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https://agenda.infn.it/event/33107/contributions/206373/

Why neutrino cross-sections are important

" In oscillation analysis, predicted event rate N4 is directly affected by neutrino cross-

sections
Npred = Py v, X 0 X Neutrino Flux X Target X Detector Efficiency

= Better understanding of neutrino cross-sections is crucial for neutrino oscillation analysis
since it affects background estimation and energy reconstruction

= Neutrino cross-sections consist as one of the largest systematic uncertainty sources in
neutrino oscillation analysis, for example:

" |n T2K recent publication on oscillation analysis, 1 ring ve sample: g, phys. J. C 83. 782 (2023)
" 3.2% (cross-section) out of 4.7% (total uncertainty) See Adrien Blanchet’s talk on Wednesday for more details

= Precise constraining of neutrino cross sections is crucial for future neutrino oscillation
experiments as not to limit statistical uncertainties
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https://epjc.epj.org/articles/epjc/abs/2023/09/10052_2023_Article_11819/10052_2023_Article_11819.html
https://agenda.infn.it/event/33107/contributions/205073/

What do we measure

Nuclear Effects

e Neutrino interactions

O
are convoluted by : : ° e .%
> -~ )
nuclear effects ¢ : . W. =
-~ e : ® @
. | e 2 9
Vu n s & v o

Free Nuclear Final State

* To minimize model NGelesh correlations Interactions (Fsl)
dependence, we
measure interaction
"topologies’ (outgoing Events are typically classified based on
state from nucleus) * Neutrino type

* Interaction mode (charged/neutral current)
e Qutgoing particles from the nucleus
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The near detector complex

* Multiple detectors:
* ND280
 INGRID
« WAGASC

* Multiple angles w.r.t neutrino beam axis
» Different neutrino flux distribution

e Opportunity to study energy dependence
of neutrino interactions
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Recent results
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1.v,CC- 1™ Xp Transverse Kinematic Imbalance
Phys. Rev. D 103, 112009

Forward Horn Current (FHC) beam
at 2.5 deg off-axis

Downstream
ECAL

Flux [cm? (50 MeV)' (10*' POT)"']

Off axis detector 4
* UA1 magnet, 0.2T field EEERE R OS2

FIG. 2. The flux predicticn for ND280 in neutrino-mode is

e Ti m e P rOj e Ct i O n C h a m b e rS (T P C) shown as well as the coiitributions from different neutrino flavors.

Barrel ECAL

* Fine Grained Detectors (FGD) I ecalilireez Tl +ecAl .-
* FGD1: Scintillator tracker (CH) A I 1 éfﬁ
* FGD2: Scintillator tracker with water Al Y |
(CH and H30) == ii_ g
* Also serve as v interaction target = B Ll | NS
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112009

1.v,CC- 1™ Xp Transverse Kinematic Imbalance
Phys. Rev. D 103, 112009

Signal, interaction happens on FGD1 (CH) ECAL
* Single u™ FGD | i
e Single <,
~—, )
» >1 proton ]
ECAL
TKI variables are calculated from outgoing m™ and u™, 7, pin TPC

highest momentum proton

TKI variables are sensitive to nuclear effects
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112009

1.v,CC- 1™ Xp Transverse Kinematic Imbalance
Phys. Rev. D 103, 112009

Oprr - Double-transverse momentum imbalance
Measured Cross-section
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\ * Results are statistically limited s :
(@ o _I')'W o e Full results are available in the paper 05500 200 200 0 200 400 600
¥ dprr =Pir + P dp,, (MeV/c)
Expectation * The simple Fermi gas models (RFG and LFG)
Sprr = 0 if no nuclear effects show a large disagreement

e Initial Fermi motion, nucleon-nucleon * Data show a shght preference for GiBUU, which
uses a more realistic nuclear ground state to

correlation, FSI smear the distribution handle all interaction channels consistently.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112009

2. Uuand 17“ CC-COHon C

arXiv:2308.16606

Accepted by PRD 10 days ago!

