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Overview
• Neutrino oscillations 

• T2K experimental setup 

• Oscillation analysis 

• Cross section measurements 

• Future prospects 

• Conclusions
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Neutrino oscillations
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Neutrino mixing described by the PMNS matrix: 3 mixing angles 
and 1 complex CPV phase 

cij = cos ✓ij sij = sin ✓ij
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Neutrino mixing described by the PMNS matrix: 3 mixing angles 
and 1 complex CPV phase 

Solar and 
reactor 
θ12 ~ 34° 

∆m122 ~ 7.6x10-5 eV2 

Reactor and accelerator 
θ13 ~ 9° 

Accelerator only δCP = ??

Atmospheric and 
accelerator 
θ23 ~ 45°  

|∆m322| ~ 2.4x10-3 eV2

cij = cos ✓ij sij = sin ✓ij

Open questions: δCP, 𝜃23 octant 

and mass ordering 
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Inferred from event rate: P(𝜈𝛼→𝜈𝛽) = P(E,L,Δm2,𝜃)

�m2
ji = m2

j �m2
i
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Mt. Noguchi‐Goro
2,924 m

Mt. Ikeno‐Yama
1,360 m

1,700 m below sea level

 4

The T2K   experiment

• 𝜈 cross section measurements at the near detectors
• Determine θ13 and δCP 

• More precise measurement of θ23, |Δm322| 
Physics goals:
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Long baseline accelerator-based experiments are sensitive to: 

Oscillations measurements at T2K
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Long baseline accelerator-based experiments are sensitive to: 

• Atmospheric parameters (θ23, Δm322) through 𝜈𝜇 disappearance

Oscillations measurements at T2K
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Long baseline accelerator-based experiments are sensitive to: 

• Atmospheric parameters (θ23, Δm322) through 𝜈𝜇 disappearance

• (θ13, δCP) depends on the 𝜈e/𝜈e appearance

Oscillations measurements at T2K

Ciro Riccio, Naples U. & INFN | FPCapri2018

In the case of T2K δCP change the appearance probability 
by ±30% while the mass ordering has a ~10% effects
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T2K Beam
2.5°
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Phys. Rev. D 88, 032002

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.032002
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T2K Beam
2.5°

30 GeV proton beam from J-PARC Main Ring 
extracted onto a graphite target producing hadrons  
(mainly pions and kaons)
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30 GeV proton beam from J-PARC Main Ring 
extracted onto a graphite target producing hadrons  
(mainly pions and kaons)

Hadrons are focused and selected in charge by 3 
electromagnetic horns: 

• 𝜈𝜇 beam created by 𝜋+ and 𝜈𝜇 beam by 𝜋- decay
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T2K Beam

Detectors 2.5° off the direction of the beam centered 
around 0.6 GeV. Off-axis method reduce high energy 
tail and maximize oscillation detection probabilities

2.5°

30 GeV proton beam from J-PARC Main Ring 
extracted onto a graphite target producing hadrons  
(mainly pions and kaons)

Hadrons are focused and selected in charge by 3 
electromagnetic horns: 

• 𝜈𝜇 beam created by 𝜋+ and 𝜈𝜇 beam by 𝜋- decay
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±5m

±5m

The on-axis near detector (INGRID)
2.5°

14 modules arranged in a cross; two 
others placed at off-diagonal positions

1 extra module made of scintillators and 
water at the center of the cross 

Monitor the beam stability and direction 
day-by-day looking at 𝜈 (𝜈) interactions
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The off-axis near detector (ND280)
2.5°

A large dipole magnet (UA1) produces 0.2 T.

