Neutrino / anti-neutrino

single T production
( Experiments )

Yoshinari Hayato ( Kamioka, ICRR, Univ. of Tokyo )



Introduction

Neutrino and anti-neutrino induced & production

Pre-dominant interaction in a few GeV region

Signal or background of
long baseline neutrino oscillation experiments

Major background in the nucleon decay search

Neutrino cross-section

A Schukraft, G. Zsller
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Introduction
Proton decay signal
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Bubble chamber experiments ( 1970’s ~ 1980’s )

Neutrino induced single © production

H, or D, target ~ Bubble chamber experiments
ANL and BNL measured cross-section at rather low energy
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BEBC and FNAL measured
at higher energy
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Bubble chamber experiments ( 1970’s ~ 1980’s )

Anti-neutrino induced single  production

H, or D, BEBC and FNAL
CF;Br GGM and SKAT
Vyn - pnm V,p - upn” vV, pounn
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Alternative calculation of 17t production cross-sections

Model is implemented by M. Kabirnezhad
Adapt for Neut by C. Wret

* The new model includes resonant (Rein-Sehgal model) and non-resonant
interactions (5 diagrams from Hernandez et.al ) coherently!
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E. Hernandez, J. Nieves and M. Valverde,
Phvs. Rev. D 76 (2007} 033005

* We need to define a common framework to calculate
the helicity amplitudes, Isobaric system. i

b=k,
« The main challenge is to calculate helicity amplitudes of N . ky:neutrino momentum
the above diagrams in this frame. [~ =4/ ks lepton momentun

e It is suitable for neutrino generators.

* The new model output is g  /dW d0*d Q _

;fh > ;f..z} P4 j\\,
pion angles are part of cross-section!
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The main effects of nonresonant bkg is for pion angles due to the interference terms
with resonances! !

( Slide by M. Kabirnezhad )




Comparisons of 1m production cross-sections
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Comparisons of 1m production cross-sections

New 1 model is implemented
by M. Kabirnezhad
Adapt for Neut by C. Wret

Interaction cross-sections are similar for neutrinos
but quite different ( ~ 30% ) for anti-neutrino.
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Neutrino induced single © production
Charged current @ MiniBooNE ( CH, target )

MiniBooNE detector

800 ton CH, detector
Signal region
1280 8inch PMTs

Signal Region

Veto Reglon

Veto region
AR, 240 8inch PMTs
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Neutrino induced single © production data
Charged current @ MiniBooNE ( CH, target )
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Neutrino induced single © production data
Neutral current 1° @ MiniBooNE ( CH, ) and SciBooNE (CH )
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Neutrino induced single © production data
Neutral current 1° @ K2K 1kt Water Cherenkov detector ( H,0 )

momentum and direction of 7t°
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Neutrino induced single © production data
Charged current mtproduction @ MINERNA ( CH target )
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Neutrino induced single © production data

Charged current m¥production @ MINERNA ( CH target )
W < 1.8 GeV/c2
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Neutrino induced single 7t production data
Charged current m¥production @ MINERnA ( CH target )w < 1.8 Gev/c2

50

I
o

[ )
o
I|IIII|III

na
o

do/dp, (1 o*0 nrranunIemfGeWn}
o

140

120

3

Illlllllllll

80

60

40

20

do/dQ? (10*° cm?nucleon/GeV?)

00 02 04 06 0.8

(@v,+CH—w+m"+X __,  Data(3.04e20 POT)
POT Nomalized - Coherent
Delta resonance
I Other resonances
I Non-Resonant

PRD 94,
052005 (2016)

=
M
[

4 5 5] 7 8 g9
Muon Momentum (GeV/c)

@V +CH=w+m+X __,  Data(3.04e20 POT)
POT Normalized B Coherent
Delta resonance
I Other resonances
B Non-Resonant

]IIIIII'JA_'

1.0
Q? (GeV?)

12 14 16

1.8 2.0

Mg
o
=

150

100

W

n
o

o(E ) (10*° cmP/nucleon)

=]
2
B g
5
o
]
ER
=
° 4
g
=
= o
3

0 1 2 3 4 5 6 7 8 9

(@ vy+CH—opw+m*+X .  Dpata(3.04e20 POT)
POT Normalized I Coherent
Delta resonance
I Other resonances
I MNon-Resonant

HaH
Hi#H
H=H

0 5 10 15 20 25
Muon Angle (deg)
(@ vy +CHop+m+X 4 Dpata (3.04e20 POT)
I Coherent

Delta resonance
I Other resonances
I Mon-Resonant

POT Normalized

10
Neutrino Energy (GeV)



Neutrino induced single © production data
Charged current mEproduction @ MINERNA ( CH target ) w < 1.8 Gev/c?
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Results from NuWro agrees quite well
but the observed energy is slightly softer than the prediction.
Neut predicts much larger # of events and
the structure may indicate larger contributions
from resonance production.