Signal, coherent interaction happens PG TRCZ TPC3
on FGD1 (CH) Mz
. _ N
* Single u X
e Single |
* No other particles - —
VIL . ‘
— |
q * " ! FGD 1 FGD

lpal? = |lg—p=|* = ||
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https://arxiv.org/abs/2308.16606

2.v andv CC-COHon C

Observable variables

arXiv:2308.16606
Accepted by PRD 10 days ago!

|t]: magnitude of the square of the four-momentum
transfer to the nucleus, small to maintain coherence

e Vertex Activity (VA): energy deposited in a ~ (5cm)?

volume around the vertex
Selected samples
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https://arxiv.org/abs/2308.16606

2. vuand 17“ CC-COHon C

arXiv:2308.16606
Accepted by PRD 10 days ago!

Uy cross-section:

* Update measurement from 2016
e Uncertainty reduced by a half
* Better background constraint for oscillation analysis

vy cross-section: ,
Measured Cross-sections

* First measurementin T2K
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https://arxiv.org/abs/2308.16606

3. v, CC-Omr on CH On/Off Axis

Signal, interaction happens on FGD1 (off axis)
(on axis)

and
e Single u™
* No pions
* Any number of protons

INGRID detector

e Standard INGRID Module: muon tracker (CH + Fe)

* 14 modules form a cross

. scintillator tracking planes (CH)
* |n the center between vertical and horizontal

standard module
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arXiv:2303.14228

Under Review by PRD

INGRID detector
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https://arxiv.org/abs/2303.14228

3. v, CC-Omr on CH On/Off Axis 303 14998

Under Review by PRD

First measurement using multiple detectors with ?“"2 ~ND280 flux ' 4
correlated energy spectra at T2K %10"..

e Reduce the impact of the flux uncertainty gmm

e Study the energy dependence of neutrino interactions t“iw
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https://arxiv.org/abs/2303.14228

3. v, CC-Omr on CH On/Off Axis

70 degrees of freedom

e 58 ND280 bins
* 12 INGRID bins

Larger x* for ND280 due to ND280 having finer bins

Unique aspect:

 First time a joint cross-section fit has been made with two
different fluxes simultaneously including correlations

 Compare how a given model does for ND280 and INGRID

* Compare how the full result with correlations is better or
worse than naive sum

arXiv:2303.14228

Under Review by PRD

x? models vs. data

Model ND280|INGRID| Joint
Nominal MC (NEUT) 136.34 18.21|158.71
NEUT LFG+Nieves 106.46 11.46(116.26
NEUT SF+Nieves M4 = 1.03| 194.88 14.36]209.18
NEUT SF+Nieves M4 = 1.21| 158.71 9.98(170.93
NuWro SF+4Nieves 122.74 15.68|137.02
NuWro LFG+Nieves 125.88 12.75|141.04
NuWro LFG+SuSAv2 121.57 11.13]135.38
NuWro LFG+Martini 138.86 12.46(155.68
GENIE BRRFG+EmpMEC | 141.40 12.80(156.05
GENIE LFG+Nieves 125.50 14.45]135.69
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https://arxiv.org/abs/2303.14228

3. v, CC-Omr on CH On/Off Axis

Measured Cross-§0gctions

1 0-!') .

arXiv:2303.14228
.= Under Review by PRD
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* Current models struggle to describe the data < Consistent with previous measurement

In the future the new WAGASCI and BabyMIND detectors at 1.5 deg off axis could be
used to extend this analysis to use three energy spectra, and provide additional statistics
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Ongoing measurements

T2K



1. v, CC-Om on H,0 and CH

e Signal
* Single u like track
* No pions

* There has been a result with a limited configuration of
WAGASC]
* v, and v, + v, CC-0m0p
Prog. Theor. Exp. Phys. 2021, 043CO01
e Results agree with the NEUT
model used in the T2K oscillation
analysis

Baby MIND

, Measured Cross section ¢ o=

Statistic:

I Neutrino Flux
B overaction Model Proton Module WAGASCI

- Detector

-4 NEUT Expectation

o'n,o/ Scn

_________

vﬂ+ Uy ON HZO/CH

T 05deg 5-10deg l0—l5dcg 15- 20dcg 20—25dcg 25-30dcg

e This will be the first analysis with the full set of
WAGASCI-BabyMIND detectors.
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https://academic.oup.com/ptep/article/2021/4/043C01/6156643

1. v, CC-Om on H,0 and CH

e Signal
* Single u like track
* No pions

Wall MRD

* Upgraded WAGASCI-BabyMIND detectors at 1.5 deg off axis /

Baby MIND

* WAGASCI: grid scintillator with high angle acceptance filled with 0.6
tons of water (H,O+CH) Wall MRD

 Wall Muon Range Detector (MRD): Scintillator tracking planes Peton Module ¢ WAGASCI
between iron planes

Clastic
9% o scintillators 2 Grid scintillator
A2k 1 Plane scintillator

* Increase detection efficiency for high-angle events
e Baby MIND: With magnetic field inside iron planes
e Can identify particle charges

* Unblinded results under publication board review.

d ciem .3 cm
5.0cm
ol S e Ocm
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2.NC-17° on H, 0O

Signal contains a single 7°

One of the dominate background in v, appearance

* A novel analysis method using a Bayesian inference Markov "1 UptremWate Tagt  CentrdECal
Chain Monte Carlo (MCMC) for cross section measurement THRERErE

* |t has been used for oscillation analysis, so the novelty is to use it for
Cross sections

 Wawdlength-shifting Fiber

Scintillator
Water

Pi0 Detector (POD) at 2.5 deg off axis | nidicos
* Alternating scintillator, lead, and water layers
* Water can be filled/drained
e Two configurations enable measurement of interaction on water

. . . e s rrm L
Fake data study finished, working on unblind results UgSremECd | Catra Waker Tarcet
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T2/K

Outlook
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UAI Magnet

Looking to the Future

Many analyses and papers coming soon!
* WAGASCI/BabyMIND joint CH/water CCOpi
* v, CClmr* in FGD1
* Kaonin FGD1
e NC1m?in the POD

* NC1m™" in FGD1 . 9 —
* v, CClpion CH and Water
*La
* - oY PARC
New analysis strategy with the MCMC method work in L — T T
Sosgobcccke b |2.6% —iND2SD §
PTOETESS fiiﬁﬁ_ sl 100 F SeNIGHY 8
82 7 1.5° —wacAscl
* WAGASCI/BabyMIND % 1 N N N
* ND280 upgrade with SuperFGD and High Angle TPC oo' 05 e R s it e
e See Weijun Li’s talk on Thursday for more details | |  Energy (GeV)

I :2 ’i: \ Shilin Liu | Neutrino Telescopes 2023 | Stony Brook University 22


https://agenda.infn.it/event/33107/contributions/205066/

Recent T2K results on neutrino cross-sections

First measurement of muon neutrino charged-current interactions on hydrocarbon without pions in the final state
using multiple detectors with correlated energy spectra at T2K, arXiv:2303.14228(2023)

Measurements of the v, and V,-induced Coherent Charged Pion Production Cross Sections on *“C by the T2K
Experiment, arXiv:2308.16606 (2023)

First T2K measurement of transverse kinematic imbalance in the muon-neutrino charged current single
production channel containing at least one proton, PRD 103, 112009 (2021)

Measurements of v, and v+ v, CC cross-sections without detected pions or protons on water and hydrocarbon
at a mean anti-neutrino energy of 0.86 GeV, Prog. Theor. Exp. Phys., 043C01 (2021)

Measurement of the char%ed—current electron (anti-neutrino) inclusive cross sections at the T2K off-axis near
detector, JHEP10. 114 (2020)

Simultaneous measurement of the muon neutrino charged-current cross section on oxygen and carbon without
pions in the final state at T2K, Phys. Rev. D 101, 112004 (2020)

First combined measurement of the muon neutrino and anti-neutrino charged-current cross section without pions
in the final state in T2K, Phys. Rev. D 101. 112001 (2020)

