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Overview

 The T2K experiment
« Motivation for measuring CCQE-like cross sections
« Flux and near detectors’ details

« NuFact 15recap

« CCOm on water cross section using the P@D

« FGD1 analyses using proton information
- CCOm using proton kinemartics et
- CCOr using inferred kinematic imbalance
-  CCOr using tfransverse kinematic imbalance

« Other analyses
-  CCOm measurements from v + v joint fif
- CCOr at INGRID

- Extraction of free nucleon cross section using dpr

Summary and future work
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The T2K Experiment

Super-Kamiokande J-PARC

Mt.Ikenoyama Near Detector
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sea level \
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Data Collection

Total Accumulated POT for Physics
*  V-Mode Beam Power (POT = Protons On Target)

18 x 10%° . V-Mode Beam Power
= 16R 500 <
£ 165 P2
S 14 o
® o :
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Q C (]
Q 8— ]
< °F o0
68
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2c
0 e
27 May 2016 v-mode POT: 7.57x1020 (50.14%)
POT total: 1.510x102! v-mode POT: 7.53x1020 (49.86%)

« Continuous rise in beam power from ~225 kW (2014) 1o ~420 kW (2016)

« Using this fo make world leading measurements of oscillation
parameters (see talk by Benjamin Quilain - WG, Tuesday, 14:00)
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Neutrino Scattering and OA

« Oscillation analysis (OA) requires E ., spectrum (or similar)

« Canreconstruct using observed u assuming stationary target and
elastic scattering

2 2 2
mp—mp—my+2mykE,

vrec — 2(mp—Ey+py cos(6,))

Bias due to Fermi Moton and CCnonQE components

Y— F rTTT T T T ™
. — - ! 799
o - /) - v l o o
B 2p2h Suer-K 1 ring p-like - Final State Interactions
0.10 P selzc”on e — (FSI) — hadrons exiting
- CCQE . Nucleon-Nucleon vertex undergo additional
0.08 — - Correlations (2p2h) - interactions — extra final
- 1 interactionis with a bound 7 state particles.
0.06 r:gr‘s;‘::;s B state of nucleons.
0.04 |- = M, »
B B ' Nz n\ '
0.02 - : %'Nn b °
000, 0 08 06 04 02 00 02 04 06 08 1.0 Fermi Motion (FM) —The target in the
rec, ~ true initial state has non-zero momentum.
(E,”"1E, ™) -1
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Neutrino Scattering and OA

Essential to understand v — N scattering to T

Q 08

conftrol the bias

- CCQE particularly important for T2K

Probe using CCOm cross sections
- Less FSI model dependence

- Simplest channel to probe nuclear effects.

CCQE

)

N =
E 06
Q

T2K flux
—— CC Total
—— CCQE
--- MEC

—— CC RES
~——— CC Multi-pi
—— CCDIS

e e (=

Interaction Modes
in CCOm (NEUT):
RES Other
0 0.38%
202h 6.91%
12.11%
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protons )
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\ ; \ | ;_ﬁ L ——
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- Off-axis v, beam v (GeV)

« Tightly-peaked at 600 MeV 2.5° off-axis towards SK
« Low contamination from non-v, components

* Flux estimation aided by hadron production measurements from

NAG61/SHINE at CERN (see talk at WG1+2 session on Thursday 10:45)
Phys. Rev. D 87, 012001
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INGRID (on axis)

On Axis ~ 1.1 GeV

Peak EV<

INGRID Modules: Stacks of scintillator
bars intferleaved with Iron sheets.

Tracking planes

Front View : Top View :
VYUYV
) 1 INGRID
x| ‘; il Proton Module:
l[~10m Z H{p? Fully active
' L polycarbonate
scintillator
tracker.

INGRID horizontal modules
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ND280 (off axis)
Peak EV<

Off Axis ~ 0.6 GeV

UA1 Magnet: >ide Muon Range Defector
Provides 0.2 T field. , UAT Magnet

Electromagnetic
NCalorimeter (ECal) PAD ECall;

& 44 444
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From Reconstruction to Truth kb

Fermil 01

e Measure selected number of
CCOmr events in bins of a
reconstructed quantity

 Need the total number of CCOn
events in bins of a frue quantity

Two Methods

T@m[@ﬂ@ﬁ@ Fﬁﬂ] """"""" 0 0.5 1 1

Matrix Unfold

Reco Variable

Event

o 8 8 5 % B B 8

.5 2 2.5 ) 3
True Variable

« Use MC to build unsmearing
mafrix

. E@mé

‘N EEEREN

« Apply unsmearing matrix +
Recorencted Vit efficiency correction to data

« True bin - Reco Template

* Vary MC template norm to fit data

« Apply efficiency correction
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Previously at NuFact

« NuFact 15recap
« CCOm on water cross section using the P@D

« FGD1 analyses using proton information BRAZIL
- CCOr using proton kinematics AUGUST 10-15
- CCOr using inferred kinematic imbalance
- CCOm using transverse kinematic imbalance

« Other analyses
-  CCOm measurements from v + v joint fif
- CCOr at INGRID
- Extraction of free nucleon cross section using dprr

Summary and future work
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INGRID On-Axis CCQE Result

« Carbon Target

X

[E—

<
b
o

[a—
(@)

e 2-bin measurement in
neutrino energy

—
=

« Splitinto 1- and 2-track
samples

[a—
-

o~ (cm*/neutron)
to

—o— SciBooNE

o— MiniBooNE '
NOMAD ool

—»— MINERVA

-----
----
------
.....