Neutrino induced single  production data A. Ramirez @ NuINT17
Charged current m%production @ MINERNnA ( CH target )
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Neutrino induced single © production data

A. Ramirez @ NulNT17

Charged current m%production @ MINERNA ( CH target )
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Neutrino induced single © production data
Charged current ¥ production @ T2K ( H,O target )

i full ) Y(mm)_:(mm) 2%9.61 mm +33.06 mm
T2K uses 2 FGD, one is fully active i NENERERERERE:
and the other has water layer. N t| A e
5510
——————————————— I 81931 9745 L |
Off axis ! sl e STEIATA BT T3
l 7 xy + 6 water modules 2
192x2 bars/layer
[474.045 mm 1806.955 mm

Wl detectors |
r—-‘_J‘F Pl BT - KIEPS | § i e if | e B ML - 8 S 1130 | UTE ™ D EES]

M
i I




Neutrino induced single © production data
Charged current ¥ production @ T2K ( H,O target )
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Neutrino induced single © production data
Charged current = production @ T2K ( H,O target )
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Neutrino induced single © production data
Charged current ¥ production @ T2K ( H,O target )
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FIG. 4. Unfolded v, CCln™ differential cross sections as a function of pion kinematics (top). muon kinematics (center),
cos(f, +y) (bottom left) and E7*° (bottom right) in the reduced phase-space of p,+ > 200 MeV/c, p, > 200 MeV/e, cos(6,+) >
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Interestingly, NEUT gives smaller cross-section
compared to GENIE in T2K.

May be due to the event selection ( selection of the final state ).



Neutrino induced single © production data
Charged current m*production @ ArgoNeut ( Ar target )
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Neutrino induced single © production data

Charged current m*production @ ArgoNeut ( Ar target )
muon momentum: muon angle
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Anti-neutrino induced single t production data
Charged current m%production @ MINERVA ( CH target )
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Anti-neutrino induced single t production data
Charged current m%production @ MINERVA ( CH target )

m

do/dp (10*° cmé/nucleon/GeV/c)

do/dQ? (10* cmé/nucleon/GeV?)

7

o

25

20

15

10

00 02 04 06 08
Q? (GeV?)

0 1 2 3 4 5 6 7 8 9

)V, + CH—p* +n% + X
POT Normalized —4— Data (2.01e20 POT)

Delta resonance
I Other resonances

I Non-Resonant

Muon Momentum (GeV/c)

(o) Vu + CH— u* + 1%+ X
POT Normalized

3

—4— Data (2.01e20 POT)
Delta resonance

I Other resonances

I Non-Resonant

T 1
H—a—H

1.0 1.2 14 16

10

1.8 2.0

do/do, (1 0% em?nucleon/deg)

o (E,) (10*° cm?/nucleon)

1.2

1.0

0.8

0.6

0.4

0.2

40

30

20

10

0 5

(b) V, + CH— p* +n0 + X
POT Mormalized

i

—4— Data (2.01e20 POT)
Delta resonance

B Other resonances

I Non-Resonant

10
Muon Angle (deg)

15 20

25

[ )V, +CH—p*+n+ X
POT Nomalized

—4— Data (2.01e20 POT)
Delta resonance

I Other resonances

I Non-Resonant

0 1 2 3 4 5 6 7 8 9

Neutrino Energy (GeV)

10



Anti-neutrino induced single t production data
Charged current m%production @ MINERVA ( CH target )
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Results from GENIE agrees quite well.

The other two generators seem to be not so bad.
GENIE with FSl is larger than without FSI.

The conversions from charged pions have large effect.



Anti-neutrino induced single t production data
Charged current m~ production @ MINERVA ( CH target )
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Anti-neutrino induced single t production data

Charged current m¥production @ ArgoNeut ( Ar target )
muon momentum muon angle
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Summary

There were few ( low energy ) anti-neutrino pion production data.
Future neutrino oscillation experiments needs to reduce
uncertainties of anti-neutrino pion productions.

There are several new neutrino / anti-neutrino induced
1 t production data.

However, we need careful treatments of the data
because the target material are nucleus and also,
energy ranges are rather wide.

Also, event selection criteria ( or definition of the signal )
are quite different from experiment to experiment.

Comparisons the cross-sections of Carbon, Oxygen and Argon
may be useful to understand the nuclear effects of pions.






vy (10-37cm2/Ar) vy (10-38cm2/Ar)

a0 2,7+0.5(stat)+0.5(syst) 8.6+0.9(stat)+0.9-1.1(syst)

3.8 13.3
NuWro 3.3 11.0
2.6 7.3
3.5 1.4

Tingjun Yang (Fermilab) for the ArgoNeuT Collaboration

June 27, 2017
NuIlNT 2017, University of Toronto
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