Measurement of the muon neutrino charged current single production on hydrocarbon using T2K off axis near
detector ND280, Phys. Rev. D 101.012007 (2020)

First measurement of the charged current anti-muon neutrino double differential cross section on a water target
without pions in the final state, Phys. Rev. D 102, 012007 (2020)
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https://arxiv.org/abs/2303.14228
https://arxiv.org/abs/2308.16606
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112009
https://academic.oup.com/ptep/article/2021/4/043C01/6156643
https://link.springer.com/article/10.1007/JHEP10(2020)114
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.112004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.112001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.012007
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T2/K

Backup
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Oscillation analysis uncertainty source table

with caption

Table 10 Uncertainties on the number of events in each FD sample
broken down by source after (before)the fit to ND data. “FD + SI+ PN”
combines the uncertainties from the FD detector, secondary particle
interactions (SI), and photo-nuclear (PN) effects. “Flux®Interaction”
denotes the combined effect from the ND constrained flux and inter-

action parameters, and the unconstrained interaction parameters. The
change in the “FD + SI + PN” uncertainties before and after the ND fit
is an indirect effect due to the change of interaction mode fractions in
the samples after the ND fit

Sample Uncertainty source (%) Flux®Interaction (%) Total (%)
Flux Interaction FD + SI + PN
IRu v 2.9 (5.0 3.1(11.7) 2.1 (2.7) 2.2 (12.7) 3.0 (13.0)
v 2.8 (4.7) 3.0 (10.8) 1.9 (2.3) 34 (11.8) 4.0 (12.0)
IRe v 2.8 (4.8) 3.2 (12.6) 3.1 (3.2) 3.6 (13.5) 4.7 (13.8)
v 29 4.7 3.1(11.1) 394.2) 4.3 (12.1) 5.9 (12.7)
IRelde v 2.8 (4.9) 4.2 (12.1) 13.4 (13.4) 5.0 (13.1) 14.3 (18.7)

T2k

Shilin Liu | Neutrino Telescopes 2023 | Stony Brook University
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0. v, and v,+ v, CC-0m0p on H,0 and CH

Prog. Theor. Exp. Phys. 2021, 043C01

Signal

_ _ N — ® Hit m= Scintillator Iron
* Single u like track [N T TR
. i a0 i B HESASEENN
No pions SRy, = R i Essess2am L L))
: \..,||M|:.,_’__—_ ;:::::,.;::::,gg,;‘a.l-;,‘i" | 11111111 B
* No protons Mg LU EHE T B EaEEs: MR
; § T e {
} $ il Higzzzzzsscmt (L L L)L B
50 7z 22222 'SP Ewww 7
Proton Module WAGASCI INGRID Proton Module WAGASCI INGRID

Detectors

Proton Module: scintillator tracking planes (CH)
WAGASCI: grid scintillator with high angle acceptance filled with 0.6 tons of water (H,0+CH)
INGRID: muon tracker
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0. v, and v,+ v, CC-0m0p on H,0 and CH

Proq Theor. Exo ths 2021 043001

Reverse Horn Current (RHC) beam at l° 3 Modme:;;
1.5 deg off-axis i,

Flux [/cm?/50MeV/102! POT ]
5:
Flux [/cm?/50MeV/102' POT

8
10 =N N T B BT i - RN SRR RN R

g1 2 45 ¢ 1G9 01 2 3 1 s 6 g g
Neutrino Energy [GeV] Neutrino Energy [GeV]

I_l m |te d p h a S e S p a C e fo r g O O d effl C | e n Cy Fig.7. Predicted (anti-)neutrino fluxes at the WAGASCI module (left) and the Proton Module (right).

Table 5. Calculated detection efficiencies of v, and v, + v, CC events for each of the phase-space bins.