𝜋0 detector (P0D): xy layers plastic scintillator alternated 
with water layers

Side muon range detector (SMRD): plastic scintillators 
instrumenting the magnet iron slice

2 Fine-grained detectors (FGD): upstream constituted of xy layers of plastic 
scintillator, the other is alternated with water layers

3 Time projection chambers (TPC): reconstruct momentum 
and charge, PID based on ionization

An electromagnetic calorimeter (ECal) is used to distinguish tracks from showers
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2.5°

Super-Kamiokande (SK)

Very good 𝜇/e separation

SK is a 50 kton water Cherenkov detector

Inner detector ~11000 
20 inch PMTs

Outer detector ~2000 
8 inch PMTs
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Total	accumulated	POT	for	Physics	all	runs

6/1/18 Beam	group	meeting 10

23	Jan.	2010	– 31	May	2018
POT	total:	 3.16362e+21	(power	max	497.27	kW)

nu-mode	 1.51309e+21	(47.8278%)
nubar-mode 1.65053e+21	(52.1722%)
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Collected data
• Total proton on target (POT) collected: 3.1x1021 (48% in 𝜈 mode and 

52% in 𝜈 mode) 

• Analysis results presented today: 1.5x1021 POT (53%) in 𝜈 mode 
and 1.3x1021 POT(46%) in 𝜈 mode 

• Achieved a beam power of ~500 kW!  
Total	accumulated	POT	for	Physics	all	runs

6/1/18 Beam	group	meeting 10

23	Jan.	2010	– 31	May	2018
POT	total:	 3.16362e+21	(power	max	497.27	kW)

nu-mode	 1.51309e+21	(47.8278%)
nubar-mode 1.65053e+21	(52.1722%)
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Flux prediction:  
proton beam measurements and 

external hadron production 
measurements

Neutrino interactions model: 
tuned using external data
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T2K replica target

Fluxes known with uncertainties smaller than 10% based on 
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Dominant systematics due to the hadron interactions modeling
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Relevant 𝜈 interactions at T2K

Ciro Riccio, Naples U. & INFN | FPCapri2018

FHC ⌫µ Flux (arbitrary norm.)NEUT 5.3.6, �⌫µch (E⌫)

CC-Total

CC-RES

CC-1p1h+2p2h

NC-Total NC-RES

T2K: ND o↵-axis

[1707.01048] B.F.

Super-K oscillated

E⌫ (GeV)

1 2 3 4 5

�
(
E

⌫
)
/E

⌫
(
1
0
3
8
c
m

2
n
u
c
le
o
n
�
1
G
e
V

�
1
)

0

1

2

3



 13

Relevant 𝜈 interactions at T2K

𝜈𝜇 𝜇-

W+

n p

CCQE 
(Charged-Current Quasi-Elastic)

Ciro Riccio, Naples U. & INFN | FPCapri2018

FHC ⌫µ Flux (arbitrary norm.)NEUT 5.3.6, �⌫µch (E⌫)

CC-Total

CC-RES

CC-1p1h+2p2h

NC-Total NC-RES

T2K: ND o↵-axis

[1707.01048] B.F.

Super-K oscillated

E⌫ (GeV)

1 2 3 4 5

�
(
E

⌫
)
/E

⌫
(
1
0
3
8
c
m

2
n
u
c
le
o
n
�
1
G
e
V

�
1
)

0

1

2

3



 13

Relevant 𝜈 interactions at T2K

𝜈𝜇 𝜇-

W+

n p

𝜈𝜇

n

W+

𝜇-

∆++

p

𝜋+

CCQE 
(Charged-Current Quasi-Elastic)

CCRES 
(Charged-Current  

Resonant pion production)

Ciro Riccio, Naples U. & INFN | FPCapri2018

FHC ⌫µ Flux (arbitrary norm.)NEUT 5.3.6, �⌫µch (E⌫)

CC-Total

CC-RES

CC-1p1h+2p2h

NC-Total NC-RES

T2K: ND o↵-axis

[1707.01048] B.F.

Super-K oscillated

E⌫ (GeV)

1 2 3 4 5

�
(
E

⌫
)
/E

⌫
(
1
0
3
8
c
m

2
n
u
c
le
o
n
�
1
G
e
V

�
1
)

0

1

2

3



 13

Relevant 𝜈 interactions at T2K

𝜈𝜇 𝜇-

W+

n p

𝜈𝜇

n

W+

𝜇-

∆++

p

𝜋+

𝜈𝜇 𝜇-

p,n

W+

} n,p
X

CCQE 
(Charged-Current Quasi-Elastic)

CCRES 
(Charged-Current  

Resonant pion production)

CCDIS 
(Charged-Current Deep  

Inelastic Scattering)

Ciro Riccio, Naples U. & INFN | FPCapri2018

FHC ⌫µ Flux (arbitrary norm.)NEUT 5.3.6, �⌫µch (E⌫)

CC-Total

CC-RES

CC-1p1h+2p2h

NC-Total NC-RES

T2K: ND o↵-axis

[1707.01048] B.F.

