νa 

wave packet formalism 
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Giunti,Kim,Lee,PRD44(1991)3635 
KamLAND,PRD83(2011)052002, Evans,arXiv:1307.0721   

Wave packet formalism 
 - real formulation of neutrino oscillations 

Pαβ (L)∝ UαiUβi
*Uα j

* Uβ j exp −2πi
L
Lij
osc − 4π

2 σ x

Lij
osc

⎛

⎝
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⎞

⎠
⎟⎟

2⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥ij

∑

Coherent oscillation 
Decoherence at production and detection 

KamLAND	
MINOS	

oscillation experiments focus to 
measure the first (and hopefully the 
second) oscillation maximum 

Losc ≡ 4πE
Δm2
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Giunti,Kim,Lee,PRD44(1991)3635 
KamLAND,PRD83(2011)052002, Evans,arXiv:1307.0721   

Wave packet formalism 
 - real formulation of neutrino oscillations 

P
µ→e(L / E) = sin

2 2θsin2 1.27Δm2(eV2) L(m)
E(MeV)

$
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'

(
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735km and 3GeV 
(=MINOS) 
295km and 600 MeV 
(=T2K) 

180km and 4.4MeV 
(=KamLAND) 

oscillation experiments focus to 
measure the first (and hopefully the 
second) oscillation maximum 
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Decoherence at production and detection 
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Wave packet formalism 
 - real formulation of neutrino oscillations 
 
Neutrino oscillation  

P=|A1
+A2|2 	

ν1 

ν2 

νe νe 
cosθ 

sinθ -sinθ	

cosθ	
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ν1 ν2 

=1− sin2 2θ sin2 Δm2
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Wave packet formalism 
 - real formulation of neutrino oscillations 
 
Decoherent neutrino oscillation (time averaged neutrino oscillation) 

P=|A1|2+|A2|2 = cos4θ+sin4θ =	1− sin2 2θ ⋅ 1
2
=1− sin2 2θsin2 Δm2

4E
L

%

&
'

(

)
*
L→∞
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νe νe 
cosθ 

sinθ -sinθ	

cosθ	

ν1 ν2 
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Kopp, Fermilab theory seminar (2012) http://theory.fnal.gov/seminars/seminars.html 
Beuthe,Phys.Rept.375(2003)105 

cf. more realistic neutrino oscillation formula	
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T2K, Phys.Rev.D91(2015)072010 

Appearance experiment  
νµ à νe  
P(νµàνe) 
 
Often performed with accelerator-ν	

Disappearance experiment  
νµ à νµ  
P(νµàνµ)=1-P(νµàνe)-P(νµàντ) 
 
Often performed with natural-ν (including reactor) 
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T2K, Phys.Rev.D91(2015)072010 

Appearance experiment  
νµ à νe  
P(νµàνe) 
 
Often performed with accelerator-ν	
 
νe appearance, P(νµàνe) 
	
	
νe appearance, P(ντàνe) 
 
 
νµ appearance, P(νeàνµ) 
	
	
νµ appearance, P(ντàνµ) 
 
 
ντ appearance, P(νeàντ) 
	
	
ντ appearance, P(νµàντ) 
  

Disappearance experiment  
νµ à νµ  
P(νµàνµ)=1-P(νµàνe)-P(νµàντ) 
 
Often performed with natural-ν (including reactor) 
 
νe disappearance (solar)  
 
 
 
anti-νe disappearance (reactor)  
	
	
	
	
νµ+anti-νµ disappearance (atmospheric)  
  
	
νµ and anti-νµ disappearance   
	
	
	
ντ disappearance   
 

Q2 	
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T2K, Phys.Rev.D91(2015)072010 

Appearance experiment  
νµ à νe  
P(νµàνe) 
 
Often performed with accelerator-ν	
 
νe appearance, P(νµàνe) 
 - MINOS, T2K, NOvA (~100-1000km) 
 
νe appearance, P(ντàνe) 
none: ντ beam is not easy to make 
 
νµ appearance, P(νeàνµ) 
none: no high energy νe beam  
 
νµ appearance, P(ντàνµ) 
none: ντ beam is not easy to make	
 
ντ appearance, P(νeàντ) 
none: no high energy νe beam  
	
ντ appearance, P(νµàντ) 
 - OPERA, Super-K 

Disappearance experiment  
νµ à νµ  
P(νµàνµ)=1-P(νµàνe)-P(νµàντ) 
 
Often performed with natural-ν (including reactor) 
 
νe disappearance (solar)  
 - Homestake, KamII, SuperK, SNO 
 - Borexino, Gallex, SAGE 
 
anti-νe disappearance (reactor)  
 - CHOOZ, etc (<1km) 
 - DChooz,RENO,DayaBay (2km) 
 - KamLAND (long, ~200km) 
	
νµ+anti-νµ disappearance (atmospheric)  
 - KamII, SuperK, MACRO, IceCube 
	
νµ and anti-νµ disappearance   
 - magnetized: MINOS 
 - accelerator: MINOS, K2K T2K, NOvA  
 
ντ disappearance   
none: ντ beam is not easy to make 
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Accelerator based 
 - neutrino or anti-neutrino mode beam (important for CP violation measurement) 
 - precise timing, better background rejection, better reconstruction, etc 
 
Future of neutrino oscillation experiment 
 - Hyper-Kamiokande: water Cherenkov (H2O target), talk by Dr. Koshio-san 
 - DUNE: Liquid argon TPC (LArTPC, Ar target), talk by Dr. Flavio Cavanna 
 
Use νµ (anti-νµ) beam to for νµ (anti-νµ) disappearance and νe (anti-νe) appearance 
 
We focus on these 2 measurements 
 - QE-like background for νµ disappearance 
 - NCπo background for νe appearance 

T2K, Phys.Rev.D91(2015)072010 
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Formaggio and Zeller, Rev.Mod.Phys.84(2012)1307 

Neutrino oscillation experiments 
 - Past to Present: K2K, MiniBooNE, MINOS, T2K, DeepCore, Reactors 
 - Present to Future: T2K, MINOS+, NOvA, PINGU, RENO, Hyper-Kamiokande, DUNE 

Teppei	Katori,	Queen	Mary	
University	of	London	

MINOS+	

T2K/Hyper-K	
NOvA 

νµCC cross section per nucleon 	

DUNE 

RENO50 
~ 4MeV 

MicroBooNE 

PINGU 

1-10 GeV region is 
overwhelmingly 
important!	
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 1. Neutrino oscillations 

 2. Accelerator-based neutrino oscillation experiment 

 3. QE-like background 

 4. NCπo background for νe appearance experiment 

 5. 5. Interaction systematics status 

 6. Realistic oscillation analysis 

 7. Conclusion 
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MiniBooNE is looking for the single isolated electron like events, 
which is the signature of νe	events 

MiniBooNE has; 
 - higher energy (~500 MeV) than LSND (~30 MeV) 
 - longer baseline (~500 m) than LSND (~30 m) 

2. MiniBooNE experiment 

Booster	

primary beam! tertiary beam!secondary beam!
(protons)! (mesons)! (neutrinos)!

K+	

π+	 νµ  → νe ???	
	

target and horn! dirt !absorber! detector!decay region!FNAL Booster!

