b

t T2/K

b
UNIVERSITAT

BERN

AEC
ALBERT EINSTEIN CENTER
FOR FUNDAMENTAL PHYSICS

CCOm CROSS SECTION MEASUREMENTS
AT THE T2K NEAR DETECTOR

Asmita Redij /

University of Bern ——-2_7

for the T2K collaboration A

10th Nulnt workshop,
16-21 November 2015, Osaka University Suita
Campus



Tokal 2 Kamioka

FJ-PARC Main Ring
“{'_'i";:\(:”“ (KEK JAEA Tokai)

i Ei! "
Super-Kamlokande fﬂf =

©2007 Google™ i

Long-baseline neutrino oscillation
experiment

W/ Nulnt 2015 )




T2K: Oscillation physics

Appearance: v, —> v,
First evidence of v, appearance from v,
followed by measurement with 7.30 significance.

Disappearance: v,—>v,
Precise measurement of atm. neutrino parameters.
World’s most precise measurement of sin?0,,

Antineutrino mode: v,—>v, & v, ->V,
Started data taking in anti-neutrino mode and first measurements
presented.

CP violation in neutrino sector: d-p
Along with constraints from reactor experiments, exclude region of 8., = 0

with 90% C.L.
PRL 112, 061802 (2014) PRL. 112, 181801 (2014)



T2K @

Oscillation physics relies on the understanding of neutrino
Interactions.

— At low energies CCQE is the
dominant signal.

Experimentally, an event with a
muon and no pion is CCQE

vi+n—10"+p
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T2K @

... but it isn’t that simple.

In the presence of nuclear effects, other interactions

contribute to this signal Ref:Phys.Rev.D81:092005,2010

O ¢ A0 A K1U_39
def|n|t|0n. ‘-""’E’ 15;— — % NOMAD data with total error
5 14 — 4 LSND data with total error
- — 12
We now call it, © 105 Dovedgrb, by
i B;_ — = MAimBeoNE dn-m_n'itli-mmle'_i::rr o
CCO” T Y E:_ ————————— RFG model with M*¥=1.03 Gel, x=1.000
) 4E- ——— ERFG model with M3T=1.35 GeV,x=1.007
CCQE (Wlth RPA) gg— Free nucleon rl.'irh‘_'ﬁh=l.{l.5 el
10" 1 10 ES5FC(Gev)

+ 2p2h + CClm-abs
Need new models and model-independent CCOn
measurements to test them.

In this talk: CCOm measurements @ T2K near detectors
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Near Detector

S Off AXIS: constrain flux and cross section

& v, contamination

Fine-grained detector (FGD) : CH and H,O

. \ Time projection chamber (TPC): good tracking
Downs’treaemﬂticiency + resolution + particle identification

| EcAL n¥ detector (POD): scintillator CH with H,O
Electromagnetic calorimeter (ECAL) : Pb
Side muon range detector (SMRD)

Other targets: Ar, Cu, Zn

Placed in 0.2 Tesla magnetic field

UA1 Magnet Yoke

Barrel ECAL

\

On AXIS: to measure beam direction, beam profile,
beam stability and rates

INGRID: 16 modules, each with alternating scintillator
(CH) & Iron (Fe) plates

Proton Module: only scintillator (CH) plates
17/11/2015 Nulnt 2015
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Flux