-

g T .
IJ’;' One track data .
 Used cuts on muon and 6 I —as— Two track data -
. . 2 —e— Combined data .
proton kinematic 4 & T NEUT 0§51 21 Gevichy
variables to enhance J - - - - GENIE (M$E=0.99GeV/c?)]
: 2 S NEUT flux average —
pU”Ty . T GENIE flux average -
0 ...—.'-" 1 1 1 R ] ] | Lo ]
. Result depends on 1o~ : 10
o E, (GeV)
nuclear model used and
the presence of 2p2h
Detector: INGRID Target: Carbon Signal: CCQE Unfolding: N/A Status: Phys. Rev. D 91, 112002
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ND280 Off-Axis CCOr Result

Analysis I
° Uses FG D ] OS O C H 'I'O rg e'I' ‘ Data: shape uncertainty M. Martini, M. Ericson, G. Chanfray, and J. Marteau, Phys.

Rev. C 80, 065501 (2009)

. . . N J. Nieves, . R. Simo, and M. V. Vacas, Phys. Lett. B 707, 72
O | O n g S i d e T P C fo r -I-rO C ki n g Fhlx .n(.)nnahzatlon unccrtalnt}l f\i?;/lzzlrtini, M. Ericson, G. Chanfray, and J. Marteau, Phys.
Martini et al Rev. C 81, 045502 (2010)

) J. Nieves, F. Sanchez, I. Ruiz Simo, and M. Vicente Vacas, Phys.
---------- Nieves et al Rev. D 85, 113008 (2012)

« Flux integrated double- _ 0cmeoo 0 | ormeceg 00

differential CCOm cross poN SN R R
section in final state muon S SN B L . S
kinematic variables B — ® ;
(P c0S(6,) g - =N _
| = i } 1
005' SUOrT 0203 0405 06 000‘10‘20‘% 0405 06 OI—+_08

Splif into two analyses with T, (G) T, (GeV)

different selection and cross- 225 r o R men 0
section extraction strategies 3¢ £
- Good agreement ot EEN L
Nb%%i P%o.zz— E _*——
» Resultscompared to 2p2h & = =
mOdels Oo"bfl%'bfz"o_s'0'4'0.'5'o_'é'o_'?:'o.é"o.é"'—l Ooz‘ B S R T
True p (GeV) True p, (GeV)

Detector. ND280 - FGD1 Target: Carbon Signal: CCOn  Unfolding: Matrix + Fit  Status: Phys. Rev. D 93, 112012
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ND280 Off-Axis CCOmr Result

« Results compared to Martini et al. model with(red)/without(black) 2p2h

« Data prefer a 2p2h contribution

0.70 < true coseu < 0.80 0.80 < true cosell <0.85 0.85 < true cosGu <0.90
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%01 02 03 04 05 06 07 038 050102 0304 0506070809 1 002 04 06 08 1 12 14
True pu (GeV) True P, (GeV) True P, (GeV)
0.90 < true cosﬁu <0.94 0.94 < true cosBu <0.98 0.98 < true cos(—)u < 1.00
_"I"'I"'I'"I"'I"‘I"'I"'I"‘I"'_ = "|'"'|""|""|""|"": = L DL | LA B T =TT
1+ — E = ~ .
N 1 o2 osf ‘*’ = L ]
519 osF 3 59 07 1 EQ o4f =
AL 1 %[5 06F ERA I :
Eg 0.6 . EE 05F = Sg 0.3 '
JEE 1 Boaf 3 B2 F == E
© + ] © 03F E o “r I ]
lg r b L5 02F = o5 -1 + E
518 02F - : 2 o1 ERE ]
= 0' ....... NP EPEPE BT EPEPEP SR PR BT B o ‘ E ...I....I....I....I....I....E % E | | | | | y
0 02040608 1 12141618 2 00 0.5 1 1.5 2 2.5 3 00 0.5 1 1.5 2 2.5 3
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Detector. ND280 - FGD1 Target: Carbon Signal: CCOn  Unfolding: Matrix + Fit  Status: Phys. Rev. D 93, 112012
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nucleon :
Momentum 3 Interactions
Interactions

W h O -|- n ex-l- 8 A = Fermi L Final State

«  Would like to disentangle the role of-
separate nuclear effects

« Current results provide an important One cross-section
piece of the puzzle measurement

« Now need complementary measurements ...

