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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:

e vu beam created by 7"

* Vu beam by z- decay
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The oft-axis near detector (ND280)

Super-K

\ly/ A large dipole magnet (UA1) produces 0.2 T.l

‘ Side muon range detector (SMRD): plastic scintillators
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'An electromagnetic calorimeter (ECal) 1s used to distinguish tracks from showers I
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Nuclear eftfects and detector acceptance

Nucleons bound 1n the nucleus = Nuclear effect! I

Y, 7% Y, H v H

Fermi
! motion

Increase acceptance and reduce the dependence from the
cross-section modeling measuring interaction topologies
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H
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p
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T2K\ cross section measurements

* Previous CCO-7t cross sections extracted as function of muon

and/or proton kinematics and using different targets (CH or H20)

 Such measurements start to show how relevant are nuclear
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.112012
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032003

How can we improve our knowledge?
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How can we improve our knowledge?

(Anti)neutrino and interactions differ by the sign of the V-A interference term.
The relative weight of the different nuclear responses and the relative role of

- the multi-nucleon ejection are different
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| nucleon ejection

Martini and collaborators (Phys. Rev. C 91, 035501) compared their
J prediction with MiniBooNE neutrino-antineutrino sum and difference.

At T2K we performed a combined analysis of v, and vy,

B CC-0rx cross sections onCH

L
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Cross section analysis strategy
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See Stephen

Cross section analysis strategy . vux

Perform an extended binned likelihood fit to the number of selected events as
a function of the muon momentum and scattering angle simultaneously for
muon neutrino and antineutrino.

reco bins . . ]\[1/M obs
J J
reco bins v, obs
_|_ Z ( I/u obs —l— Nl//u obs ln N;'\TVM ) \_/Sﬂmple
J

+ Z p _ pprior chso};St) (p pprlor)

Ciro Riccio, Naples U. & INFN | Nulnt 18

11



See Stephen

Cross section analysis strategy . vux

Perform an extended binned likelihood fit to the number of selected events as
a function of the muon momentum and scattering angle simultaneously for
muon neutrino and antineutrino.

reco bins NI/M obs
1/ obs v, obs 7
X* = Xetat + Xoyst = E - NS+ NS N v sample
J
reco bins v, obs
4 2 : I/M obs 1 NI/M obs In Nj . ) \_/Silmple
v
Nj

+ Z p _ pprior chso};St) (p pprlor)

Expected number of events N(f,x,d,c) I
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Cross section analysis strategy . vux

Perform an extended binned likelihood fit to the number of selected events as
a function of the muon momentum and scattering angle simultaneously for
muon neutrino and antineutrino.

reco bins NVM obs
V obs v, obs '
X* = Xerar + Xoyst = E - NS+ NS ;V”“ v sample
- J
reco bins NDM obs
4+ Vu obs 4 NV“ obs In J _ vsample
Z NY
= 7

+Z B — Borior) (V)™ (5 — Fovior)

- Expected number of events N(f,x,d,c) I Observed number of events I
First two terms characterize how well the MC matches the data I

Last term penalizes fit for moving systematic parameters far from their nominal

Combined analysis allows to reduce the systematics

uncertainties: correlations between v and v
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Extracted measurements
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Extracted measurements

« Double differential CC-0r v,and v, flux integrated cross section

dO—VM NV CC-0m dO-DM NP CC-07

nucleons nucleons

dpdcosf  ern®de NEFY.  ApAcosf dpdcos@®  e”n®?» NFV.  ApA cosf
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Extracted measurements

« Double differential CC-0r v,and v, flux integrated cross section
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v, selection strategy

High angle High angle
Backward Forward

Magnet SMRD
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v, selection strategy

High angle
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Magnet SMRD
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u mTPC pin
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u m FGD p in
TPC
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Signal distributions
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Signal efficiency

Efficiency

Efficiency
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Data VS MC generators
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Data VS MC generators

Total Uncertainty (stat+syst)

Statistical Uncertainty

NEUT 5.3.2
---------------- GENIE 2.8.0
0.9 < cosH;** < 0.94
x107%°

gFE 1 T ]
TR : . ]
> 6 2 for all the bins (dof 58) ]
o |O . NEUT 5.3.2 x2=120.55 -
5 § T — GENIE 2.8.0 2= 128.82
E : .
1I__.C3. 2 - | == § ]
> | I i T T A | ]
gé oty o i -
gla” LE Difference
B | | | | | | | | | |