T2K v. flux Total Accumulated POT for Physics
- ——————— il : . 3 . v-Mode Beam Power
) - : o V-Mode Beam Pow
5 L L 4 On-axis (INGRID) 2 T M -
< . ‘ g Runl  Run2 Run3  Run4 Run5  Run6 , . =
% == 2.5 off-axis : S 100 | s b W 350 X
& i S ] E E 300 o
2 | J 3 ™ Mean 1.51 GeV- c 8F 250
5 0 A i 1 3 6 200 &
2 os- I I 1 £ ° § ik
- ; 1 B 4F - B T a
I | U 085@% 1 B .gg & 74100
5 {Mean 0. e . S 204 o ‘
I ‘I‘H“H' H 2 E;'&! 0 .'| . | : '|) h — . i ' o
ot iissons 0 2010 2012 2012 2013 5014 0
0 1 2 3 Dec/31 Jan/01 Dec/31 Dec/31 Dec/31
E, (GeV) Time
: ‘ Cumulative Proton on Target (POT)
On-axis beam: wide energy
Spectrum_ Total : 11.04 x 1020 POT
Off-axis beam: narrower band Run 1 - 4 in neutrino mode : 7.00 x 102° POT
peaks at 0.6 GeV. Run 5 - 6 in antineutrino mode : 4.04 x 1020

POT
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Cross section measurements

T2K is producing world class measurements for a variety
of neutrino interaction channels at few-GeV energies:

CCOr Other
On-Axis w gnd ve CC Inclusive C &
v v, CCQE (C) ;

vy CClm" on C & H,0O
vy CClm* coherenton C
v, CClm* on C

Off-Axis
Vo, GCRE vs B (C)
v v, CCOrr differential

(2 methods) (C) NCE on C
v CCOm on H,0 CCilK*onC
vy CCOmon C NC 1lgammaon C

vul v, CCOm on C
v Shown in this talk

2p2h searches and more

Green & Red => Analysis complete



Cross section measurements

T2K is producing world class measurements for a variety
of neutrino interaction channels at few-GeV energies:

CCOm
On-Axis

v

v, CCQE (C)

Off-Axis

v
v

Vi CCOE Vs.E&(C)
v, CCOm differential
(2 methods) (C)

vy CCOmr on H,0O

v, CCOmr on C

vul v, CCOm on C

Shown in this talk

Other

vy and ve CC inclusive C &

vy CClm" on C & H,0O
vy CClm* coherenton C

v, CClm* on C

NCE on C

+ Talk by Dr. Son Cov
CClK" onC

on Wednesday

NC 1gammaon C
2p2h searches and more

Green & Red => Analysis complete



v, CCQE model-dependent
measurements

Published results



Published: Phy Rev D91. 112002 (2015)

v, CCQE on carbon @ Proton
Module

Measurement of CCQE on carbon per neutron. -
e POT 6.042 x 1020 (Run 2-4)
Detector: Proton module (target) + INGRID

Selection: Topological selection,
(kinematic cut with CCQE assumption)

1 muon-like track

o 2 tracks, one muon-like and other
proton-like sample.

INGRID
vertical
modules

Proton Module

£ E ERIE s
% INGRID horizontal modules

P INGRID penetratcd sample

Each sample further divided into: > _ (High cnergy S} ——>

W INGRID stopped sampl
° IOW energy Sample \ _ (Low energy sampl;)]p\e

 high energy sample INGRIp);

SIC C‘CS‘ N
Ot use : SCaped «
Sed in this analy Sample
alys




Published: Phy Rev D91. 112002 (2015)

v, CCQE on carbon @ Proton

Module

Measured cross section
for each energy bin in
each topology, using

Nselected . Nbackgrd
Flux .Target .¢

OccQE —

e = Efficiency of selection

One-track sample

High energy  (12.286 £ 0.221(stat.)+1.963-1.595(syst.)) x
region 10-3%cm?2/neutron

Low energy (11.629 £ 0.454(stat.)+2.377-2.030(syst.)) x
region 10"3cm?/neutron

o % (cm*/neutron)

1 6 a 1 0_39 T T T T T T T T
E SciBooNE E
14 MiniBooNE ~
I NOMAD N
1200 & MINERVA —Hif T e E
10 —
8f- T
- A One track data .
6 ral —f= Two track data —
- 2 —e— Combined data .
4 S e NEUTMRF=1.21 GeV/e?)
E //' - - -- GENIE M%=0.99 Gewc?)z
2 & ww NEUT flux average —
- B TLTEY GENIE flux average -
O - :‘- 1 1 1 1 1 1 L1 I 1 1 1 1 1 1 L1
107! 1 10
E, (GeV)

