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The T2K experiment and motivation
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T2K Measures neutrino oscillations
/vy disappearance and Ve /v, appearance, the oscillation
parameters 043, 0,3, and 8¢p.

T2K s sensitive to the wmass hierarchy (Am3,) through
matter effect.
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Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

Mt. Ikeno-Yama
1,360 m
1,700 m below sea level

Neutrino Beam

295 km

Measure un-oscillated spectrum

Are used to constrain the flux and cross section parameters reducing the systematics
errors in the T2K oscillation analyses.
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Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

Mt. Ikeno-Yama
1,360 m

1,700 m below sea level

Neutrino Beam

: 295 km

Off-axis (2.5 degrees) ND280 PGDs

n° Detector (P@D): neutral pion detector, optimized for NC interactions.

Neutrino

Barrel ECal PAD ECal

Time Projection Chambers (TPCs): energy, angle and identification

Fine grained detector (FGDs): active target

« FGDL1: Hydrocarbon and FGD2: Hydrocarbon + Water

Electromagnetic Calorimeters (ECals): separate tracks from showers and as veto.

Side Muon Range Detector (SMRD): energy of muons based on the range and as veto.

Magnet: charge of the particles and momentum.
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Why we look at ND280 4rt solid angle acceptance?

Different flux, target and solid angle acceptance.
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Neutrino oscillation parameters require a precise knowledge of the interaction cross section
and the systematic errors are currently dominated by cross section and flux uncertainties.

Number of events/(125 MeV)

Why measure the v,CC1n™" cross-section?

Cross sections are used to:

50

40

30

20

10

understand how neutrinos interact with matter.
control the bias on the reconstructed energy

reduce uncertainties on the event rate at Super-Kamiokande.
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. VMCC11'[+ events constitute the main

background for the v, disappearance
measurement.

e CC1Tt* events (2 rings) is a new signal at
SK.

* Pion production is dominated by resonant
interactions in the T2K energy range.

Single pion production issues

* Missing models of nuclear effects.

3000 * No consistent way to model RES/DIS

transition.
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Neutrino-nucleus interactions

s Elastic
Scattering

Pion Production

As consequence, the kinematics and/or
interaction topology can be altered.

CCQE: vy+n = p~ +p
CCRES: v, +p » u~ +p+m’
vpy+n - u”+n+mt
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Selection

ils
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ND280
Events

general event quality
multiplicity

time of flight
fiducial volume

Selection steps

direction of the main track

apply PID for muons

. Pion multiplicity .

Additional steps for

improving the purity of
the samples
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Performance: CC1nt™ signal
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Avalysis overview

oilh®
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Target:
 Hydrocarbon (CgHg) — carbon

Signal definition

Analysis Goal: Measure the wmuon veutrine charaed current
siwale positive pion interaction differewtial cross-section
using wmuon and pion kinematics.

Signal: Side bands or control regions:
e CClmt: e CClmt 1Tt e CCImT 1m0 :
e one negatively charged muon, « one negatively charged muon, « one negatively charged muon,
« one positively charged pion, « one positively charged pion, « one positively charged pion,
* no other pions, - one other charged pion, « one other neutral pion,
« any number of nucleons. « any number of nucleons. « any number of nucleons.
ECal ECal
o \Y e
;- " “ ~
® .+ ® - e,
TPC1 FGD1 TPC2 FGD?2 TPC3 TREL FGD1 TPC2 FGD2 TPC3
ECal ECal
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Analysis summary

The flux-integrated cross-section:
« experiment-dependent results since no bin-by-bin correction for the flux is applied.

« completely model-independent since no assumption needs to be made on the particular neutrino
energy distribution in each kinematic bin.

# of signal events in bin i

dP,dcos6,dP +dcosO + jel |}/J|Ntarget!AP ), AcosB), Ain
Bin i width

Detector efficiency

MeV . ..
cm? /nucleon/ In bin | Incoming v flux  # of targets

C (nucleons)
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Quadruple differential cross section

How to read!

|_cus 0, P, cos 0+ P+

-1.0 0.6 200 30000 -1.0 1.0 160 30000

9.6 0.8 200 400 -1.0 1.0 160 30000

0.6 0.8 400 30000 -1.0 1.0 160 30000

StateSyst 9.8 0.9 200 1000 -1.0 0.7 160 30000

16 errors 9.8 0.9 200 10090 ©.7 1.9 160 30000

9.8 0.9 1000 30000 -1.0 1.0 160 30000

g .:*:J o o 9.9 1.0|| 200 1000| -1.0 1.0 160 300

L5 o 9.9 1.0/ 200 1000| -1.0 1.0 300 30000
S L 9.9 1.0 |[1000 2500 0 0.7
§ 3 BRENN 0.9 1.0|[1000 2500| [0.7 1.0
g Bin width 0.9 1.0|[1000 2500| | 0.7 1.0