Measurement Measurement Measurement Measurement Measurement
#l #2 e

P>
Multi-

nucleon Pauli Blocking S St_ate
Momentum : Interactions
Interactions

Excellent diagrams by Laura Fields
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Ongoing measurements

CCOmr water cross section in muon kinematics New IF’QD
- Measure of A-scaling, invaluable for OA anatysis

—_

« CCOm measurement using muon + proton kinematics

- Enhanced sensitivity to nuclear effects .
FGD1 ongoing

« CCOm measurement using composite variables —  analyses
- Imbalance between the proton and muon can be using profon

. T.
a precision probe of nuclear effects ormaten
 CCOm using INGRID proton module )
- Model-independent measurement at higher E,
« CCOm neutrino/anti-neutrino joint fit - OTTErGFRCl;L[)) H
- Onp-nn/0ccoe (Ey) 1s substantially different for v, and v, analyses
 Measurement of free-nucleon cross section using dprr

—

N.B: T2K employs a blind cross-section analysis strategy
- Ongoing or recently completed analyses not applied to real data (remain “blind”)

Stephen Dolan NuFact 2016, Quy Nhon, Vietnam



POD - CCOmr on water

Side Muon Range Detector
UAT Magnet

CCOrm on water cross section using the P@D

Electromagnetic
Calorimeter (ECg

FGD1 analyses using proton information P, —
- CCOm using proton kinemartics
-  CCOr using inferred kinematic imbalance ||
- CCOm using transverse kinematic imbalance

Other analyses
-  CCOm measurements from v + v joint fif

- CCOm at INGRID
- Extraction of free nucleon cross section using dprr

Summary and future work
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CCOmr water cross section

« Isolate CCOm events starting in the P@D

Contact:
Tianlu Yuan
tianlu.yuan@colorado.edu

« Separate data taking periods into when P@D water target is

full/empty — subtfract to get water cross section

Tracker
|

P?D
Event Selection Y ‘
« Uses P@D as a target, requires >
TPC for tracking >
>

« Aim to find single u only

=107

T2K Preliminary —+- Data

I cc-ox

Bl cc-1n*
CC-other

[l BKG

=

 Two control samples
- CC1lm: look for 2 P@D
tracks and Michel e~

- CCOther: look for >2
P@D tracks

& o5 1 15 2 25 3 35 4
Reco-ip,

(Gevf

Detector: ND280 - P@D Target: Water Signal: CCOn Unfolding: Matrix

Status: Unblind
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Contact:

CCOmrr water cross section e

0.000 < Trueqn coseu < 0.600 0.600 < True-u coseu <0.700
. ConSTrUCT ﬂUX % 1; T2K Preliminary % 3-2 ] T2K Preliminary
. % 16 -% -
infegrated double- g g *
. . o : (%] 2
differential cross L on % 1s
section ofE os e
I8 o2 5.5 x 1020 pOT| f§ 05
o R eSU”.S C Omp are d I R R R R E Y Trhen E'f[c;ev] O s 225 35l Tries ngeVI
TO GEN | E Gnd N EUT 0.800 < True-u cos(—)n <0.850 0.975 < True-u cose <1.000
. e S 2 T2K Preliminary E £ e T2K Preliminary
predictions i i F %
> > 0.8p=
S 1 s
 Can also compare 50 % 5o
to FGD1 CCOm on Tl b%“"‘:'
Carbon result '*’E i o "If B
. . . 1.5 2 25 3 35 Trﬁe-p ngeV‘] 0 0.5 1 15 2 25 3 3.5 Trﬁe-u glﬁGeV])
y SImI|OI’ STUdIeS E 0.9 +CC011: onwater 0.975 < cos(é‘ﬂ) <1 : detector
UnderWOy USIng é 08 +CC071’ on carbon 0.980 < cos(B ) <1 N mass
3 o - P flux
FGD2 water layers g oo : cross-section
to extract 8 o4 | s
., B statistical (mc)
Oxygen:COrbon OE 22 Excl. flux error statistical (data)
; ; ®l€ o, T2K Preliminary X T ——— NEUT (tuned)
cross sectfion ratio o y data (unfolded)
Truewp [GeVI | ..l GENIE
Detector: ND280 - P@D Target: Water Signal: CCOn Unfolding: Matrix Status: Unblind
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CCOmr water cross section

Contact:
Tianlu Yuan
tianlu.yuan@colorado.edu

0.000 < True-u cosf < 0.600 0.600 < True-p cosf <0.700
« Compare results £ T2K Preliminary § 3 T2K Preliminary
to RPA/RPA+2p2h '° S . t
on Carbon 5" E o
g 0.8 gi‘? 15
o 06 To 1
“‘QE o ‘gE 05
e Data prefer 2p2h % 05 1 5 Trﬁe-up”[Ge\;ls 05 05 T Trée_upu[oe\ﬁs
confribution 0.800 < True-p cosé < 0.850 0.975 < True-u cos6 < 1.000
T 24 =
% 22 T2K Preliminary % ) T2K Preliminary
%:‘J' 1,§ ‘h+ % 0.8 _I_
. . 1.6 o [
« Difficult to % o J 5 o L
untangle role of L : 2 o4 !
A-Scaling %E o ofee
o5 o5 1 5 Tréﬁ_p o (o o 55 TS Trée_u o oo’
Martini CCQEw. RPAonC
—I— CCOn on water
—— Martini CCQE w. RPA+2p2hon C
Detector: ND280 - P@D Target: Water Signal: CCOn Unfolding: Matrix Status: Unblind
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FGD1 - CCOm + Np