0.0 02 04 06 08 1.0 1.2 14 16 1.8 20
pH“e [GeV/c]

Ciro Riccio, Naples U. & INFN | Nulnt 18

0.9 <cosf;°<0.94 TI2K preliminary

x107%
L L L L L L L B L B BN BRI
o fg 3 Sum 2 for all the bins (dof 58)
E 16 = NEUT 5.3.2 42 = 187.04 1
€l e 14 = e GENIE 2.8.0 2 = 280.10 3
°l8 = E
s 12p 1-” i E
e 10 & E
| = - ]
bl 8 F _
S| & 6 . E
+|Q = E Spepepepep— 3
- [© - e =
ol 4E E
oI S e =
O:...|...|...|...|...|...|...|...|...|...—
0.0 02 04 06 08 10 1.2 14 16 1.8 2.0
pH“e[GeV/c]
0.9 < cosb;*® < 0.94
-3 L R R
o Asymmetry

0.5

Asymmetry
o
o

2 for all the bins (dof 58)
NEUT 5.3.2 %2 = 92.00

................ GENIE 2.8.0 ¥ = 88.98

IIII|IIII|IIII|III|LIII|IIII|

.5...I...I...I...I...I...I...I...I...I...
0.0 0.2 04 06 08 1.0 1.2 1.4 16 1.8 20
pH“e[GeV/c]

18



Total Uncertainty (stat+syst)

Data VS Martini et al.

! Systematic Uncertainty
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Data VS Martini et al.
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Conclusions
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Conclusions

e Nuclear effect are difficult to measure, but new and more accurate
measurements will help

e Neutrino-antineutrino cross section differences can shed light on the
multi-nucleon ejection

¢ T2K has performed a neutrino-antineutrino CC-0m cross sections
combined analysis, reporting also the sum, the difference and the
asymmetry

e This result will be compared also with other generators and models
in order to highlight the differences 1n the generators

e Stay tuned for more comparisons!
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Event generators: details

NEUT 5.3.2

GENIE 2.8.0

SF (Benhar et al., 2000)
BBAO5 (Bradford et al., 2005)

RFG (Bodek et al., 1981)
BBAO5 (Bradford et al., 2005)

BY corr. at low Q2 (Bodek et al. 2003)

CCQE MaQE = 1.21 GeV/c? MaQE = 0.99 GeV/c2
pr [12C] = 217 MeV/c pr [12C] = 221 MeV/c
Eg [12C] = 25 MeV Eg [12C] = 25 MeV
2p2h Nieves et al., 2011 -
W<2 GeV W<1.7 GeV
CCRES Rein-Sehgal, 1981 Rein-Sehgal, 1981
FF (Graczyk et al., 2008) FF (Kuzmin et al., 2016)
W>1.3 GeV (w/o single 1) W>1.7 GeV (for W<1.7 GeV is tuned)
CCDIS GRV98 PDF (Gluck et al. 1998) GRV98 PDF (Gllck 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 <23 GeV
AGKY (Koba et al. 1972)
2.3GeV < W <3 GeV
AGKY (Koba et al. 1972) + PYTHIA/JETSET
W >3 GeV
PYTHIA/JETSET

FSI

Intra-nuclear cascade

Intra-nuclear cascade
(INTRANUKE hA)
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Signal region: 2D efficiency

True Muon cos6
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Control samples I
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Control samples 11

T2K prehmlnary
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Analysis Strategy

Select V., and v, CCOrx 1interactions

Flux mode]ing Detector modeling

Extract the cross sectionsl

Pion and proton FSI modeling

Cross section modeling
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Analysis Strategy

reco bins NVM obs
2 _ 2 2 _ YV v, obs v,, obs j
X = Xstat T Xsyst — Z 2 Nj B Nj + Nj In NVM v Sample
j J
reco bins v, obs
4 ?u B Nﬂu obs 4+ Nﬂu obs In Nj _ Vsample
J J N”u
j J

Nj =

+ Z (ﬁ_ ﬁprior ‘/;S;)}ft) (p pprlor)

s S

model

NMC v, CC-Om H V“C’C’ O

1

_|_

’L

true bins model
[C’LVM NMC v, CC-0m H I/MCC Om 4

S

bkg reactions model Ey, or o,

Z NMC bkg k H ?,U tdet Z " fn
k
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Binning definition

The binning choice as been driven by the following requirements:

 Avoid big fluctuations in the statistical uncertainties

* The bin width must be always greater than the resolution of the
variables under consideration.