  

€ 

νµ

oscillation
 →    νe + n→ p + e−

ν µ
oscillation

 →    ν e + p → n+ e+
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Booster	 Target	
Hall	

MiniBooNE extracts beam  
from the 8 GeV Booster 

2. Neutrino beam 

Booster	

K+	

target and horn! detector!dirt !absorber!

primary beam! tertiary beam!secondary beam!
(protons)! (mesons)! (neutrinos)!

π+	 νµ  → νe ???	
	

decay region!FNAL Booster!

MiniBooNE,PRD79(2009)072002 

FNAL Booster  
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νµ  → νe ???	
	

within a magnetic horn 
(2.5 kV, 174 kA) that 
increases the flux by × 6 

2. Neutrino beam 

8GeV protons are delivered to a  
1.7 interaction length Be target 

MagneCc	focusing	horn	

Booster	

primary beam! tertiary beam!secondary beam!
(protons)! (mesons)! (neutrinos)!

K+	

π+	

target and horn! dirt !absorber! detector!decay region!FNAL Booster!

π+	

π+	π-	

π-	

MiniBooNE,PRD79(2009)072002 
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νµ  → νe ???	
	

2. Neutrino beam 

Booster	

primary beam! tertiary beam!secondary beam!
(protons)! (mesons)! (neutrinos)!

K+	

π+	

target and horn! dirt !absorber! detector!decay region!FNAL Booster!

HARP experiment (CERN) 

Modeling of meson production is based on the 
measurement done by HARP collaboration.  
 
 - Identical, but 5% interaction length Beryllium target 
 - 8.9 GeV/c proton beam momentum 

MiniBooNE,PRD79(2009)072002 
HARP, EPJC52(2007)29 
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µ → e νµ νe	

                       K→ π e 
νe	

 K→ µ νµ	

π → µ νµ	

2. Neutrino beam 

Neutrino flux from simulation by GEANT4 
neutrino mode antineutrino mode 

intrinsic νe contamination 0.6% 0.6% 
intrinsic νe from µ decay 49% 55% 
intrinsic νe from K decay 47% 41% 
others 4% 4% 
wrong sign fraction 6%	 16% 

νµ  → νe ???	
	Booster	

primary beam! tertiary beam!secondary beam!
(protons)! (mesons)! (neutrinos)!

K+	

π+	

target and horn! dirt !absorber! detector!decay region!FNAL Booster!

MiniBooNE,PRD79(2009)072002 
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2. Neutrino beam 
Pavlovic,PhD thesis(2008), Kopp, Phys.Rept.439(2007)101 

π+ from p+C collision (xF~pz/p0) 
 - π+ momentum scale with p0 
 - π+ yield grows with p0 

p0	(GeV/c) n(π+) 

10 0.68 
20 1.29 
40 2.19 
80 3.50 

120 4.60 
450 10.8 

Feynman scaling 

higher energy proton makes 
higher neutrino flux  



1. ν-oscillation 
2. Accelerator-ν	
3. QE-like bkgd 
4. NCπo bkgd 
5. Systematics 
6. Osc analysis 
7. Conclusion 

2015/11/11	Teppei	Katori,	Queen	Mary	
University	of	London	

30	

2. Neutrino beam 

higher energy proton makes higher neutrino flux, so why don’t you use 
the highest energy protons to make neutrinos? 

Q3 	
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2. Neutrino beam 

higher energy proton makes higher neutrino flux, so why don’t you use 
the highest energy protons to make neutrinos? 
 
higher energy protons also make higher energy neutrinos 

(and higher energy protons have lower intensity) 
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2. Neutrino beam 

higher energy proton makes higher neutrino flux, so why don’t you use 
the highest energy protons to make neutrinos? 
 
higher energy protons also make higher energy neutrinos 
 
It requires longer baseline 

(and higher energy protons have lower intensity) 

Pµ→e(L /E) = sin
2 2θ sin2 1.27Δm2 (eV2 ) L(km)

E(GeV)
⎛

⎝
⎜

⎞

⎠
⎟
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2. Neutrino beam 

higher energy proton makes higher neutrino flux, so why don’t you use 
the highest energy protons to make neutrinos? 
 
higher energy protons also make higher energy neutrinos 
 
It requires longer baseline 
 
Flux goes down with ~L-2 

(and higher energy protons have lower intensity) 

Pµ→e(L /E) = sin
2 2θ sin2 1.27Δm2 (eV2 ) L(km)

E(GeV)
⎛

⎝
⎜

⎞

⎠
⎟
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2. Neutrino beam 

higher energy proton makes higher neutrino flux, so why don’t you use 
the highest energy protons to make neutrinos? 
 
higher energy protons also make higher energy neutrinos 
 
It requires longer baseline 
 
Flux goes down with ~L-2  
Optimal energy and distance 

(and higher energy protons have lower intensity) 

Pµ→e(L /E) = sin
2 2θ sin2 1.27Δm2 (eV2 ) L(km)

E(GeV)
⎛

⎝
⎜

⎞

⎠
⎟

experiment energy (GeV) baseline (km) 

T2K 0.6 295 
MINOS 3 735 
NOvA 2 800 
DUNE 4 1300 
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2. Neutrino beam 

higher energy proton makes higher neutrino flux, so why don’t you use 
the highest energy protons to make neutrinos? 
 
higher energy protons also make higher energy neutrinos 
 
It requires longer baseline 
 
Flux goes down with ~L-2  
Optimal energy and distance 

experiment energy (GeV) baseline (km) 

T2K 0.6 295 
MINOS 3 735 
NOvA 2 800 
DUNE 4 1300 

MINOS+	

T2K/Hyper-K	
NOvA 

νµCC cross section per nucleon 	

DUNE 

MicroBooNE 

PINGU 

1-10 GeV region is 
the most important 
energy region	
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 3. Energy reconstruction 
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Cherenkov energy reconstruction 
 
Neutrino energy is reconstructed from 2 observables, muon energy  Eµ and muon 
scattering angle θµ	

 
Energy of the neutrino Eν

QE and 4-momentum transfer Q2
QE can be reconstructed by 

these 2 observables, under the “QE assumption” 
 1. bound neutron at rest 
 2. CCQE interaction 
 
Any problems? 

µ	
ν-beam	 cosθ	

Eµ	

Q4 	

Eν
QE =

MEµ − 0.5mµ
2

M−Eµ +pµ cosθµ
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 3. Energy reconstruction 
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Cherenkov energy reconstruction 
 
Neutrino energy is reconstructed from 2 observables, muon energy  Eµ and muon 
scattering angle θµ	

 
Energy of the neutrino Eν

QE and 4-momentum transfer Q2
QE can be reconstructed by 

these 2 observables, under the “QE assumption” 
 1. bound neutron at rest 
 2. CCQE interaction 
 
Inefficiency is from violation of above assumption 
 1. Pion production, with pion absorption 
 2. Interaction with correlated-nucleons 
(non-QE background) 
 

µ	
ν-beam	 cosθ	

Eµ	

Eν
QE =

MEµ − 0.5mµ
2

M−Eµ +pµ cosθµ
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 3. Energy reconstruction 
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Calorimetric energy reconstruction 
 
Neutrino energy is reconstructed by summing all visible energy. 
 