9.9 1.0 |[2500 30000| -1.0 0.7 160 30000

Bin number 9.9 1.0/|2500 30000| ©.7 1.0 160 30000
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Quadruple differential cross section

Comparing NEUT to the fake data (GENIE)
Overestimation of the cross section in bins 2 to 7 and

12:
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/

Deficiency in our theoretical models when describing:

RES to DIS transitions

« 11 absorption and production models (Rein-Sehgal)
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Neutrivo energy, Adler angles, and
asymmetry

18

D. Vargas | NuINT 2022 | CC1m+ at ND280 with 41 solid angle acceptance | October 28th, 2022 %T‘g'l‘{(“;‘ﬁ{fo TZ/E \



Measuring neutrino energy

Neutrino energy is reconstructed: 5000 25
 using leptonic and hadronic kinematics,
4000 A 20
¢ assuming stationary target (a nucleon),
] < 3000 15§
* massless neutrino. 2 z
2 T - 2 %f 2000 é
2 10 5
e _mp_(mp_Ebind_Eu—Eﬂ) + |P, + Py E
Vreco e =
Z{mp _ Ebind - Eu _ En + kv(Pu + PT[)} 1000 - .
160 W CCOm, 8.17% i ' : .  © 7 Preliminary
= CCln*,63.98% | 0 1000 2000 3000 4000 5000
140 - CCother, 20.04% Elrve [MeV]
B BKG, 5.15% v
120 - B OO0FV, 2.61%
c I sand u, 0.05%
% 1007 Preliminary 5000 25 5000 . - _- g 5.0
2 80+ ! . T . -
2 L 45
* 60 4000 - 20 4000 - HA S . o ¥
' o . . c 4.0
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20 - %‘ 3000 1 15§ %‘ 3000 A 3'5%‘
o = 5 2
0 1000 2ocgazecD [Meéc]mo 4000 5000 E.? 2000 4 10§ qf._.’ 2000 4 2.5§
This introduce some biases: 2.0
1000 A 5 1000
 Due to initial state interactions (Fermi motion), S preliminary Preliminary
. . ° 0 IOIOO 2()'00 3OIOO 40|00 5000 ° 0 10|00 20|OO 3OIOO 4OIOO 5000 10
* The detector misses neutral particles, EUe [MeV] Etre [MeV]
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Adler angles

The angles 6 and ¢ are defined in the Adler system

: - ~ True using CC1mt* Nn™® with N > 0
which corresponds to the A (rest frame). o . T usng CCic
_ _ Preliminary
The Adler angles carry information about: 1 Reconstructed using CC1m* N0 with N > 0
. . [ Reconstructed using CC1m*
 the polarization of the A resonance
6000 . . -
he | : ith inall : cos 0 distribution:
¢ t e Inter erence Wlt Nnon resonant Slng e pIOn . Negative values will have low momentum
production. g s00° after the boost.
g ~+ We miss low momentum pions in the
£ 4000 reconstruction.
g |
™ - A w
- Py, — pll 3000 1
CT 1% _ o
v I
2000 -
v, EZXp, ™
Y = W =14 GeV 1000
pﬂ' I ./ o —4
o |Zx gy
I H 10°  mmm CCQM 4.89%
: E’ = EIIESS.- 49-.0831‘:, 91.00 —0175 -—0:50 --0l.25 O.IOO 0.I25 {).ISO 0.115 1.00
& : g cos @
L=Yrz | -.,.: Comparison between reconstructed and true Adler angle (cos 6)
10° distributions using in CC1m* or CC1m*NntO N > 0.
1000 1250 1500 1750th2eUF:,|eV]2250 2500 2750 3000
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Asymmetry

0.6 o 4 ¢ NEUT
The FWD-BWD asymmetry of the two Adler angles Preliminary # ¢ GENIE
with respect to the direction of the prt* plane: 0> '
o PN
@
rAFB((I)) _ N¢os ¢G>0 Necos $<0 . o4 L e H-.- =
) Ncos b>0 + Ncos $<0 g 0 a
AFB (9) _ Ncos 0>0 Ncos 0<0 §
\ Ncos 050 T Neos 6<0 0 -
21g |
We use only ¢ (sensitive to FSI and nuclear effects) 01 -
[
since 6 is strongly dependent on the pion threshold.
0.0 1

0 1000 2000 3000 4000 5000
Q2. [x10°MeV?]