Two-track sample

(10.981 + 0,348(stat.)+1.876-1,546(syst.)) X
10-3%cm?2/neutron

(8.008 + 0.638(stat.)+1.951-1.550(syst.)) X
1073%m?/neutron



Published: Phy Rev D91. 112002 (2015)

v, CCQE on carbon @ Proton
MOdUIG 1Itraclkslallmlplle

e S
g C . N
. ) C SciBooNE N
Measured cross section £ 14F . MiniBooNE :
. T g or NOMAD ]
for each energy bin in e S e A i =
each topology, using 2 10f =
o PSSPt | I el S S .
80 SE .
- - One track dat .
T Nselected Nbackgrd 6 3 Too tf;cck e E
¢ Flux .Target . o & N vien
E /;' - === GENIE (M%=0.99 Gewc?)z
2F & ww NEUT flux average —
e — Efficiency of selection bzl OFNIE uxaverage -
107 1 10
E, (GeV)
One-track sample Two-track sample
High energy  (12.286 £ 0.221(stat.)+1.963-1.595(syst.)) x (10.981 £ 0.348(stat.)+1.876-1.546(syst.)) x
region 10-3%cm?2/neutron 10-3%m?2/neutron
Low energy (11.629 £ 0.454(stat.)+2.377-2.030(syst.)) x (8.008 £ 0.638(stat.)+1.951-1.550(syst.)) x

region 10"3cm?/neutron 10-3%cm?2/neutron



Published: Phy Rev D91. 112002 (2015)

v, CCQE on carbon @ Proton

Module

Measured cross section
for each energy bin in
each topology, using

Nselected . Nbackgrd
Flux .Target .¢

OccQE —

e = Efficiency of selection

One-track sample

High energy  (12.286 £ 0.221(stat.)+1.963-1.595(syst.)) x
region 10-3%cm?2/neutron

Low energy (11.629 £ 0.454(stat.)+2.377-2.030(syst.)) x
region 10"3cm?/neutron

o % (cm*/neutron)

2 tracks sample

1 6 a 1 0_39 T T T T
E SciBooNE E
14— MiniBooNE .
C NOMAD ]
120 & MINERVA — it e E
10 —
3F- =
- £ One track data -
6 ral —f= Two track data —
- 2 —e— Combined data .
4 S e NEUTMRF=1.21 GeV/e?)
E //' - - -- GENIE M%=0.99 Gewc?)z
2 & ww NEUT flux average —
- B TLTEY GENIE flux average -
O - :‘- 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 L1
107! 1

10
E, (GeV)
Two-track sample

(10.981 + 0,348(stat.)+1.876-1,546(syst.)) X
10-3%cm?2/neutron

(8.008 + 0.638(stat.)+1.951-1.550(syst.)) X
1073%m?/neutron



accepted by Phy.Rev. D

v, CCQE on carbon @ FGD1

Model-dependent likelihood fit to extract flux-averaged cross section
and model parameter fits

POT 2.6 x 10%° (Run 1-3)
Detector: Fine-grained detector (FGD1) as target + TPC

Selection: (same as MiniBooNE)

Interaction in FGD1 with
associated muon-like track
iIn TPC2 and no pion track

* Include 2p2h interaction

 Corrected for CClm*
absorption R

Scintillator
\-._\.?:I
Scintillator

FGDI
FGD2



accepted by Phy.Rev. D

v, CCQE on carbon @ FGD1: Results

Flux-averaged cross section Best fit M,%® Parameters
L,'T = ! LA | ! r T T PRTA] ! R | M — 9 ]
£ o5 | —— ND280 stat+syst _] = “t ' N
= Tk NEUT MC ] S sE stats Olﬂy -
o B MiniBoone 1 ';' o ]
T = NOMAD — 2 6L | —— stats+syst 7
@ - NEUT (binned) ’ 2 .
B C B h— - —]
L5 - S l } ]
- . ] |.EE"' ................................................. ,_._E
050 - {J.H;— —;
- . 065 1.26415GeV 14355,GeV 3
C paul o aaagl ol 1Tl — . —
10! I 10 10?2 MY nom REG M} "“""“_shape RFG
E, [GeV]