Side Muon Range Detector
UAT Magnet

Electromagnetic
Calgrimeter (ECal) P@D ECal

« FGD1 analyses using proton information ay
- CCOm using proton kinemartics
- CCOr using inferred kinematic imbalance |
-  CCOrm using transverse kinematic imbalance

« Other analyses
- CCOmr measurements from v + v joint fit

- CCOmr af INGRID
- Extraction of free nucleon cross-section using dpyr

 Summary and future work
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FGD1 CCOmr Ano\yses

&@m@ﬂ

ECAL+SMRD ECAL*SMRD ECAL+SMRD ECAL+SMRD ECAL+SMRD
FGD FGD FGD FGD FGD AP

|~} _—H T#"P IL _—H

1 <~‘,p P ——P ——p

ECAL+SMRD ECAL+SMRD ECAL+SMRD ECAL+SMRD ECAL+SMRD

« Require one u-like tfrack or one u-like
and p-like track(s) starting in FGDI1

» Use a Michel electron tag and ECal EM

shower veto to reject 1m backgrounds

» Use of many samples gives wide
kinematic acceptance

Sidebands

« Require extra
n-like track(s)

ECAL+SMRD ECAL+SMRD
FGD FGD
/’p /’p
<“-o7'[ é*‘*ﬂ
ECAL+SMRD ECAL+SMRD
CCln CCOther

Entries

4000
3500
3000
2500
2000
1500
1000

500

T2K Work

C-other
ther Backgrounds

OFV

500

1000 1500

EUT MC, 33.2 x 102°pOT

2000 2500
pyé(MeVic)

NEUT MC, 33.2 x 102°pPoT

T2K Work
In Progress

04 06 08 1.0
cos(6,;"%)

Stephen Dolan
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CCOm using u + p kKinematics

« u kinematics only tell us everything about

v + N scattering assuming a stationary £9%00F" " oo ] 3
i g 8000 = CC-0n-N E

target and an elastic scatter 7000 £ i E
E CC-1r* 3

6000 ? CC-other i

We mGy see d lOW_ 5000 % Other Backgrounds é
momentum, high-angle muon 4000 = EE oorv =
in a CCOr selection. o 3000 © NEUT MC, 33.2 x 102°POT
2000 ' T2K Work =

o /_j_ Alow E, and 1000 = InProgress 3

I transverse pr 000l P -

500 1000 1500 2000 2500
pg“" (MeV/c)

come from ... backward pg

Entries

T2K Work
In Progress

But this could u_,<j; A high E, and large
e

g A high E,, and

v 4 large Q% - RES
O—»Cdo with T absorption

«  Measuring p kinematics allows us to
move beyond these assumptions
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CCOm using u + p kKinematics

Contact:
Pierre Bartet

bartet@lpnhe.in2p3.fr

. true cos(0,): -0.3 0.3, true cos( 0,): 0.850.94  nominal true cos(@,): 0.3 0.8 , true cos( 8,): 0.8 1 nominal
- Aimtomeasure CCOr -+ - o e

. . . Lot i SRS T2KWork | —
Cross section in bins of =~ 3« - g In Progress
cos(@u) ) cos(Hp) ,Dp IN o o

; ST T2K Work =0 |
samples with proton S nprogress = |
[~ | C
° ;._‘_‘_BJ{; ettt atseb Live bl jr;? \G‘  E— Cxd Y —T 1 )
- Use cos(6,),p, whenno = Y 5o GV /)
true cos(6,): 0.3 0.8 , tfrue cos( 6,): 0.50.8  nominal true cos(8,): 0.8 1, true cos( 8,): 0.30.8  nominal
proton reconstructed o - o ~ > T
Lo T2K Work it L.-E T2KWork | g
° AlSO measure pI’OTOH E”f: In Progress §¢ In Progress
multiplicity S A=
2l S R
« Construct flux-integrated £~ —— 5 ——

. . . Bs"oss os e o7 o7 b 05 o8 085 L Y K R
double/triple-differential py(Gev/c) Py(GeV /c)
cross-section PN 2 (i

? 3 T2K Work
 Fake data: GENIE* | In Progress
3— :

* GENIE fake data contains 5.73 x 1020 POT ~T2K runs 2-4 Number of Protons

Detector: ND280 - FGD1

Target: Carbon Signal: CCOn(+Np) Unfolding: Fit Status: Blind

NuFact 2016, Quy Nhon, Vietnam

Stephen Dolan



Contact:

CCOm and inferred kinematic imbalance |

jlae@phas.ubc.ca

« Can use proton and muon kinematics to form variables specifically
engineered to probe nuclear effects

« Under stationary target and elastic scattering assumptions can infer
proton kinematics from measured u

 Non-zero imbalance between inference and measured proton
indicates presence of nuclear effects or CC-non-QE interaction

e Measure:

18 . — CCQE ~ F — CCQE
~ :_NEUT prediction [} |_ 2p2h g 016

Qo4

0.12—

0.1

0.08—

0.06—

0.04—

0.02—

0= P = P M I BRI B N RS
5 -4 -3 -2 - 0 1 3 4 5 200 100 0 100 200 300 (] 05 1 15 2 25 3 35 4 45 5

bp, (GeV/e) 46, 18P, | (GeV /<)
inferred __ pinferred d _ |ninferred  _ measured
B, = Ipy T — ppeasured| A6, = 6, —oprecsred |Apy| = Ipp Py
Detector: ND280 - FGD1 Target: Carbon Signal: CCOn+Np Unfolding: Matrix Status: Blind
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M M M ° Contact:
CCOrr and inferred kinematic imbalance |k
jiae@phas.ubc.ca
. . . 0.8<cos 6, <1.0,p >750MeV
« CClmsideband using Michel ~ F .
- T oos— T2K Work 1
e TO g S - InProgress pi B xsec
% 0.05C— 3 [ detector
S r [ ] data stat
= ook [ MC stat
. . L] L] | X —_
«  Measure inferred kinematics in > - 4 % | Fakedta
. S =
bins of p,, cos(6,) : " Unlelded
$ 0.02—
= o, A
. * ~ -
- Fake data: GENIE S
. = < : . I [
« Nominal MC: NEUT e e
Ap, (GeV/c)
0.8 <cos 6,<1.0,p >750MeV 0.8 <cos 6, <1.0,p >750MeV
p= "
o I flux ~ E I flux
|= 00012 T2K Work B s |= 0.08— B s
S ~ In Progress B xsec S - T2K Work I xsec
3 0.001__ [ detector Y 0'07:_ In Progress [ detector
é - [ data stat § = [ ] datastat
- B ] MC stat - 0.06 [ MC stat
N, 0.0008— Fakedata truth N Oosi Fakedata truth
65\ - weeemees MC Truth @ ' Eol oW e MC Truth
NE 0.0006{— Unfolded N, 004 Unfolded
oou N penen g [ S = S
T o.uom:— : %; 0.03;_!75 ......
\% N 3 0.02—
— ooz~ ~_
& - & 0.01F-
'%ﬂ - TR S S ' . -~— ' %g E..|‘ | , | L. L o] 1
= 40 -20 0 20 40 60 80 Aéoo = 0 02 04 06 08 1 1z ¥ s s 2
* GENIE fake data contains 5.73 x 1020 POT ~T2K runs 2-4  © APy | (GeV/c)
Detector: ND280 - FGD1 Target: Carbon Signal: CCOn+Np Unfolding: Matrix Status: Blind
g
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Single Transverse Variables

Vytn ou+np
v [

\/
w
l " p
p
No nuclear Effects
pv
pp

Detector: ND280 - FGD1 Target: Carbon Signal: CCOn+Np Unfolding: Fit Status: Blind
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Single Transverse Variables

\/
w
n p
No nuclear Effects
pv
I _ p
Pr = _pT
Detector: ND280 - FGD1 Target: Carbon Signal: CCOn+Np Unfolding: Fit Status: Blind
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Single Transverse Variables

Vy+tN o p+N'+27?

With Nuclear Effects

pr + —ph

Detector: ND280 - FGD1

Target: Carbon Signal: CCOn+Np

Unfolding: Fit Status: Blind

Stephen Dolan
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Single Transverse Variables

V+tN o p+N'+27?

Detector: ND280 - FGD1 Target: Carbon Signal: CCOn+Np
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Contact:

CCOmr and transverse imbalance| sewmee

« 3single tfransverse variables (STV) characterise
imbalance in plane transverse to incoming v *

« For CCQE case any deviation from épr = 0,
d¢r = 0 is indicative of nuclear effects

 Minimal dependence on E,, for épr and day

oot . . ‘ . o x10°
2 el NuWro, v,C(RFG), QE 1 3
i SRS E,=0.6 GeV E
§ E,=1GeV ]
! —— E,=3 GeV E
3f -+ E,=6 GeV ] :
E :
1f E 2 — b
0 : : : : ML L L e ]
0 100 200 300 400 5 500 % 20 40 60 80 100 120 140 160 180
pT (MeV/c) Sop (deg)
*Phys. Rev. C 94, 015503
Detector: ND280 - FGD1 Target: Carbon Signal: CCOn+Np Unfolding: Fit Status: Blind
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CCOm In STV - Fermi Motion and FSI