Any problems? 

Eν
Cal = εn +Eµ +Ep −M+ Ehi

i
∑

µ	
ν-beam	

Eµ	

Ep	

Eh	

Eh	

Q5 	



1. ν-oscillation 
2. Accelerator-ν	
3. QE-like bkgd 
4. NCπo bkgd 
5. Systematics 
6. Osc analysis 
7. Conclusion 

40	2015/11/11	

 3. Energy reconstruction 
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Calorimetric energy reconstruction 
 
Neutrino energy is reconstructed by summing all visible energy. 
 
Inefficiency comes from all invisible hadrons (mostly neutrons). 
Recent study  shows this inefficiency strongly depends on detector performance.  
But QE assumption energy reconstruction on QE interaction always gives better 
energy resolution.	

Ankowski et al, Phys.Rev.D92(2015)073014 
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 3. non-QE background 
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non-QE background à shift spectrum 

ν	 n	

Signal µ	
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 3. non-QE background 
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non-QE background à shift spectrum 

ν	

π	

n	

Rejected 
(not background) µ	

ν	 n	

Signal µ	
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 3. non-QE background 
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non-QE background à shift spectrum 

ν	

π	

n	

Rejected 
(not background) µ	

ν	
π	

n	

pion absorption 
in nuclei 

Not rejected 
(background) 

µ	
ν	 n	

Signal µ	
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 3. non-QE background 
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non-QE background à shift spectrum 

ν	

π	

n	

Rejected 
(not background) µ	

ν	
π	

n	

pion absorption 
in nuclei 

Not rejected 
(background) 

µ	

QE assumption 
reconstructed neutrino 
energy (EνQE) 

T2K	collabo.	

sin22θ23	

Δm2
µτ	

Reconstructed neutrino energy (GeV) 

T2K	collabo.	

ν	 n	

Signal µ	
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 3. non-QE background 
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non-QE background 
 - Neutrino energy reconstruction bias flux-unfolded total cross section 

Lalakulich et al, PRC86(2012)054606 

sin22θ23	

Δm2
µτ	

Reconstructed neutrino energy (GeV) 

T2K	collabo.	
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 3. non-QE background 
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non-QE background 
 - Neutrino energy reconstruction bias flux-unfolded total cross section 
 - This happens by any non-QE channels, such as 2p2h 

Lalakulich et al, PRC86(2012)054606 
Nieves et al, PRD85(2012)113008 
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 3. non-QE background 
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Coloma et al, PRD89(2014)073015 
Nieves et al, PRD85(2012)113008 

non-QE background 
 - Neutrino energy reconstruction bias flux-unfolded total cross section 
 - This happens by any non-QE channels, such as 2p2h 
 - Including 2p2h or not shift oscillation best fit almost 3σ!  
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Fermilab SBN,arXiv:1503.01520 
ArgoNeuT,arXiv:1511.00941 

How to improve our situation in the future?  

LArTPC Water Cherenkov 

vs.	

Dr. Koshio-san 
(Okayama U.)	

Dr. Flavio Cavanna 
(Yale) 
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LArTPC 
LArTPC = Modern bubble chamber 
 - ability to reconstruct all charged particles 
 - In principle, it can differentiate all charged hadron final states  

Fermilab SBN,arXiv:1503.01520 
ArgoNeuT,arXiv:1511.00941 
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Water Cherenkov 
LArTPC = Modern bubble chamber 
 - ability to reconstruct all charged particles 
 - In principle, it can differentiate all charged hadron final states 
 
Water Cherenkov with gadolinium = neutron tagging 
 - Super-K decided to dope gadolinium compound 
 - In principle, it can differentiate final states by neutron counting 

anti-νµCC candidate	 anti-νµCC candidate 
with neutron>0	

TITUS collaboration, to be published 

preliminary	 preliminary	

l+ 
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 3. non-QE background in future experiments 
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LArTPC = Modern bubble chamber 
 - ability to reconstruct all charged particles 
 - In principle, it can differentiate all charged hadron final states 
 
Water Cherenkov with gadolinium = neutron tagging 
 - Super-K decided to dope gadolinium compound 
 - In principle, it can differentiate final states by neutron counting 
 
Near future detectors are focusing on hadron measurements. Nucleon counting may shed 
the light on 2p2h contribution (and pion production) in neutrino interaction physics.    

Theorists must predict hadronic final states (multiplicities of proton, neutron, pion, 
etc) and kinematics (energy and momentum), so that experimentalists can test.  
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 3. Nucleon cluster model 

Teppei	Katori,	Queen	Mary	University	of	London	 2015/11/11	 52	

q 

n	

p	
q θ	q 

Sobczyk, PRD86(2012)015504, TK, arXiv:1304.6014 
GENIE, arXiv:1510.05494 

nucleon	
cluster	

recoil	nuclei	-P	

q 

n	
p	

P	

θ	

Default model for GENIE. NEUT, NuWro… 
 
For a given Energy-Momentum transfer...  
 1. Choose 2 nucleons from specified kinematics (e.g., Fermi gas) 
 2. n-n, n-p, p-p pairs are allowed, if interaction is allowed  
 3. Energy-momentum conservation 
 
Once 2 nucleons from on-shell are choosed 
 i.  ω-q vector and nucleon cluster makes CM system (hadronic system) 
 ii. Isotropic decay (random θ and φ) of hadronic system creates 2 nucleon emission 
 iii. Boost back to lab frame  
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 4. νe appearance experiment 
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µ → e νµ νe	

                       K→ π e νe	

 K→ µ νµ	

π → µ νµ	

Pion decay-at-rest beam (DAR) 
 - There is no anti-νe component  
 - best for anti-νµ to anti-νe oscillation experiment (LSND, πDAR at J-PARC etc) 
 - Mainly for short baseline (L<1km) exotic oscillation search 
   
Pion decay-in-flight (DIF) ß Superbeam 
 - Higher energy, larger flux, very small νe and anti-νe component 
 - best for νµ to νe and anti-νµ to anti-νe oscillation experiment (T2K, NOvA, DUNE, Hyper-K) 
 - Mainly for long baseline (L=100-1000km) standard oscillation search  

νe ~ 0.6%	

MiniBooNE flux prediction	
DAR neutrino flux	

anti-νe ~ 0	
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 4. NCπo background for νe appearance experiment 
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Pion asymmetric decay 
 - 1 gamma ray carry most of energy 
 - gamma ray is the biggest misID of electron      

πo candidate event	

πο 

NCπo decay to 2γ	
(not background) 
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 4. NCπo background for νe appearance experiment 
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Pion asymmetric decay 
 - 1 gamma ray carry most of energy 
 - gamma ray is the biggest misID of electron      

Asymmetric 
decay 
(background) 

πο 

Candidate of single electron (=νe) or 
single gamma (=background)	

πο 

Overlap decay 
(background) 

πο 

NCπo decay to 2γ	
(not background) 
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 4. NCπo background for νe appearance experiment 

Teppei	Katori,	Queen	Mary	
University	of	London	

Pion asymmetric decay 
 - 1 gamma ray carry most of energy 
 - gamma ray is the biggest misID of electron      

πο 

Asymmetric 
decay 
(background) 

πο 

NCπo decay to 2γ	
(not background) 