* Energy calculated from muon kinematic with CCQE assumption

« A x? test to compare the fitted result with the nominal NEUT MC
(M, = 1.21 GeV) gave a p-value of 17%.



v, CCOm model-independent
measurements

New results

Paper in preparation



v, CCOm on carbon @ FGD1

Model-independent measurement of CCOm on CH as function
of muon kinematics

« POT 5.73 x 10%° (Run 2-4)
Detector: Fine-grained detector (FGD1) as target + TPC

Carried out two separate measurements with two different
analyses and two different methods.

Selection: Both used CCOPI sample with no pion in final
state.

Analysis | : proton information included
Analysis Il : no proton information used



v, CCOm: Selection

Analysis |: Amuon track \w and \wo additional proton track.
Good purity and high angle acceptance.

(42) |  (4b)

W

>4
CCQE FGD/

\P

. [FGD
topology Q : %

Background: pion production process.

« Control regions are used to fit the background from the data.



v, CCOm: Selection

Analysis Il: only muon track in TPC and no pion in final
state (no proton information used).

Good efficiency. Less purity compared to

Analysis |
s S i CC-0n T ' B CCOn
1600 Analyses | B CC-1n 250 Analyses || CC-x
1400 : CC-Other g CC-Cther
200 [ BKG - Analysis Il |8k
CCQE FGD 1200} e L Ny Extrnal
topology /lJ 1::: - Nomuh | No truth _
4 ;(m_ Efficiency 40% - Efficiency 50%
) ook Purity 90% Purity 70%
: - zoof‘
”_'.-.- LRGP e ) e ‘__’ ~ ,,_‘. X 1 . ',] i ]
0 0.5 1 5 2 25 3 : 15 2 25 3
Reconstructed 0, Reconstructed @ ,

Background: pion production process.
* Monte Carlo tuned to fits to MiniBooNE and MINERVA data.
Used limited phase space to avoid region of smaller signal to background ratio.




v, CCOm: Extraction method

Likelihood fit (Analysis )

» To predict true spectrum from reconstructed spectrum
# of events = [ Signal events . bkgd events ] o E based
in true bin in reco bin in reco bin reco -> true

bins by topo

Nio= >

J

model bkg reactions model {
1C CC 'C ]U( bkg k
c; ‘.«‘TV;UC cCor H ‘w(a)iCjCU?r + § f hkg H u tdet det

a k

« Simultaneously fit four topologies and two control samples.

« Extract flux integrated cross section



v, CCOm: Extraction method

Likelihood fit (Analysis I)

» To predict true spectrum from reconstructed spectrum

# of events = [ Signal events . bkgd events ] o E based
in true bin in reco bin in reco bin reco -> true

bins by topo model bkg reactions model {
§ : § : MC bkg k
Ng — N]UC CCOr H U CCUﬂ' 4 :V ] H w 2 tdet det
k

J

DATA/MC: parameter fitted Free nuisance plrameter
(theory + detector)
» Simultaneously fit four topologies and two control samples.