 The highest uncertainties were found for Q% < 0.1 GeV and Q# > 2 GeV for both NEUT
and GENIE.
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Summary and vext steps

oilh®
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Beam And Nd280 Flux measurement task Force

ND280 data

G.

Flux prediction

Neutrino Mode Flux at ND280

Cross section model
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Summary

* This analysis directly addresses important challenges in the oscillation analyses.

- interaction cross section — systematic errors are currently dominated by cross section and flux.
- the main background for the v, disappearance measurement.

- new 2 ring signal at SK.

* This analysis will report the differential cross sections:
= o do Model ind dent
dP,dcos6,dPy+dcos@ +  dP,dcosB,” dPp+dcosB+ caetindependen

* The cross section results will allow us to evaluate our models.

» Differences in pion related models used in NEUT and GENIE, to understand the differences in the cross-section

- Some of the variables being study are the Adler angles and their asymmetry.
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Thavk vyou very muchlll

25 D. Vargas | NuINT 2022 | CC1m+ at ND280 with 417 solid angle acceptance | October 28th, 2022 %fg‘ﬁgﬁ{% TZ’R \



general event quality

multiplicity

ND280
Events

time of flight
fiducial volume

Selection steps

»

direction of the main track

»

apply PID for muons

Additional steps for

improving the purity of
the samples

Pion multiplicity .
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FGD pions

« A better reconstruction could improve the cut
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Efficiency vs. selection cut
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Adler angles definition

The angles 6 and ¢ are defined in the Adler system which corresponds to the A rest frame.

‘Ll_ 2“_,‘: ﬁ:' +ﬁ; b
o P + P
Vu
0 o Level 1: Nucleon level
\p n+ g » Fermi momentum effect
. o ‘. ; 12 ]
0 F=jx7 ¢ ,
e
‘ - - 1
v, 7= |’f;; figl Level 2: Nucleus level
0 e e « Fermi momentum + FSI effects
p mt 2 A L ExB,
-0 Pe s V™ I2x ) evel 3: Reconstructed nucleus level
“ ' * Fermi momentum + FSI + nuclear
b F—ii% 7 P medium effects
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Adler angles

The Adler angles carry information about:
 the polarization of the A resonance

* the interference with non resonant single pion production.

These Adler angles can allow us to study nuclear effects, FSI and Fermi momentum by computing them at different levels.

Comparison between reconstructed
and true Adler angle (¢) distributions
using in CC1m* or CC1m*Nn¥® N > 0.

W = 1.4 Ge\/==m CCQE, 6.52%
2p2h, 0.97%

RES, 57.23%
DIS, 23.77%
COH, 3.60%
NC, 3.08%
CCyybar, 1.92%

CCv. / CCucbar, 0.10%
other, 0.02%
OOFV, 2.70%
sand L, 0.10%

5000
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w
o
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2000

10° 4

1000 -

Preliminary Lo

3 = Y 3 i 3 3
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¢ distribution:
it shows a peak around zero
« This is due to FSI and nuclear effects
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Flux model

The flux model is studied by comparisons to cross section and particle production data, and simulations of changing
the characteristics of the beam and beamline.

Examples include:

* Proton--Carbon cross section ND280: Neutrino Mode, v,
* Pion--Carbon cross section " , —— T —
E : Hadron Interactions ———— Material Modeling :
° Horn current absolute Value E 03 = Proton Beam Profile & Off-axis Angle Number of Protons —
. T‘d Horm Current & Field Thin Tuning Total T
« Horn alignment 5 B Horn & Target Alignment i
E { P=E,, Arb. Norm. -
S 02 —
M - -
I 4|—'_L v-mode i
01~ %:E;—:L\_?:;,F ]
.[].0 E:é:: [ M;EEE;::——I—-—-—
10~ 1 10
E, (GeV)
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INnteraction model

Index Parameter Type Prior | Error

* Based on a set of models for each 0 M Signal shape 1.21 | 0.3
neutrino Interaction process, and 1 2p2h v norm. Signal normalization 1.0 1.0
Includes nuclear effects. 2 2p2h v shape Signal shape 1.0 1.0
L _ _ 3 M ,[{"” Background shape 0.95 | 0.15