» Have transfer matrix diagonal as much as possible

T2K preliminary

B a1
o o

W
o

N
o

—_
o

True bins (p,.cosd,)

Reco bins (p,.cos6,) Reco bins (p,.cos6,)
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Analysis binning

Bin index | cosf, |p, |GeV/c|
0 -1,0.2 0, 30
1 02,06 0,0.3
2 02,06 0.3,04
3 02,06 0.4, 0.5
4 02,06 0.5, 0.6
5 02,06 0.6, 30
6 0.6, 0.7 0,0.3
7 0.6, 0.7 0.3,04
8 0.6, 0.7 0.4, 0.5
g 0.6, 0.7 0.5, 0.6
10 0.6, 0.7 0.6, 0.8
11 0.6, 0.7 0.8, 30
12 0.7,08 0,0.3
13 0.7,0.8 0.3,04
14 0.7,08 0.4, 0.5
15 0.7, 0.8 0.5, 0.6
16 0.7,08 0.6, 0.8
17 0.7,08 0.8, 30
18 0.8, 0.85 0,03
19 08,085 03,04
20 08,08 | 04,05
21 08,085 | 05,06
22 08,085 | 06,08
23 08,085 | 08, 1.0
24 0.8, 0.85 1.0, 30
25 0.85,09 0,03
26 085,09 03,04
27 085,09| 04,05
28 085,09 05,06

Bin index [ cosfl, |p, |GeV/c|
29 0.85,09 0.6, 0.8
30 0.85, 0.9 0.8, 1.0
31 0.85,0.9 1.0, 1.5
32 0.85, 0.9 1.5, 30
33 0.9, 0.94 0,04
RY 0.9, 0.94 0.4, 05
35 0.9, 0.94 0.5, 0.6
36 0.9, 0.94 0.6, 0.8
37 09,094 | 08, 1.25
38 09,094 | 125 20
39 0.9, 0.94 2.0, 30
410 0.94, 0.98 0,04
11 094,098 [ 04,05
12 094,098 | 05,06
413 094,098 [ 06, 0.8
44 094,098 | 0.8, 1.0
45 094,098 | 1.0,1.25
16 094,098 [ 1.25, 1.5
A7 094,098 [ 15,20
18 094,098 [ 20,3.0
19 094,098 | 3.0,30
50 0.98, 1.0 0,05
51 0.98, 1.0 0.5, 0.7
52 0.98, 1.0 0.7, 09
53 098,1.0 | 09,125
54 098, 1.0 | 1.25 2.0
55 0.98, 1.0 2.0, 3.0
56 0.98, 1.0 3.0, 5.0
57 0.98, 1.0 5.0, 30
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Uncertainties propagation and impact

Statistical uncertainty: vary the number of reconstructed events in each bin
accordingly with a Poissonian obtaining a pseudo data sample that 1s
itted. Then the error 1s the RMS of the distribution of the results of the fit.

Systematics uncertainty: varying many times the parameters
associated with systematic sources accordingly with their covariance
matrices, 1t 1s possible to obtain a pseudo data sample that 1s fitted.
Then the error 1s the RMS of the distribution of the results of the fit.
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T2K preliminary
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T2K preliminary

-1 <c0s6 <0.2

S
o
=107
o
©
510 ¢ :
2
O
©
S
Lw10°F :
10 ul ul aaal
1072 107 1 10
v
P [GeV/c]
0.85 <co0sH < 0.9
reey rr—r—rrrrmy
1 - -
p -
o
=10
o LW -
©
810—2 r E
2
O
©
S
L10°F :
10 ul ul anal
1072 107 1 10
YIG
P eV/c
true

error v Cross section

0.2 <cos6 < 0.6

H

0.6 <cos6 <0.7

T[T T T T[T T TTTm

1F
S
e)
S0k
)
E
c)10’2 r
2
O
©
S
TR [ong
10 aaal aaal ul
1072 107 1 10
¥ [GeV/c
ptrue [ ]