πο 

Overlap decay 
(background) 

MiniBooNE,PRL112(2014)061802,PRD91(2015)072010 

MiniBooNE isolated e- and e+ candidate events 
(νe and anti-νe oscillation candidates) 	
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 4. NCπo background for νe appearance experiment 
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Pion asymmetric decay 
 - 1 gamma ray carry most of energy 
 - gamma ray is the biggest misID of electron   
 
New reconstruction in Super-K 
 - NCπo is no longer large misID    

T2K,PRL112(2014)061802,PRD91(2015)072010 

νeCC candidate	

~75% is beam origin νe background, 
not misID of NCπo	

Water Cherenkov 
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 4. NCπo background for νe appearance experiment 
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Pion asymmetric decay 
 - 1 gamma ray carry most of energy 
 - gamma ray is the biggest misID of electron   
 
New reconstruction in Super-K 
 - NCπo is no longer large misID 
 
Liquid Argon TPC (LArTPC) 
 - single electron and single gamma are separable 
   - vertex-shower conversion distance   
   - dE/dx (gamma=e+-e-) vs. electron 

T2K,PRL112(2014)061802,PRD91(2015)072010 
ArgoNeuT,arXiv:1511.00941 

LArTPC 



1. ν-oscillation 
2. Accelerator-ν	
3. QE-like bkgd 
4. NCπo bkgd 
5. Systematics 
6. Osc analysis 
7. Conclusion 

60	2015/11/11	

 4. NCπo background for νe appearance experiment 
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Pion asymmetric decay 
 - 1 gamma ray carry most of energy 
 - gamma ray is the biggest misID of electron   
 
New reconstruction in Super-K 
 - NCπo is no longer large misID 
 
Liquid Argon TPC (LArTPC) 
 - single electron and single gamma are separable 
   - vertex-shower conversion distance   
   - dE/dx (gamma=e+-e-) vs. electron 

T2K,PRL112(2014)061802,PRD91(2015)072010 
ArgoNeuT,arXiv:1511.00941 

Seems to me NCπo is getting under 
controlled as misID of νe 
 
…However, it is still important to 
study to understand pion production 
(which remain an  important 
systematics) 
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Alvarez-Ruso et al,NewJ.Phys.16(2014)075015, Morfin et al, AHEP(2012)934597 
Garvey et al.,Phys.Rept580(2015)1 

Although there are many progresses in neutrino 
interaction, there are open questions that arise in the 

comparison with new experimental data… 

CCQE puzzle à case closed (?) 
 - RPA+2p2h seems right idea, but test is not successful in simulations. 
 
ANL-BNL puzzle à case closed 
 - BNL had a wrong flux normalization. 
 
Pion puzzle à ongoing 
 - MiniBooNE vs. MINERvA vs. theories, 2 out of 3 are wrong?! 
 
Coherent pion puzzle à case closed 
 - There is nonzero CC coherent pion production, but kinematics is not understood.   
 
MiniBooNE excess  à case closed (?) 
 - NC single gamma produciton is unlike source of MiniBooNE excess 

Luis  
Alvarez-Ruso 

(Valencia)	
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Alvarez-Ruso et al,NewJ.Phys.16(2014)075015, Morfin et al, AHEP(2012)934597 
Garvey et al.,Phys.Rept580(2015)1  

Although there are many progresses in neutrino 
interaction, there are open questions that arise in the 

comparison with new experimental data… 

CCQE puzzle à case closed (?) 
 - RPA+2p2h seems right idea, but test is not successful in simulations. 
 
ANL-BNL puzzle à case closed 
 - BNL had a wrong flux normalization. 
 
Pion puzzle à ongoing 
 - MiniBooNE vs. MINERvA vs. theories, 2 out of 3 are wrong?! 
 
Coherent pion puzzle à case closed 
 - There is nonzero CC coherent pion production, but kinematics is not understood.   
 
MiniBooNE excess  à case closed (?) 
 - NC single gamma produciton is unlike source of MiniBooNE excess 
 
Shallow Inelastic Scattering (SIS) à anybody have any consistent models for CC inclusive 
cross section from  for 2-10 GeV? 

Luis  
Alvarez-Ruso 

(Valencia)	
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Simulation disagree with many modern accelerator based neutrino experiment data, 
neither shape (low Q2 and high Q2) nor normalization. MiniBooNE successfully 
reproduce their data by fitting MA~1.3. However, this interaction was measured by 
bubble chamber experiments and NOMAD experiment with MA~1 (CCQE puzzle). 
 
 à origin of ~20-30% error on MA in GENIE and NEUT 

MiniBooNE,PRD81(2010)092005 

Teppei	Katori,	Queen	Mary	
University	of	London	

MiniBooNE	vs.	NOMAD	νµCCQE	cross	secCon	on	12C	target	(per	nucleon)	

Eν (GeV)	

CCQE 
Resonance 
SIS 
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Presence of 2-body current   
 - Martini et al showed 2p-2h effect can add up 30-40% more cross section 

Martini et al,PRC80(2009)065501 

Teppei	Katori,	Queen	Mary	
University	of	London	

Marco 
Martini 

(Saclay) 

What experimentalists 
call “CCQE” is not 
genuine CCQE!  

CCQE 
Resonance 
SIS 
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Presence of 2-body current   
 - Martini et al showed 2p-2h effect can add up 30-40% more cross section! 
 - consistent result is obtained by Nieves et al 
 

Martini et al,PRC80(2009)065501  
Nieves et al,PLB707(2012)72; NPA627(1997)543 

Juan 
Nieves 

(Valencia) 

The model is tuned with 
electron scattering data 

(no free parameter)  

Teppei	Katori,	Queen	Mary	
University	of	London	

Valencia model vs. MiniBooNE CCQE 
double differential cross-section data  

Marco 
Martini 

(Saclay) 

What experimentalists 
call “CCQE” is not 
genuine CCQE!  

CCQE 
Resonance 
SIS 
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Presence of 2-body current   
 - Martini et al showed 2p-2h effect can add up 30-40% more cross section! 
 - consistent result is obtained by Nieves et al 
 - The model can explain T2K data simultaneously 

Martini et al,PRC80(2009)065501, PRC90(2014)025501  
Nieves et al,PLB707(2012)72, NPA627(1997)543 

Martini model vs. T2K CC double differential cross-section data  

suppression by RPA  
(long range correlation)  

enhancement by 2p-2h effect  
(short/medium range correlation)  

Teppei	Katori,	Queen	Mary	
University	of	London	

Valencia model vs. MiniBooNE CCQE 
double differential cross-section data  

Juan 
Nieves 

(Valencia) 

The model is tuned with 
electron scattering data 

(no free parameter)  

Marco 
Martini 

(Saclay) 

CCQE 
Resonance 
SIS 
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QE+2p-2h+RPA kills three 
birds with one stone 
 - 1st bird = high Q2 problem 
 - 2nd bird = normalization 
 - 3rd bird = low Q2 problem 
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NC Euclidean transverse response function    

 5. The solution of CCQE puzzle  
Presence of 2-body current   
 - Martini et al showed 2p-2h effect can add up 30-40% more cross section! 
 - consistent result is obtained by Nieves et al 
 - The model can explain T2K data simultaneously 
     - ab initio calculation shows consistent result 

Martini et al,PRC80(2009)065501, PRC90(2014)025501  
Nieves et al,PLB707(2012)72, NPA627(1997)543: Lovato et al, PRC91(2015)062501  
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The model is tuned with 
electron scattering data 

(no free parameter)  

Marco 
Martini 

(Saclay) 

Ab initio calculation 
reproduce same feature   
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 5. Valencia MEC model 

70	

Community is converged: the origin of CCQE puzzle is multi-nucleon correlation 
- Valencia MEC model is available in NEUT 
 - being implemented in GENIE, officially ready for GENIE v2.12  
 
This moment… 
Valencia MEC model does not fit T2K (and Super-K) data very well, people are 
working on all kind of checkings 
 

large MA error à large 2p2h error 
 
It is crucial to have correct CCQE, MEC, pion production models to understand 
MiniBooNE, MINERvA, T2K data simultaneously. Otherwise MA error stays 
around 20-30%.  
 