Super-K oscillated

E⌫ (GeV)

1 2 3 4 5

�
(
E

⌫
)
/E

⌫
(
1
0
3
8
c
m

2
n
u
c
le
o
n
�
1
G
e
V

�
1
)

0

1

2

3



 14

Nuclear effects
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reconstruction

Neutrino Energy reconstructed 
using CCQE hypothesis
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Expectation at SK
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Expectation at SK

𝜈 mode 𝜈 mode
𝜇-like e-like e-like+1𝜋+ 𝜇-like e-like

Total w/o ND280 14.5% 17.1% 22.0% 12.2% 14.6%

Total w/ ND280 4.9% 9.6% 18.7% 4.3% 7.9%
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ND280 constraints are crucial for oscillation analysis precision

Preliminary Preliminary
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SK reconstruction 

Samples New SK selection Old SK selection
Purity Purity

𝜇-like 𝜈 mode 80% 68%
e-like 𝜈 mode 81% 81%

e-like+1𝜋+ 𝜈 mode 79% 72%
𝜇-like 𝜈 mode 80% 71%
e-like 𝜈 mode 62% 64%

To wall
Track

Wall

• New reconstruction algorithm is used for SK 
• It combines time and charge likelihood for a given ring hypothesis 
• New definition of fiducial volume combining distance of the vertex 

from the wall and direction to the wall (previously only distance 
from the wall was used)  

• ~30% more statistics for ν-mode e-like samples  

• ~20% more statistic for ν-mode e-like  

• Better purity for µ-like samples by reducing NC background 
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Observed events at SK

Observed 𝛿 = -𝜋/2 𝛿 = 0 𝛿 = +𝜋/2 𝛿 = 𝜋

e-like 𝜈 mode 75 73.8 61.6 50.1 62.2

e-like+1𝜋+ 𝜈 mode 15 6.9 6 4.9 5.8

e-like 𝜈 mode 9 11.8 13.4 14.9 13.2
𝜇-like 𝜈 mode 243 268.5 268.2 268.4 268.8

𝜇-like 𝜈 mode 102 95.5 95.3 95.5 95.7
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Observed events at SK

Observed 𝛿 = -𝜋/2 𝛿 = 0 𝛿 = +𝜋/2 𝛿 = 𝜋

e-like 𝜈 mode 75 73.8 61.6 50.1 62.2

e-like+1𝜋+ 𝜈 mode 15 6.9 6 4.9 5.8

e-like 𝜈 mode 9 11.8 13.4 14.9 13.2
𝜇-like 𝜈 mode 243 268.5 268.2 268.4 268.8

𝜇-like 𝜈 mode 102 95.5 95.3 95.5 95.7

T2K data prefer 𝛿 = -𝜋/2: maximize 𝜈e 
appearance and minimize 𝜈e appearance
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Observed events at SK

Observed 𝛿 = -𝜋/2 𝛿 = 0 𝛿 = +𝜋/2 𝛿 = 𝜋
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Observed events at SK

Observed 𝛿 = -𝜋/2 𝛿 = 0 𝛿 = +𝜋/2 𝛿 = 𝜋

e-like 𝜈 mode 75 73.8 61.6 50.1 62.2

e-like+1𝜋+ 𝜈 mode 15 6.9 6 4.9 5.8

e-like 𝜈 mode 9 11.8 13.4 14.9 13.2
𝜇-like 𝜈 mode 243 268.5 268.2 268.4 268.8

𝜇-like 𝜈 mode 102 95.5 95.3 95.5 95.7

In 𝜈-mode the deficit of 𝜇-like events is 
compatible with statistical and 

systematic uncertainties 

T2K data prefer 𝛿 = -𝜋/2: maximize 𝜈e 
appearance and minimize 𝜈e appearance
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T2K data compatible with maximal mixing