0.9 <cosb <0.94

-
<
il

WAL |

TTT-T Ty

Fractional error
o

10°F

1072 107" 1 10
" [GeV/c
ptrue [

p -
O |"|
=10k J
o
= .
Sto2r
2
O
©
} -
1o’ f
104 ul ul aaal
1072 107 1 10
w
Pr e [GeV/c]
0.94 < cosb < 0.98
yrp rrr——rrrrmy
1 - -
p -
e)
=10k
5 =]
© .
5102 ¢ 3
2
O
©
p -1
TR [ong § :
10 ul ul anal
1072 10~ 1 10
YIG
P eV/c
true

0.7 <cos6 <0.8

p -
[e)
p -
p -
0)
E
ol 02r 7
2
O
©
S
TR[ong § :
10 aaal ul ul
1072 107 1 10

w
P [GeV/c]

0.98 <cosH < 1.0

1072 ¢

actignal error
o

1o | :
10 anal ul ul
1072 107" 1 10
p" [GeV/c
true

Ciro Riccio, Naples U. & INFN | Nulnt 18

0.8 <cos0 <0.85

p -
[e)
0)
E
010’2 r 3
2
O
©
S
TRlong 4 :
10 ul aaal ul
1072 107 1 10
“ [GeV/c
ptrue [ ]

Data Statistical Uncertainty
Flux+Background+Pion FSI
Detector

Signal Modeling

Proton FSI

Mass

34



v cross section VS NE

H

]

cm?
nucleon GeV/c

[

do
dpudcosau

T2K preliminary

Total Uncertainty (stat+syst)

Systematic Uncertainty

NEUT 5.3.2 52 = 522.55

03 04 05 06 07 08
pgue [GeV/c]
0.9 < cost*® < 0.94

x107%°
Ee

LA L B B B B B L B

| | | | | | | | |

O e e b b b b b b a1
0.0 02 04 06 08 10 1.2 14 16 18 20

pturue [GeV/c]

cm?

dp dcos8, 'nucleon GeV/c'
W u

do

cm?

dp dcos8, ‘nucleon GeV/c'
u w

do

cm?

dp dcosb, ‘nucleon GeV/c’

do

w

—_
o

-
N

—_
o

nN A OO @

0
0

P - N WA~ N ®O

of

x107°
L1

0.2 < cost** < 0.6

T

LI

P IR

P TR R R |

[ el

TR

0.4

P R
05 06
p:“e [GeV/c]

P

i

gl-n-H

|
.0 0.1

02 03 04 05 0.6 0.7 08 09 1.0

0.94 < cosf;"° < 0.98

p:“e [GeV/c]

LA AR AR AR RN AR RN EARRN AR

_39
x10
=

T T

L B

ol b b b b b b b

m

of
6]

1.5

2.0

2.5 3.0

pturue [GeV/c]

cm?

dp dcos6, ‘nucleon GeV/c

do

u

cm?

dp dcos6, ‘nucleon GeV/c’

do

dpudcoseulnucleon GeV/c'

Y
N

_ a -
o N A

UT and GENIE

*Last bin in momentum does not shown

x107°
LB L B L L L L B B
10F =
8 +LL 7
6 1 E
4 .
: P
S R E
g J) SN I EVEN AP SIS I AR B ]
00 01 02 03 04 05 06 07 08
pH“e[GeV/c]
0.85 < cosf;"® < 0.9
%107
L ¥
8 =
6 -
4 -
2 S =
0 L Aklkkklkj
0. 12 1.4

pH“e [GeV/c]

o e b b b b s

0
0.0 05 1.0 15 20 25 3.0 35 4.0 45 50

pturue [GeV/c]

Ciro Riccio, Naples U. & INFN | Nulnt 18



VM cross section VS NEUT and GENIE

*Last bin in momentum does not shown
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um VS NEUT and GENIE

*Last bin in momentum does not shown
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Difference VS NEUT and GENIE

*Last bin in momentum does not shown
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mmetry VS NEUT and GENIE

*Last bin in momentum does not shown
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v cross section VS Martini et al.
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Vﬂ cross section VS Martini et al.

*Last bin in momentum does not shown
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um VS Martini et al.
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Difterence VS Martini et al.

*Last bin 1n momentum does not shown
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S

Asymmetry

Asymmetry

mmetry VS Martini et al.

*Last bin in momentum does not shown

T2K preliminary

\ Total Uncertainty (stat+syst)
\ Systematic Uncertainty

Martini et al (w/o 2p2h)

Martini et al
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Post-fit signal
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Post-fit signal
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Control region I: CC-1r
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Control region I1: CC-Other
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