Also, we have good theorists who make models, and good experimentalists who 
measure data, but we are still lacking people between them. 
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 5. ANL-BNL puzzle 

71	

Deuteron target bubble chamber data are used to tune resonance models for 
nuclear target. However, 2 data set from Argonne (ANL) and Brookhaven (BNL) 
disagree their normalization ~25% (ANL-BNL puzzle).  
 
  à origin of ~20-30% error on MA

RES in GENIE and NEUT 

Hernandez	et	al,PRD87(2013)113009 
Alvarez-Ruso et al,PRC89(2014)015503 
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Deuteron target bubble chamber data are used to tune resonance models for 
nuclear target. However, 2 data set from Argonne (ANL) and Brookhaven (BNL) 
disagree their normalization ~25% (ANL-BNL puzzle).  
 
Recent re-analysis found a normalization problem on BNL 

Wilkinson et al,PRD90(2014)112017,Graczyk et al,PRD80(2009)093001  
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 5. ANL-BNL puzzle 
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Wilkinson et al,PRD90(2014)112017,Graczyk et al,PRD80(2009)093001  
Wu et al,PRC91(2015)035203, Alvarez-Ruso, arXiv:1510.06266 
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Deuteron target bubble chamber data are used to tune resonance models for 
nuclear target. However, 2 data set from Argonne (ANL) and Brookhaven (BNL) 
disagree their normalization ~25% (ANL-BNL puzzle).  
  à origin of 20-30% error on MA

RES 
Recent re-analysis found a normalization problem on BNL 
 
Recent fit on re-analyzed ANL-BNL data shows on CA

5(0) error is 6%. This would 
give ~6-10% error on MA

RES for experimentalist. 
 
…However, recently Wu et al pointed out there might be significant contribution of 
nuclear effect in bubble chamber data. This mean, perhaps, cross section 
extracted by re-analyzed ANL-BNL would be underestimated?! 
 
MA

RES imitates all normalization errors associated with SPP data (CA
5(0), MA

RES, 
nuclear effect, etc). Unless all mysteries are solved (including MiniBooNE-
MINERvA tension, pion puzzle), MA

RES error stays ~20-30%. 



1. ν-oscillation 
2. Accelerator-ν	
3. QE-like bkgd 
4. NCπo bkgd 
5. Systematics 
6. Osc analysis 
7. Conclusion 

2015/10/18	

 5. GENIE update 
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Dytman, Fermilab neutrino seminar (2015) 
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Many new neutrino pion production data are available from T2K and MINERvA, but theories are 
not successful to reproduce them. For GENIE, having correct pion production model and FSI 
(final state interaction) is an urgent issue (for DUNE, NOvA, T2K, etc) 
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 5. Shallow Inelastic Scattering (SIS) 

Teppei	Katori,	Queen	Mary	
University	of	London	

Resonance to DIS transition region 
 - state-of-the-art resonance model predicts varieties of hadrons at 2 GeV. 
 - quark-hadron duality offers smooth transition from RES to DIS. 

Nakamura et al, arXiv:1506.03403 
Lalakulich et al,PRC75(2007)015202, Graczyk et al, NPA781(2007)227 

DCC model prediction	

Nachtmann	variable	

ν-N F2 structure function	
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 5. Shallow Inelastic Scattering (SIS) 
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Resonance to DIS transition region 
 - state-of-the-art resonance model predicts varieties of hadrons at 2 GeV. 
 - quark-hadron duality offers smooth transition from RES to DIS. 
 
Neutrino interaction generator 
 - SIS is based on ad hoc model 
 - low W hadronization model is also ad hoc  

W distribution with Eν=5GeV (GENIE)	

RES	
DIS  
(non-resonance 
background)	

Spitz, PhD thesis (2011) 

DIS	
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Resonance to DIS transition region 
 - state-of-the-art resonance model predicts varieties of hadrons at 2 GeV. 
 - quark-hadron duality offers smooth transition from RES to DIS. 
 
Neutrino interaction generator 
 - SIS is based on ad hoc model 
 - low W hadronization model is also ad hoc  

W distribution with atmospheric-ν flux (GENIE)	

RES	

Non-resonance 
background 
(DIS)	

DIS	

Spitz, PhD thesis (2011) 
TK and Mandalia, JPhysG42(2015)115004 CCQE 
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Resonance to DIS transition region 
 - state-of-the-art resonance model predicts varieties of hadrons at 2 GeV. 
 - quark-hadron duality offers smooth transition from RES to DIS. 
 
Neutrino interaction generator 
 - SIS is based on ad hoc model 
 - low W hadronization model is also ad hoc  

)4/c2(GeV2W

1 10 210

>
c

h
<

n

0

2

4

6

8

10

 (1983)
2

Dν15’ 

 (1981)
2

HνBEBC 

Default

Modified PYTHIA

++
X-µ→pν

)4/c2(GeV2W

1 10 210

>
c

h
<

n

0

2

4

6

8

10

 (1983)
2

Dν15’ 

 (1984)
2

DνBEBC 

Default

Modified PYTHIA

+
X-µ→nν

ν-p averaged charged hadron multiplicity (GENIE)	

KNO scaling	 PYTHIA6	

transition	

ν-p topological cross section (GENIE)	

KNO scaling	 PYTHIA6	

transition	

Spitz, PhD thesis (2011) 
TK and Mandalia, JPhysG42(2015)115004 CCQE 

Resonance 
SIS 



1. ν-oscillation 
2. Accelerator-ν	
3. QE-like bkgd 
4. NCπo bkgd 
5. Systematics 
6. Osc analysis 
7. Conclusion 

79	2015/11/11	

 5. Shallow Inelastic Scattering (SIS) 

Teppei	Katori,	Queen	Mary	
University	of	London	

Resonance to DIS transition region 
 - state-of-the-art resonance model predicts varieties of hadrons at 2 GeV. 
 - quark-hadron duality offers smooth transition from RES to DIS. 
 
Neutrino interaction generator 
 - SIS is based on ad hoc model 
 - low W hadronization model is also ad hoc  

Spitz, PhD thesis (2011) 
TK and Mandalia, JPhysG42(2015)115004 

MINOS+	

T2K/Hyper-K	
NOvA 

νµCC cross section per nucleon 	

DUNE 

MicroBooNE 

PINGU 

Importance of SIS region is 
evident. How to model this? 
 