* 0,<30deg = | T

True phase space WAGASCI Proton Module WAGASCI Proton Module

° pﬂ > 400 Mev CCotherf D 02194 02237 02233 0:289
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T2\

0. v, and v,+ v, CC-0mOp on H,0 and CH

17”+ Uy cross-section results on H,0O
and CH are shown

Full results are available in the paper
* V, Ccross-sections
* H,0-to-CH cross-section ratio

Results agree with the NEUT model
used in the T2K oscillation analysis

2
O s [em?]

2
Sho [em?]

Prog. Theor. Exp. Phys. 2021, 043C01

Measured Cross-section
T

107
0.50 £ : , ; :
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0.30 .
- Neutrino Flux
0.25
0.20 - Interaction Model
0.15

0.10
0.05
0.00

- Detector

-4 NEUT Expectation

L I I L I
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-39
050210 . ) I .

0.45
0.40
0.35
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0.25
0.20
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0.10
0.05
0.00

vyt vy, on CH

I I I | I
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0. v, and v,+ v, CC-0m0p on H,0 and CH

Prog. Theor. Exp. Phys. 2021, 043C01

Plastic
scintillators Grid scintillator
2.65 ci . .
& Plane scintillator
Cl

e Detector detailed structures

125cm

INGRID-type scintillators

'
. ""%SciBar-typc scintillators
s, “&\“\\& NGRID-type
\\ ! scintillaors
b
INGRID-type
scintillators Box for front end electronics

Power supply

WAGASCI

SciBar-type
scintillators

1203mm

INGRID-type
scintillators

Tracking planes

Shading panels

Proton Module

Tracking plane

INGRID ~ vasin

Iron plate
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0. v, and v,+ v, CC-0mOp on H,0 and CH

Prog. Theor. Exp. Phys. 2021, 043C01

—4— Data

- Statistics

- Neutrino Flux
- Interaction Model

- Detector

- NEUT Expectation

DOF 8

Chi2 does not suggest mismatch o

2
S0 [em~?]

1 1 1 1 1 1 1 1 1 1
0-5dcg 5-10dcg 10-15dcg 15-20dcg 20-25dcg 25-30deg ¥ 05deg 5-10deg 10-15dcg 15-20deg 20-25deg 25-30deg

-39
10
0.50 & T

Table 9. Absolute x? values for the v, and V,, + v, cross-sections, with respect to the total uncertainty. -

D, cross-section v, + v, cross-section

"-E "‘E 030

OH,0 OcH UHZO/UCH OH,0 OcH Uﬂzo/acn :3 E— Z;Z

NEUT 3.19 11.34 1.71 706  2.63 6.87
GENIE 425 1426 1.83 7.09 338 7.55

. . . . :
0-5deg 5-10dcg 10-15dcg 15-20dcg 20-25dcg 25-30dcg 0.00

Table 10. Absolute x? values for the ¥, and v, +v,, cross-sections only for a muon angle less than 30 degrees,
concerning the total uncertainty.

3 5
V, cross-section V, + v, cross-section < <
OH,0 OcH UHZO/UCH OH,0 OcH UHZO/O'CH ° °
NEUT 0.74 0.16 0.81 5.93 0.33 5.76
GENIE 0.72 0.54 0.89 5.98 0.57 6.35 . . . . . . 0 s \ s ! .
- 0-5dcg 5-10dcg 10-15dcg 15-20deg 20-25deg 25-30deg U 05dcg 5-10dcg 10-15dcg 15-20deg 20-25deg 25-30deg

Fig. 15. Measured values for the differential V,, cross-section (left) and v, + v,, cross-section (right). Top

line: oy,0. Middle line: ocy. Bottom line: oy,0/0cn. Each plot shows the cumulative quadratic sum of the
uncertainties from statistics, neutrino flux, neutrino-interaction model, and detector response.
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1.v,CC- 1™ Xp Transverse Kinematic Imbalance
Phys. Rev. D 103, 112009

py - Initial nucleon momentum
Measured Cross-section

— 08 10
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* Like Opyr, a slight preference for
GiBUU
PN = \/51’%‘ + P, * Results are statistically limited

* Full results are available in the paper
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4.v, CC-Orr on CH On/Off Axis

e Comparison with previous measurement

x10¢ =107
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