* Moving from CCQE-CCOPi+Np, STV still a probe of nuclear effects

. ?<1 0-3 | | 50 510-3. . . . . . . | - 1 0-3I (}‘ Benhla.r, et IaL. Ph‘ys‘ ReT!. D T?. []53(?[]5 (2005)
‘:E} 6 : 3 -g_ ] ; ® _-=——F==:__=-=-=b_‘===_z
a E R [ o L

: 3 5F _
o S ] : ]
af 1 30} Y ]

g B s 3F . E
35 20} . - —— Local Fermi Gas ]
24 1 ol 1 2F —— Global relativistic Fermi Gas ]
18 E : 3 1F —— Benhar Spectral Function

0 100 200 300 400 500 600 00 10 20 30 40 50 60 70 80 90 00 20 40 60 80 100 120 140 160 180
5p, (MeVic) 3¢ (degrees) Sa; (degrees)
NuWro, 0.6 GeV v, on C, CCOr, FSI Off

. ?<:| O':'?' ....... 3 6 X1 0 T T T T T T T =
S RER-RY: ] ; =___"_____,_‘,==_==::‘::=
a 5F 1 Q. ‘ a g5f =

] 40} . ]
ar : : 4F 3

; 30F - ]
3F E s 3F 3
2 Bt 3 5 400 455 5 500 600 650 700 750_; 205 %6700 110 120 130 140 150 160 170 180 2' FSI On ;

: 10F ] - E
1E : : ] 1; FSI Off -
00 ~"100 200 300 400 500 600 0 10 20 30 40 50 60 70 80 90 0 20 40 60 80 100 120 140 160 180

BpT (MeV/e) &bT (degrees) do, (degrees)

NuWro, 0.6 GeV v, on C, CCOrm, LFG

Quasi-real CCOPi selection, keep events within rough ND280 acceptance .
No Pions, 1 Muon, >0 Protons. Pu = 250 MeV, Pp > 450 MeV, COS(QH) > —0.6, COS(Qp) > 0.4

Detector: ND280 - FGD1 Target: Carbon Signal: CCOn+Np Unfolding: Fit Status: Blind
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CCOm In STV - 2p2h and M,

M. Martini, M. Ericson, G. Chanfray, and J. Martean, Plvs. Rev. C 80, 065501 (2009) J. Nieves, I. R. Simo, and M. J. V. Vacas, Phys. Rev. C 83, 045501 (2011)
[ (-4 [0
: 3 i3 8
. - 19 7E
5 ERL] 3
: i 5F
5 ] 4 — QE
- 3 3 3¢ :
: = 3 2f = Nieves
0 : 1 1 1 Il T - 0 2_ ............................... J 1 é_ T Marteau
0 100 200 300 400 500 600 0O 10 20 30 40 50 60 70 80 90 00 20 40 60 80 100 120 140 160 180
SpT (MeV/c) 8¢T (degrees) do.; (degrees)
NuWro, 0.6 GeV v, on C, CCOmr, FSI On, LFG
. C . ?(1 0-Sl T T T T T T T E - 6 x-l 0-3| T T T T T T T
. 40 3 @ 5f E
: i 35¢ 3 E
: 1 s0f 1 4 ]
; 7 25¢ 1 3 — Mjy=1.44GeV 1
: ] 20¢ 3 . ]
: 1 15F 3 2 — My=1.2GeV 1
: ] 10F 3 : ]
; 5E E — M,=0.96GeV ]
0t 0 : 0t ;

0 100 200 300 400 500 600 0 10 20 30 40 50 60 70 80 90 0 20 40 60 80 100 120 140 160 180
3p_ (MeV/c) 8¢, (deg) Say (deg)

NuWro, 0.6 GeV v, on C, CCOmr, FSI On, LFG

« STV shape invariant with M,
- No ambiguity over M, or nuclear effect conftributions (MiniBooNE M, puzzle)

Detector: ND280 - FGD1 Target: Carbon Signal: CCOn+Np Unfolding: Fit Status: Blind
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CCOr in STV

« Restrict cross section to ND280 acceptance —

« Use aregularised template fit o unfold
— Useful to deal with large STV smearing

Contact:
Stephen Dolan
s.dolan@physics.ox.ac.uk

—

pu > 250 MeV /c

cos(Hﬂ) > —0.6

450 MeV /c <p,<1GeV/c
cos(6,) > 0.4

N—]