(NuInt15 has a discussion 
session of SIS)	
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 1. Neutrino oscillations 

 2. Accelerator-based neutrino oscillation experiment 

 3. QE-like background 

 4. NCπo background for νe appearance experiment 

 5. Interaction systematics status  

 6. Realistic oscillation analysis 

 7. Conclusion 
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 6. Three neutrino oscillations 
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Neutrino Standard Model (νSM) is established  
 - SM + 3 active massive neutrino is established 
 
Unknown parameters of νSM 
 1. Dirac CP phase 
 2. θ23 (θ23=40o and 50o are same for sin2θ23, but not for sinθ23) 
 3. normal mass ordering m1<m2<m3 or inverted mass ordering m3<m1<m2 
 4. Dirac or Majorana 
 5. Majorana phase                   not relevant to neutrino oscillation experiment(?) 
 6. absolute neutrino mass 

Parke, ArXiv:1310.5992 
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 6. Neutrino oscillation experiment  
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Data (nature) Simulation (theory) 
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Produce neutrino beam 

Data (nature) 

Booster	

primary beam! tertiary beam!secondary beam!
(protons)! (mesons)! (neutrinos)!

K+	

π+	 νµ  → νe ???	
	

target and horn! dirt !absorber! detector!decay region!FNAL Booster!

Simulation (theory) 
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Produce neutrino beam Typical PMT pulse 
Data (nature) 

Interaction in the detector makes 
observables (electric signal) 

Simulation (theory) 
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Produce neutrino beam Typical PMT pulse 
Data (nature) 

Interaction in the detector makes 
observables (electric signal) 

Queen Mary university 3rd year student “radiation detector” homework 3 
 
A MIP particle passed through a 1 cm thickness scintillator. Suppose you 
observe 10ns width 16mV height pulse from a PMT with 1E7 gain (with 50Ω 
termination oscilloscope). 
 
How many photo-electron produced per MeV in this scintillator in this setting? 
(this is called a calibration constant) 

Simulation (theory) 

Q6 	
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Produce neutrino beam 

Data (nature) 

Interaction in the detector makes 
observables (electric signal) 

Particle kinematics are 
reconstructed from observables 

MiniBooNE event display 
of muon candidate event 

muon (sharp edge 
Cherenkov ring) 	

Simulation (theory) 
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Produce neutrino beam 

Data (nature) 

Interaction in the detector makes 
observables (electric signal) 

Particle kinematics are 
reconstructed from observables 

Neutrino energy is 
reconstructed from particle 
kinematics 

Neutrino interaction 
model dependence  
goes to red boxes 

µ	
ν-beam	 cosθ	

Eµ	

Eν
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MEµ − 0.5mµ
2

M−Eµ +pµ cosθµ

Simulation (theory) 
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Produce neutrino beam 

Simulation (theory) Data (nature) 

Interaction in the detector makes 
observables (electric signal) 

Particle kinematics are 
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Simulate neutrino beam 

Neutrino interaction 
model dependence  
goes to red boxes 

Eνtrue 
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Add neutrino oscillation 

Neutrino interaction 
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Produce neutrino beam 

Simulation (theory) Data (nature) 

Interaction in the detector makes 
observables (electric signal) 

Particle kinematics are 
reconstructed from observables 

Neutrino energy is 
reconstructed from particle 
kinematics 

Simulate neutrino beam 

Simulate neutrino interaction to 
predict particle kinematics 

Add neutrino oscillation 
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Neutrino interaction 
model dependence  
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Produce neutrino beam 

Simulation (theory) Data (nature) 

Interaction in the detector makes 
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Particle kinematics are 
reconstructed from observables 

Neutrino energy is 
reconstructed from particle 
kinematics 

Simulate neutrino beam 

Simulate neutrino interaction to 
predict particle kinematics 

Add neutrino oscillation 

Simulate detector response from 
particles  (electric signals) 

compare	

Neutrino interaction 
model dependence  
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Produce neutrino beam 

Simulation (theory) Data (nature) 

Interaction in the detector makes 
observables (electric signal) 

Particle kinematics are 
reconstructed from observables 

Neutrino energy is 
reconstructed from particle 
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Simulate neutrino beam 

Simulate neutrino interaction to 
predict particle kinematics 

Add neutrino oscillation 

Simulate detector response from 
particles  (electric signals) 
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 6. p-θ plane fit  
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T2K, PRD88(2013)032002 

Instead of reconstructed neutrino energy,  
electron momentum and angle are fit to 
find νµàνe oscillations  
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T2K, PRD88(2013)032002 

We simultaneously fit other distributions to maximize 
constraints of systematics from all information available 
 
so it is misleading to emphasize neutrino energy 
reconstruction bias as nuclear effect 
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T2K, PRD88(2013)032002 

We simultaneously fit other distributions to maximize 
constraints of systematics from all information available 
 
so it is misleading to emphasize neutrino energy 
reconstruction bias as nuclear effect 

But all of these template are made based on some interaction models, so 
we need good models for both signal and background (pion production) 
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Produce neutrino beam 

Simulation (theory) Data (nature) 

Interaction in the detector makes 
observables (electric signal) 

Particle kinematics are 
reconstructed from observables 

Neutrino energy is 
reconstructed from particle 
kinematics 

Simulate neutrino beam 

Simulate neutrino interaction to 
predict particle kinematics 

Add neutrino oscillation 

Simulate detector response from 
particles  (electric signals) 

Particle kinematics are 
reconstructed from observables  

Neutrino energy is 
reconstructed from charged 
particle observables compare	

Neutrino interaction 
model dependence  
goes to red boxes 

Eνtrue 

Eνtrue 

Eµtrue 

Eµrecon 

Eνrecon 

electric 
pulse 

compare here	

How to take into account 
interaction model 
dependencies in 
oscillation analysis? 
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 6. Error propagation 

1st		cross	secCon	model	
2nd	cross	secCon	model	
3rd	cross	secCon	model	
																	...	

n1		n2		n3		n4		n5		n6		n7		n8							Eµ	(GeV)	

cross section error for Eµ  

Moutput (xs) =

var(n1) cov(n1,n2 ) cov(n1,n3) !
cov(n1,n2 ) var(n2 ) cov(n2,n3) !
cov(n1,n3) cov(n2,n3) var(n3) !

" " " #

⎛

⎝

⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟

Output cross section error matrix for Eµ	

Moutput (xs)⎡⎣ ⎤⎦ij ≈
1
S

Ni
k (xs)−Ni

MC( )
k

S

∑ Nj
k (xs)−Nj

MC( )

MC can propagate correlations of 
input parameters to bins of muon 
energy distribution. 
 