* The fit includes a series of nuisance 4 s Background shape 101 | 0.12
parameters which either change the 5 I,/5 Bkg Resonant Backeground normalization | 1.3 | 0.2
underlying physiCS model 6 DIS Multiple pion Background shape 1.0 | 04
parameters or act as a Scaling on a 7 (‘(--lrr Ey < 23 C:v\y Bavkg1:oun<l 11()1:111z11}zat¥0n 1.0 ()..:>

) ) } 8 CC-1n E,, > 2.5 GeV Background normalization | 1.0 0.5
given aSpeCt of the interaction 9 CC DIS Background normalization | 1.0 0.5
model. 10 CC Multi-m Background normalization | 1.0 0.5
11 CC Coherent on C Background normalization | 1.0 1.0

12 NC Coherent Background normalization | 1.0 0.3

: . 13 NC Other Background normalization | 1.0 0.3

Examples include: 14 CC v, Background normalization | 1.0 0.03
* Pion prod/ abs, that will affect FSI 15 FSI Inelastic, LE Background shape 1.0 | 0.41
16 F'SI 7 absorption Background shape L.k 0.41

17 | FSI Charge exchange, LE Background shape 1.0 | 0.57

18 FSI Inelastic, HE Background shape 1.8 0.34

19 F'SI 7 production Background shape 1.0 0.50

20 | FSI Charge exchange, HE Background shape 1.8 | 0.28
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Number of events

Number of events

Detector model

* The detector model is studied through a series of control samples to evaluate the ND280
detector performance.

* The effects of the detector uncertainties are parameterized as a function of muon and pion
kinematics and included in the fit.
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External BKG:
+ QOOFV

FGD-ECAL-SMRD: FGD-ECAL: TPC-ECAL:
* Sandu + Matchingeff + Matchingeff + Matchingeff
* Cosmic muons
* Event pile-up SMRD
+ PID
ﬁ MC modeling:
beam + Secondary pion
— - interaction
Beam: * Secondary proton
e Flux interaction
* FGD mass
POD TPC1 FGD1 TPC2 FGD2 TPC3
TPC-POD: FGD1: TPC2: p~ and ™ kinematics:
* Matchingeff ¢ Trackingeff * Tracking eff * Charge confusion
* MEeff * Hiteff * Momentum resolution and scale
* PID - PID * Magneticfiled distortions
* FGD mass ¢ ToF resolution
TPC-FGD:

* Matchingeff

&
. i H UNIVERSITY OF T 2 K
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The flux-integrated cross-section:

« experiment-dependent results since no bin-by-bin correction for the flux is applied.

Analysis summary

« completely model-independent since no assumption needs to be made on the particular neutrino energy distribution in
each kinematic bin.

# of signal events in bin i

A0 coqpt

dP,dcos0,dP +dcosO .+ /@CD

Detector efficiency

MeV in bin |

cm? /nucleon/——

C

13 template
parameters

directly scale the cross-section
free

Ntarget AP,Acos6, AP,T@
Bin i width

Incoming v flux  # of targets

(nucleons)

\

20 flux
parameters

constrained

20 Interaction model
parameters

41 detector
parameters

prior correlations — avoid very unphysical configurations

J
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Fake data studies

Fit name Dc:-;cripti(m

Asimov fit data identical to MC simulation (Sec. 8.1.1).
Asimov fit where the pri{:rr values

Random tcmplatc prim‘:-; of the templatu parameters have been

randomized (Sec. §.1.2).

Asimov fit with variations of truth

MC statistical fluctuations bins according to Poisson fluctuations The fitter framework performed well in
(Sec. 8.1.3). almost every validation test:
Data fit to decreased the oofv events
Altered OOFV weights . . : TP
ere WEIBHES weights (0.9*weight) (Sec. 8.2.1). » being capable of identifying single
Data fit to decreased the control sample changes.

Altered CCother weights events weights (0.9*weight) (Sec. 8.2.2).

Data fit to increased the weights
(1.1*weight) of events with

P, <200 MeV or

P_+ <160 MeV (Sec. 8.2.3).

Altered OOPS kinematics wcights

Data bt to increased the resonant

events weights (1.3*weight) (Sec. 8.2.4).

Altered resonant wr:ightﬁ

Data fit to MC events gcncratcd
GENIE MC with the GENIE neutrino interaction
simulation (Sec. 8.2.5).

TABLE 8.1: List of fake data studies performed to validate the analysis, with short de-

scription.
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