— Regularisation insists cross-sections should be smooth

« Faoke data: GENIE*
« Nominal MC: NEUT

-39
{>‘~ i<10| L A B ,:f;‘ T T~ 2-0)(1(‘)-3‘9| : g
& B —— Input MC (NEUT) 4 o T2K Work ] r‘iﬁ 18 3 T2K Work —
& i 7 NE In Progress | NE 1.6 2 In Progress E
S . —=— Fake Data (GENIE) § o - © 14p =
S 6 —e— Fit Result -4 S 1 s 13 3 E
3 T 13 5 F E
Z 4f T2KWork | 2 1 2 o8f E
-o|¢f - In Progress T e T L 06F E
B8 L A _g‘g 1 §lE o4f =
C ‘T—|:| 1 1° ;|_| T ooE =
8_ PR R TR T N SR =| 0 I T B B | - 0.0 B P Ll | Ll P LT
.0 0.2 0.4 0.6 0.8 1.0 00 02 04 06 08 10 12 14 0.0 0.5 1.0 1.5 2.0 25 3.0
' dp, (GeV/c) 8¢_(rad) da(rad)
* GENIE fake data contains 5.73 x 10%2° POT ~T2K runs 2-4
Detector: ND280 - FGD1 Target: Carbon Signal: CCOn+Np Unfolding: Fit Status: Blind
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FGD - CCOmr + Np

Side Muon Range Detector
UAT Magnet

Electromagnetic
Calorimeter (ECal) P@D ECal

’-.

Bl [~10m

« Other analyses
-  CCOm measurements from v + v joint fif

- CCOm at INGRID
- Extraction of free nucleon cross section using dprr

 Summary and future work
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Other Analyses e
i L e e
« CCOm v + v joint fit | contact: ciro iccio, riccioc@na.infn.it :Eo,_ /;;/ | //;/// e 3
*  2p2h contribution is different for v and v * b JF — v bare
- Aim to extract 7 double-differential cross section /e
in p,, cos(6,) with v + v sum, difference, asymmetry *MMM:F\\[“N
Defector:ND280 -FGD1_ Targe: Carbon _ Signal: CCOr_ Unfolding: Fit_ Stafus:Bind | - FRSEASVRVER 855
* INGRID CCOm Analysis | contact: senjamin Quilain, quilain@lir.in2p3.r ;: g trwe,
* Extract CCOm on Carbon in py, cos(6,) in proton s il
module (Efeak~1_2 Gel) - w1

In Progress | Stat..

. Complements similar FGD1 analysis (EP°**~0.6 GeV) w ||

Detector: INGRID Target: Carbon Signal: CCOr  Unfolding: Matrix  Status: Blind N I R T T R LY

B, (GeV]

Q220F T

T T
Vu+p—)|,l_+AH, E"u= 1GeV Actual Signal 368

« CCilml1p on hydrogen o g0 LT
* Use éprr toisolate Hin L 180 =
composite target **

+ T2K NEUT MC (7x10%" POT) —]

F e Combined Sig. + Bg Fit —
~ i Actual Inc. Bg. 2147
S 160E Ngg = 2344 = 97

g 140F- s, =167 =7 (MeVic)

B 120F

6L

d.f.

. & - c r
*  Measure A™ production = | 3%
 Free of nuclear effects : 3g§
2
Contact: B o0F
. David Coplowe, o EERREE s i . Foo T T e T T ]
* XG Lu: X 02 01 0 0.1 Q00 200 2100 0 100 200 300
PHYSICAL REVIEW. D 92, 051302(R) | david.coplowe@Imh.ox.ac.uk 5p_ (GevV/c) op,_ (MeVic)

Detector: ND280 - FGDI1 Target: Hydrogen Signal: CClinlp  Unfolding: Fit Status: Blind
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Summary

12K is measuring cross-sections of exclusive final-state topologies

- This talk: CCOm
- Talk by Erez Reinherz-Aronis: CCinc, CClnr+, NCE (WG2, Friday, 10:45)

Lots going on in T2K cross-section analyses — many results coming
soon!

First CCOmr water cross section has been measured

Many new techniques in use to complement each other and existing

results
- Analyses specifically engineered to probe nuclear effects

x1‘0-39‘ |

Numwnlmw‘

e B 8 &8 B B &
ity

|

10 em?

d-o
dpdcos8 \ nucleon GeV
.

(Neutron cm? GeV')
(=]
[=2)
-

(10738cm?GeV " Nucleon™)

=]
2 Y
T T

do
dﬁpT

o
1II
1

i
r 4
(\;Inl N | TS FPTTY FEETY Feees Feeee |

0 01 02 03 04 05 06 07 08 09 1
Truepu(Ge\')
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The Future

Measurement Measurement Measurement Measurement Measurement

Final State

nucleon Pauli Blocking Interacti
eractions

Cross Section Momentum Interactions

Measurement Nleasurement Measurement Nleasurementl

Final State
Interactions

nucleon Pauli Blocking
Interactions
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Thank you for listening
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Ongoing measurements

CCOm water cross-section in muon kinematics
- Measure of A scaling, invaluable for OA

Detector: ND280 - P@D Target: Water Signal: CCOn Unfolding: Matrix Status: Unblind

CCOmr measurement using muon + proton kinematics
- Enhanced sensitivity to nuclear effects

Detector: ND280 - FGD/1 Target: Carbon Signal: CCOnr{+Np) Unfolding: Fit Status: Blind

CCOm measurement using inferred kinematics
- Imbalance as a precision probe of nuclear effects