Oscillation results (θ23, |∆m232|, θ13, δCP)
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w/o reactor constrain

Preliminary

Parameter Best Fit NH (HI) ±1𝜎 NH (IH)

sin2𝜃32 0.54 (0.54) [0.490,0.567 ] ([0.495,0.567 ])

|∆m232| (10-3eV2/c4) 2.43 (2.41) [2.370,2.498] ([2.347,2.472])

sin2𝜃13 0.0268 (0.0305) [0.0222,0.0319]([0.0253,0.0369])
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δCP measurement 
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T2K data prefer values of δCP ~-π/2 mostly driven by the large 
number of events observed in the e-like sample in neutrino mode
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δCP measurement 
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T2K data prefer values of δCP ~-π/2 mostly driven by the large 
number of events observed in the e-like sample in neutrino mode
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δCP = 0,𝜋 fall outside 2𝜎 interval
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Cross section measurements 
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Cross section measurements 
Neutrino scattering understanding is crucial for the interpretation of neutrino 
oscillation since it affects background estimation and energy reconstruction.
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Cross section measurements 
Neutrino scattering understanding is crucial for the interpretation of neutrino 
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Cross section measurements 
Neutrino scattering understanding is crucial for the interpretation of neutrino 
oscillation since it affects background estimation and energy reconstruction.

One of the largest systematic uncertainties in neutrino oscillation comes 
from neutrino interaction uncertainty.

T2K has a wide cross section measurement program
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FIG. 9. A comparison of the CC0⇡ water cross section against two Martini model predictions on carbon, one with 2p2h
contributions and one without.

𝜈𝜇 CC0𝜋 on water in the P0D
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FIG. 9. A comparison of the CC0⇡ water cross section against two Martini model predictions on carbon, one with 2p2h
contributions and one without.
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FIG. 9. A comparison of the CC0⇡ water cross section against two Martini model predictions on carbon, one with 2p2h
contributions and one without.

Cross section measurements 
Neutrino scattering understanding is crucial for the interpretation of neutrino 
oscillation since it affects background estimation and energy reconstruction.

One of the largest systematic uncertainties in neutrino oscillation comes 
from neutrino interaction uncertainty.

T2K has a wide cross section measurement program
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𝜈𝜇 CC Inclusive on CH at ND280

• Next generation measurement 
• Increased angular acceptance for high-angle 

and backward-going muons using the timing 
information between the sub-detectors 

• Increased purities and efficiency

Ciro Riccio, Naples U. & INFN | FPCapri2018
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Table 12: Percetage of ⌫µCC-µ events in each sample depending on the selection step
(NEUT=left and GENIE=right).
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(red), backward (green), high angle forward (blue), high angle backward (pink) and total
(black). Empty dots indicate total contribution for GENIE.
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𝜈𝜇 CC Inclusive on CH at ND280

• Next generation measurement 
• Increased angular acceptance for high-angle 

and backward-going muons using the timing 
information between the sub-detectors 

• Increased purities and efficiency

Ciro Riccio, Naples U. & INFN | FPCapri2018
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Table 12: Percetage of ⌫µCC-µ events in each sample depending on the selection step
(NEUT=left and GENIE=right).
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(black). Empty dots indicate total contribution for GENIE.
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𝜈𝜇 CC0𝜋 using 𝜇+p kinematics at ND280

 25Ciro Riccio, Naples U. & INFN | FPCapri2018

CC0𝜋 cross section in muon and proton kinematics can give more and new 
information on nuclear effects



𝜈𝜇 CC0𝜋 using 𝜇+p kinematics at ND280

 25Ciro Riccio, Naples U. & INFN | FPCapri2018
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• 𝜈𝜇 - 𝜈𝜇
 
CC0𝜋 on CH : 

• Joint fit of  𝜈𝜇 - 𝜈𝜇 CC0𝜋 cross section  

• Cross section extracted in 𝜇-kinematics 
• Evaluation of sum, difference and asymmetry