Repeat this many times to propagate 
all errors to make total error matrix. 
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 6. External constraint 

Output error matrices are made from external data 
 à this is the initial guess of parameters and errors    	

T2K, PRD88(2013)032002 

Interaction model parameters and errors 

     external data    
					default	model						
								a]er	fits	

External	data	fit	
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 6. External constraint 

Output error matrices are made from external data 
 à this is the initial guess of parameters and errors    	

T2K, PRD88(2013)032002 
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 6. Internal constraint 
T2K, PRD88(2013)032002 

Internal model parameters and errors after the fit 

Output error matrices are made from external data 
 à this is the initial guess of parameters and errors 
 
Then this output error matrices are fit with T2K near 
detector data. This improves parameters and errors    	

T2K	ND280	data	fit	



1. ν-oscillation 
2. Accelerator-ν	
3. QE-like bkgd 
4. NCπo bkgd 
5. Systematics 
6. Osc analysis 
7. Conclusion 

2015/11/11	

 6. T2K oscillation experiments 

106	

T2K, PRD88(2013)032002; PRL112(2014)061802 

External constraint 
MiniBooNE, MINERvA, SciBooNE  

K2K, MINOS, Bubble chambers 

Teppei	Katori,	Queen	Mary	
University	of	London	

External data give initial guess 
of cross-section systematics	

External	data	fit	

     external data    
					default	model						
								a]er	fits	
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T2K, PRD88(2013)032002; PRL112(2014)061802 

External constraint 
MiniBooNE, MINERvA, SciBooNE  

K2K, MINOS, Bubble chambers 

Internal constraint 
Near detector 

oscillation non-sensitive channels 

Teppei	Katori,	Queen	Mary	
University	of	London	T2K	ND280	data	fit	External	data	fit	

Constraint from internal 
data find actual size of 
cross-section errors	

     external data    
					default	model						
								a]er	fits	
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T2K, PRD88(2013)032002; PRL112(2014)061802 

External constraint 
MiniBooNE, MINERvA, SciBooNE  

K2K, MINOS, Bubble chambers 

Internal constraint 
Near detector 

oscillation non-sensitive channels 

oscillaCon	result	

Neutrino interaction model is a 
large systematics of neutrino 
oscillation experiment 

Teppei	Katori,	Queen	Mary	
University	of	London	T2K	ND280	data	fit	External	data	fit	

     external data    
					default	model						
								a]er	fits	
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T2K, PRD88(2013)032002; PRL112(2014)061802 

External constraint 
MiniBooNE, MINERvA, SciBooNE  

K2K, MINOS, Bubble chambers 

Internal constraint 
Near detector 

oscillation non-sensitive channels 

oscillaCon	result	

Neutrino interaction model is a 
large systematics of neutrino 
oscillation experiment 

Teppei	Katori,	Queen	Mary	
University	of	London	T2K	ND280	data	fit	External	data	fit	

     external data    
					default	model						
								a]er	fits	

Neutrino interaction systematics make 
the largest systematic error on 
oscillation parameter measurement.	
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 Conclusions 

Thank you for your attention! 

The future oscillation experiments have a strong emphasis in 1-10 GeV region 
 
The future oscillation experiments have a strong emphasis on 2 nuclear targets: 
H2O (Water Cherenkov) , and Ar (LArTPC) 
 
There are number of experimental ideas to identify signals utilizing hadronic final 
states. But so far we are missing theoretical predictions for those hadrons. 
 
2p2h is continuously very important systematics for QE. Also, QE channel 
measurement seems important even you go higher energy (>2 GeV). 
 
Pion production is important systematics for QE, however, role of NCπo reduced. 
 
SIS is a new large beast, consistent model from 2-10 GeV has a huge benefit for  
T2K, NOvA, PINGU, ORCA, Hyper-Kamiokande, DUNE 
 
We need more “generator translator”, who can work between theory and experiment 
(but those people have hard time to get jobs) 



1. ν-oscillation 
2. Accelerator-ν	
3. QE-like bkgd 
4. NCπo bkgd 
5. Systematics 
6. Osc analysis 
7. Conclusion 

2015/11/11	

 Backup 

Teppei	Katori,	Queen	Mary	University	of	London	 111	



1. ν-oscillation 
2. Accelerator-ν	
3. QE-like bkgd 
4. NCπo bkgd 
5. Systematics 
6. Osc analysis 
7. Conclusion 

2015/11/11	

 1. Neutrino oscillations 

Teppei	Katori,	Queen	Mary	University	of	London	 112	

Giunti,Kim,Lee,PRD44(1991)3635 

Wave packet formalism 
 - real formulation of neutrino oscillations 

P
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Coherent oscillation 
Decoherence during propagation 
Decoherence at production and detection 
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Giunti,Kim,Lee,PRD44(1991)3635 

Wave packet formalism 
 - real formulation of neutrino oscillations 
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Giunti,Kim,Lee,PRD44(1991)3635 

Wave packet formalism 
 - real formulation of neutrino oscillations 

P
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Decoherence at production and detection 

ν1 ν2 

Decoherence happens faster for narrower wave packet (small σx) and bigger group 
velocity difference difference (bigger Δm2, lower energy) 
 
How to estimate σx? 
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Giunti,Kim,Lee,PRD44(1991)3635 

Wave packet formalism 
 - real formulation of neutrino oscillations 
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Decoherence at production and detection 

ν1 ν2 

Decoherence happens faster for narrower wave packet (small σx) and bigger group 
velocity difference difference (bigger Δm2, lower energy) 
 
How to estimate σx? 
 
e.g.) NuMI beam (from  Joachim Kopp’s Fermilab theory seminar) 
10-9cm << σx < 10cm (probably bigger than atomic distance, but smaller than detector 
resolution) 
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Giunti,Kim,Lee,PRD44(1991)3635 

Wave packet formalism 
 - real formulation of neutrino oscillations 
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Decoherence during propagation 
Decoherence at production and detection 

ν1 ν2 

Decoherence happens faster for narrower wave packet (small σx) and bigger group 
velocity difference difference (bigger Δm2, lower energy) 
 
How to estimate σx? 
 
e.g.) NuMI beam (from  Joachim Kopp’s Fermilab theory seminar) 
10-9cm << σx < 10cm (probably bigger than atomic distance, but smaller than detector 
resolution) à Lcoh > 6x105 light year 
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neutrino production uncertainty	

If the production uncertainty is bigger than oscillation length, oscillation doesn’t happen  
(time averaged oscillation)  
 
cf. solar neutrino 
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(time averaged oscillation)  
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neutrino detection uncertainty	
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Kopp, Fermilab theory seminar (2012) 
http://theory.fnal.gov/seminars/seminars.html 

Beuthe,Phys.Rept.375(2003)105 

Wave packet formalism 
 - real formulation of neutrino oscillations 
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Neutrino oscillation is a natural interferometer 
 
Formal description of neutrino oscillation is not easy, just 
because quantum mechanics is not easy 

2015/11/11	 120	
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3 major discoveries 
 - Solar neutrino problem 
 - Atmospheric neutrino anomaly 
 - MSW effect 

Wolfenstein,PRD17(1978)2369 
Mikheyev and Smirnov,Sov.J.Ncl.Phys,42(1986)913 
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3 major discoveries 
 - Solar neutrino problem 
 - Atmospheric neutrino anomaly 
 - MSW effect 

Wolfenstein,PRD17(1978)2369 
Mikheyev and Smirnov,Sov.J.Ncl.Phys,42(1986)913 
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3 major discoveries 
 - Solar neutrino problem 
 - Atmospheric neutrino anomaly 
 - MSW effect 