» Extract flux integrated cross section

17/11/2015 Nulnt 2015 22



v, CCOm: Extraction method

Likelihood fit (Analysis I)

» To predict true spectrum from reconstructed spectrum

# of events = [ Signal events . bkgd events ] x  MC based
in true bin in reco bin in reco bin reco -> true
bins by topo model bkg reactions model {
N; = Z [ (NMC CCor H u ccow + Z Nﬂmbkgk H k ] tdet dﬂc
j

DATA/MC: parameter fitted Free nuisance plrameter
(theory + detector)
» Simultaneously fit four topologies and two control samples.

reco bins obe,

Minimizer:  X° = X + Xoyst = Z 2(N; — N + N In -

2
f?\’ ) + Xsyst

 Extract flux integrated cross section e = (=7 (Vi)™ (7 — )

o (@ = ) (Vg ™) T @ — i )

17/11/2015 Nulnt 2015 23



v, CCOm: Extraction method

Bayesian unfolding (Analysis Il)

 To predict true spectrum from reconstructed spectrum
Prediction in true bin'

Slgnal - Background

Reconstructed bins

Unsmearing matrix;

P
P(t;|r;) =

/ Smearing matrix

( , |f ( ) Extracted
— from MC

P(ri), \ X\ Probability of event being in
reco and true bin

==

 Extract flux-integrated cross section from the true prediction

17/11/2015 Nulnt 2015 24



v, CCOm: Uncertainty

5 e
10% normalization (dominant)
Constrained by NA61 and T2K beam measurements

2. Cross-section:
Used NEUT default model
Constrained by fits to external data
Signal systematics is important in the low-efficiency region
For Analysis I: Background systematics is negligible.

2R D elEeei:
Vary detector parameters such as magnetic fields etc.

Analysis | has lower flux and cross section systematic while Analysis
Il had lower statistical uncertainty.



G(CCOn) /100 MeV [fb]

6(CCOm) / 100 MeV [fb]

CCOm: differential cross section

o(CCOm) / 100 MeV [fb]

muoen cos6 -1.00 - 0.00 muon cos6 0.00 - 0.60 muon cosé 0.60 - 0.70
1 f— —_
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[ 0.0
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CCOm: comparing both analyses

* Results from both analyses match, despite different binning,
selection and analysis methods.

Cross check of model independence.

muon cosb 0.60 - 0.70 muon cosB 0.70 - 0.80

24—
—+ Analysis | ":2; ~+ Analysis |

‘iH} ~+ Analysis Il Z::;_ ;Eﬁ} ~+4 Analysis I

0.
0.08— +
0.06—

o(CCOm) /100 MeV [fb]
o(CCOn) /100 MeV [fb]

4 + 0.0af— ++
0.02 + +
A A N ! ob il R
1 10 107 1 10
muon momentum [GeV] muon momentum [GeV]
muon cos6 0.80 - 0.85 muon cos6 0.85 - 0.90
B o _ 8 oref- _
= —+ Analysis | = —+ Analysis |
e 2 of
S Analysis Il S Analysis Il
= o0.08/— % — 0.08—
E r = -
s F 8 [
9, 0.06— 9, 0.06 — +
5 » + 5 o
0.0al- $ 0.04— _+_ *
0.02\— n | + 0.02|- + {’
T . =
ol il I B S el . ob—— 1 T ) e
1 10 10 1 10
muon momentum [GeV] muon momentum [GeV]
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CCOm: Integrated cross section

0.8

0.7

o /10 cm?

0.6

0.5

0.4

0.3

0.2

0.1

Analysis Il

—}— T2K data

NEUT (nominal) flux avg

............. NEUT (nominal) prediction
GENIE flux avg
GENIE prediction

T2K flux (arb units)
1 | 1 1 1 | | L 1 1 1 |

o

3 4 5
neutrino energy / GeV

For Analysis I:

o =4.17 £ 0.47 (syst.) £ 0.05 (stat.) 10-3° cm?

Same for
both the
analyses



Comparison with nuclear models

Lots of work within T2K to keep NEUT up to date as new
models become available.

First opportunity to test these models with full detector
MC simulation and systematic uncertainties.

CCOm measurements from T2K and other experiments
are used to:

e test the theory models in the market.

e introduce new data-based models to determine
unknown model uncertainty.