• CC-0⇡ ⌫̄µ flux-integrated double di↵erential cross section;115

• The sum and the di↵erence of the CC-0⇡ ⌫̄µ and CC-0⇡ ⌫µ;116

• The asymmetry between the two cross section, i.e. the ration between the sum117

and the di↵erence.118

The sum isolates the axial-vector interference term of the cross-section, and the119
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• 𝜈𝜇 CC0𝜋 water over carbon ratio: 

• FGD1-FGD2 joint-fit: mitigate the water-carbon migration  
• Cross section extracted via FGD1-FGD2 joint-fit extended binned 

likelihood in 𝜇-kinematics
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Future prospect: T2K-II
T2K was originally approved to collect 7.8x1021 POT driven by sensitivity to θ13
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SK plan to start to dope water with Gadolinium from next year: 

• Enhance neutron detection capability  
• Improves low energy antineutrino detection  
• Provides wrong sign bkg constraint in T2K antineutrino data
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ND280 will be upgraded: 
replace the P0D with an 

horizontal totally active target 
and 2 horizontal TPCs by 2021
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T2K-II physics case
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~3σ sensitivity to CP-violation for 
favorable (and currently favored) 

parameters 

Important to reduce systematics with 
respect to what we have today 

arXiv:1609.04111 

https://arxiv.org/abs/1609.04111
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Conclusions

• T2K released results with 2.8x1021 POT (2/3 𝜈-mode, 1/3 𝜈-mode) 

• New SK reconstruction increased by ~30% the expected number of e-like 
events  

• With these data CP conserving values are excluded at more than 2𝜎 

• T2K near detectors provide a perfect opportunity to make precise cross-
section measurements 

• Collect 7.8x1021 POT by 2020 and then start T2K-phase II 20x1021 POT 

• ND280 upgrade project launched in order to fully profit of the additional 
statistics need to reduce systematics
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Thank you for your attention
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𝜈𝜇 CC0𝜋 using single transverse variables

 33

X.-G. Lu et al.,Phys. Rev. C 94, 015503 (2016)
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.94.015503
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Future prospect: Hyper-Kamiokande

41m

39 m

50 kton

• Far detector for the LBL program: T2HK
• Atmospheric, solar and supernova neutrinos 
• Nucleon decay search

Wide range of phenomena investigated:
Start operation 2026

74 m

60 m
187 kton
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Event generators:

NEUT 5.3.2 GENIE 2.8.0

CCQE

SF (Benhar et al., 2000) 
BBA05 (Bradford et al., 2005) 

MAQE = 1.21 GeV/c2 

pF [12C] = 217 MeV/c 
EB [12C] = 25 MeV

RFG (Bodek et al., 1981) 
BBA05 (Bradford et al., 2005) 

MAQE = 0.99 GeV/c2 

pF [12C] = 221 MeV/c 
EB [12C] = 25 MeV

2p2h Nieves et al., 2011 -

CCRES
W<2 GeV  

Rein-Sehgal, 1981 
FF (Graczyk et al., 2008)

W<1.7 GeV  
Rein-Sehgal, 1981 

FF (Kuzmin et al., 2016)

CCDIS
W>1.3 GeV (w/o single π) 

GRV98 PDF (Glück et al. 1998) 
BY corr. at low Q2 (Bodek et al. 2003) 

W>1.7 GeV (for W<1.7 GeV is tuned)  
GRV98 PDF (Glück et al. 1998) 

BY corr. at low Q2 (Bodek et al. 2005)

Hadronization

W < 2 GeV 
KNO scaling (Koba et al. 1972) 

W > 2 GeV 
PYTHIA/JETSET

W < 2.3 GeV 
AGKY (Koba et al. 1972) 

2.3 GeV < W < 3 GeV 
AGKY (Koba et al. 1972) + PYTHIA/JETSET 

W > 3 GeV 
PYTHIA/JETSET

FSI Intra-nuclear cascade Intra-nuclear cascade 
(INTRANUKE hA)

Event generators: details
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