Wolfenstein,PRD17(1978)2369 
Mikheyev and Smirnov,Sov.J.Ncl.Phys,42(1986)913 
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core of Sun 
(high density) 	

outside of Sun 
(low density) 	

~0.6 (no MSW)	~0.35 (MSW)	

No matter effect If density and/or energy is too low 
 - the Sun happens to have right density ne~150 cm-3 and E(8B-ν)~10 MeV 
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The MiniBooNE Detector  

 - 541 meters downstream of target 

 - 12 meter diameter sphere 

     (10 meter “fiducial” volume) 

 - Filled with 800 t of pure mineral oil (CH2) 

     (Fiducial volume: 450 t) 

 - 1280 inner phototubes, 

 - 240 veto phototubes 

2. Events in the Detector 

Booster	
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The MiniBooNE Detector  

 - 541 meters downstream of target 

 - 12 meter diameter sphere 

     (10 meter “fiducial” volume) 

 - Filled with 800 t of pure mineral oil (CH2) 

     (Fiducial volume: 450 t) 

 - 1280 inner phototubes, 

 - 240 veto phototubes 

2. Events in the Detector 
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The MiniBooNE Detector  

 - 541 meters downstream of target 

 - 12 meter diameter sphere 

     (10 meter “fiducial” volume) 

 - Filled with 800 t of pure mineral oil (CH2) 

     (Fiducial volume: 450 t) 

 - 1280 inner phototubes, 

 - 240 veto phototubes 

2. Events in the Detector 
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Times of hit-clusters (subevents) 
Beam spill (1.6ms) is clearly evident  

simple cuts eliminate cosmic 
backgrounds 

 
Neutrino Candidate Cuts 

<6 veto PMT hits 
Gets rid of muons 

 
>200 tank PMT hits 

Gets rid of Michels 
 
Only neutrinos are left! 

Beam and 
Cosmic BG 

2. Events in the Detector 
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Times of hit-clusters (subevents) 
Beam spill (1.6ms) is clearly evident  

simple cuts eliminate cosmic 
backgrounds 

 
Neutrino Candidate Cuts 

<6 veto PMT hits 
Gets rid of muons 

 
>200 tank PMT hits 

Gets rid of Michels 
 
Only neutrinos are left! 

2. Events in the Detector 

Beam and 
Michels 
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Times of hit-clusters (subevents) 
Beam spill (1.6ms) is clearly evident  

simple cuts eliminate cosmic 
backgrounds 

 
Neutrino Candidate Cuts 

<6 veto PMT hits 
Gets rid of muons 

 
>200 tank PMT hits 

Gets rid of Michels 
 
Only neutrinos are left! 

2. Events in the Detector 

Beam 
Only 
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• Muons	

– Sharp,	clear	rings	

• Long,	straight	tracks	

• Electrons	

– Scabered	rings	

• MulCple	scabering	

• RadiaCve	processes	

• Neutral	Pions	

– Double	rings	

• Decays	to	two	photons	

2. Events in the Detector MiniBooNE,NIM.A599(2009)28 
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T2K, Double Chooz, Daya Bay, Reno 
 - θ13 was truly unknown parameter  
 - there was a “hint” from Solar-KamLAND tension 

Limit of θ13 (2009)	

Albright, ArXiv:0905.0146 
Fogli et al,PRL101(2008)141801  
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T2K, Double Chooz, Daya Bay, Reno 
 - θ13 was truly unknown parameter  
 - there was a “hint” from Solar-KamLAND tension 
 - Mother Nature was kind again!  
   - anti-νe reactor disappearance 

DoubleChooz,PRL108(2012)131801; DayaBay,PRL108(2012)171803; Reno,PRL108(2012)191802   

DoubleChooz	
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T2K, Double Chooz, Daya Bay, Reno 
 - θ13 was truly unknown parameter  
 - there was a “hint” from Solar-KamLAND tension 
 - Mother Nature was kind again!  
   - anti-νe reactor disappearance 
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T2K, Double Chooz, Daya Bay, Reno 
 - θ13 was truly unknown parameter  
 - there was a “hint” from Solar-KamLAND tension 
 - Mother Nature was kind again!  
   - anti-νe reactor disappearance 
   - νµàνe long baseline neutrino oscillation 
 - nonzero θ13 à leptonic CP violation 

DoubleChooz,PRL108(2012)131801; DayaBay,PRL108(2012)171803; Reno,PRL108(2012)191802 
Daya Bay, PRL112(2014)061801, T2K, PRL112(2014)061802 

DayaBay	

T2K	
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T2K, Double Chooz, Daya Bay, Reno 
 - θ13 was truly unknown parameter  
 - there was a “hint” from Solar-KamLAND tension 
 - Mother Nature was kind again!  
   - anti-νe reactor disappearance  
   - νµàνe long baseline neutrino oscillation 
 - nonzero θ13 à leptonic CP violation 
 
It is no longer adequate to use 2 neutrino oscillation model, it must be 3 neutrinos  

Parke, ArXiv:1310.5992 
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Unknown parameters of νSM  
  δCP: Dirac CP phase 
  θ23: θ23=40o and ５0o are same how sin2θ23, but not for sinθ23 
 MH: mass hierarchy, normal hierarchy m1<m2<m3 or inverted 
hierarchy m3<m1<m2 
 
Long baseline neutrino oscillations 
 - T2K (running)  
 - NOvA (running)  
 - PINGU/ORCA (planned) 
 - JUNO/RENO50 (planned) 
 - INO (planned) 
 - DUNE (planned) 
 - Hyper-K (planned) 
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Walter (T2K), Neutrino2014 

δCP limit Joint νµ+νe fit 
 - data prefer normal hierarchy with δCP~ -π/2. 
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Massive plastic tubes with liquid scintillator 
 - 14 kton total, 810 km from Fermilab (E~2GeV) 
 - NOvA has a chance to solve degeneracy and find all (δCP, θ23, MH) 

Norman (NOvA), Neutrino2014 
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More strings in IceCube/KM3NeT 
 - They know how to do it (no R&D), also they know how to estimate cost 
 - more strings in central area à reduce threshold down to ~few GeV  
 - It can find mass hierarchy in few years from νµ disappearance 

Grant (PINGU), Neutrino2014  effective 2-ν 
matter oscillation	 interference of 

propagation states	
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Guang Zhou 
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2.5	h	drive 
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 1. Oscillations 
 2. Before 1998 
 3. 1998-2004 
 4. 2005-2011 
 5. 2012-2013 
 6. Current issues 
 7. Conclusions 

Wen (JUNO), Neutrino2014 

Significant sensitivity improvement is 
required, It can find mass hierarchy in 
few years 
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Hyper-Kamiokande with upgraded J-PARC beam 
 - 560 kton water Cherenkov x 2 (each tank can contain more than 10 Godzillas!) 
 - Known technology 
 - δCP from νe appearance, θ23 from νµ disappearance, MH from atmospheric ν	
 - All kind of other physics (p-decay, solar/atmospheric/supernova neutrinos, etc) 

Hayato (HyperKamiokande), Neutrino2014 

Godzilla 
(<1970’s)	
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New beamline and new detector 
 - 34 kton Liquid argon time projection chamber 
 - New beamline to South Dakota 
 - “Reformation” is recommended in P5 report 

Wilson (LBNE), Neutrino2014 