Comparison with nuclear models

muon ¢os8 0.70 - 0.80 muon cosB 0.80 - 0.85 muon cosB 0.85 - 0.90
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%’0,12E _+_ Shape Q. 006/ Q 006~
01 5] r <} r
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Measurement favor presence of 2p2h interactions.



Summary & Prospects

T2K continues to make world-class neutrino cross section
measurements.

« Now moved to topology-based model-independent
measurements.

« Measurements clearly show excess coming from nuclear effects.

« Other ongoing extensions of the presented analysis
— Including more than two tracks sample
— Increasing the phase space

— Measurements on water target and ratio of neutrino/
antineutrino

— 2p2h searches
Have an up-to-date neutrino generator and MC framework to test

new models with full sys. uncertainties and to incorporate them in
oscillation analysis.



Thank you

500 people, 59 institute, 11 countries
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Back up



Llewellyn Smith formula for
QE scattering

* Present neutrino generators use scattering cross-section of
neutrinos off the nucleon, given by the Llewellyn Smith formula /
Smith Moniz (RFG).

» Impulse Approximation : gauge boson is absorbed by just one nucleon

» Use Fermi Gas model , free nucleon in mean field,
with P (nucleon) < Fermi surface momentum

22
do _ M*Gg cos (A(Q?) +

B(QZ)(S—U)+<3(<22)(S—UI)2
oQ° 8E’

M ? M * )

G is the Fermi constant, M is the average nucleon mass, 6. is the
Cabbibo angle, E is the neutrino energy, s and u are
Mandelstam variables,

A, B, C are functions of Q2, with coefficients called form-factor.
Llewellyn Smith, C.H., 1972, Phys. Rep. C3, 261



Form Factors

* Form factors parameterize hadronic information and are measured
experimentally.

» Two vector form factors are know from electron scattering
experiments.

» Pseudo-scalar form factors contribution is negligible.
» Only unknown is axial form factor, and is measured using
neutrino scattering.
= Axial form factor in the dipole form is dependent on two
parameters.
* F, (0) is precisely known from beta decay experiment.
. I\S/IO the only parameter left was axial mass form factor
a

Nominal value of M, =1.02

(from pre-MiniBooNE era, from fit to BNL, ANL, FNAL data) I: dipole __
" —

FA(0)

2

9
(_I\/I—:z




Talk by T. Kikawa @Nulint 2014

CCQE at Proton Module:
Selection

All events

Neutrino event selection

Neutrino event Background
candidates event candidates

Number of tracks from vertex

More than
1 track 2 tracks

Number of INGRID matched tracks

1 matched 2 matched
track tracks

Particle 1dentification

Others

Particle identification

High Low ¥ Muon like +
energy Q@ energy K Proton like

Energy selection

Kinematic cut
i CCQE Non-CCQE

| like
________________________ , Energy selection

+ Used for i I Low }
+ CCQE analysis energy
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* Coplanarity angle

— Angle between i and p projected to a
plane which is perpendicular to V.

Talk by T. Kikawa @Nuint 2014

v (','oplanarity( _
— Should be around 180 deg. for CCQE. W _"‘P‘:z!“____:_ e
. ‘.\\ | [=
* Opening angle 3
— Angle between 1 and p. | \p
— Generally large for CCQE. o .?\.-L\\\;
Coplanarity angle cut Opening angle cut
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Andy Furmanski @ NuFact 2015

Selection of CCOpiI @ FGD1

* Data quality

* Highest momentum negative track
selection

e Starts in FGD Fiducial volume

* Broken track cut

* Muon PID
Analysis | Analysis |l
* Proton topologies * Pion rejection:
* Muon-only * Pion-like TPC tracks
* Muon + TPC proton * Pion-like FGD-only tracks
* Muon + FGD proton * Michel electron (delayed)
 TPC proton + FGD muon * Electron-like TPC tracks (due to

n® decay)
* No dependence on pion rejection
* Additional high-angle tracks * Fully proton-inclusive
* High purity * Higher efficiency