Detector: ND280 - FGD1 Target: Carbon Signal: CCOn+Np Unfolding: Matrix Status: Blind

CCOnm measurement using STV
- Imbalance as a precision probe of nuclear effects

Detector: ND280 - FGD1 Target: Carbon Signal: CCOn+Np Unfolding: Fit Status: Blind

CCOm using INGRID proton module
- Model independent measurement at higher E,

Detector: ND280 — FGDI1 Target: Carbon Signal: CCOn Unfolding: Fit Status: Blind

CCOm neutrino/anti-neutrino joint fit
- Onp-nn/0ccor (Ey) is substantially different for v, and v,

Detector: INGRID Target: Carbon Signal: CCOn Unfolding: Matrix Status: Blind
Measurement of free-nucleon cross-section using éprr
Detector: ND280 - FGD/1 Target: Hydrogen Signal: CClxlp Unfolding: Fit Status: Blind

Stephen Dolan NuFact 2016, Quy Nhon, Vietnam

New P@D
analysis

Ongoing

FGD1 analyses

using proton
information

Other FGD1 /
INGRID
analyses




BACKUPS
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Likelihood Fitting

T . Each true bin has some
template in reconstructed

Events
8 &

- bins.
b=t «  Varying the number of
“t E eventsin a true bin applies
o a normalisation factor to
f g the corresponding recon
g template.
- Vary templates until
reconstructed distribution
L T e beST f|TS The dOTO
recobins obs
+ leminimise:r = Y 2NMC - NP+ NPinire)
j J
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FItTing summary

« The best fit parameters are those that minimise the
following likelihood:

2 2 2 2
X = Xstat(fit goodness) + Xsyst(penalty) + Xreg-

recobins obs
Xotar = Y 2(NMC — N 4 NobsanMc)
J J

(asyst —»syst ) (Vsyst) (—»syst C—L»Syst )

X syst — pfrzor cov prior

X?geg = Preg z(ci_ci—l)z
[
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Systematics in the fitter

. Add term to the fit

Xayst = (@ = @ptig, ) (Ve ~H (@™ — @35, )

. The fit is able to constrain systematic parameters (mostly through
conftrol regions) but picks up a penalty if it moves far from the prior.

. Detector Systematics (e.g. TPC momentum resolution):
. Make many toy experiments, each varying detector properties we are unsure of,
. Produce covariance matrix which tells the fit the overall uncertainty in the

number of events in each bin and how this correlates between bins.
. Model Systematics (e.9. M, ggs, pion FSI):

. Use covariance matrix produced from external data fits which tells us the
uncertainty on model parameters.
. Make splines that tell the fitter how to reweight the MC if we alter model
parameters that describe the background In the fit.
. Flux Systematics:
. Use covariance matrix produced by beam group which tells us the uncertainty

on the flux in bins of neutrino energy.
. Store the neutrino energy of each event in the fit.

Stephen Dolan NuFact 2016, Quy Nhon, Vietnam



Regularising the fitter

. Reaching a fit result is an ‘ill posed problem’ -> there are often
degeneracies in the fit solutions.

. E.g. can often lower a particular template scaling parameter so
long as we raise the adjacent parameters
. Strong anti correlations between bins!

Can resolve with regularisation: Xieg = Preg z(ci_ci—l)z
. Add another tferm i
. Regularisation loosely ties bins together

« But how to choose the best p,.4¢

 Want to have the maximum smoothing impact with the minimal effect
on the x? of the fit.
« This problem is well studied, can choose p,.., using the “L-Curve”.

« Toy example fitting a Gaussian from a flat prior in backups.
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Regularising the fitter
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More detail:

Re gu larisation https://www.mat.tuhh.de/lehre/material/RegLS.pdf
. Penalty term in my fit from regularisation:
)(Eeg = DPreg Z(Ci - Ci—1)2
This looks like a rather non y?-like ’rierm slapped onto the fit...

But could also write it as:  xZg = Preg(® — Pprior) Veow) "2 (P — Pprior)

1 -1 0 - 07 Ortomakethematrix 1 -1 0 0 7
-1 2 -1 .. 0] non-singular: -1 2 -1 0
Weor)™* =0 -1 2 =~ 0 Weor) =10 -1 2 0
o o0 o0 -1 11 L0 0 0 -1 2
. Applying a penalty term in this way makes regularisation enter the fif
identically to model parameters.
. In fact in some sense the application of regularisation is a model that says

cross sections should be smooth relative to their prior.

. The uncertainty in the smoothness model is then 1/, /pqg.
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POD - CCOmr on water

m;used y Analysis Strategy \ ﬂ POD Ny

gmte wnty' 2 Water out Aot > . Upsiman Wabsr Target CentalECal,
efficiency, and N— ‘ T P@D-ECals consist of
unfold data Identical alternating layers of
procedure for scintillator and lead
water-out B el gt Water target consists of
EZ”:‘;EW alternating layers of
. Sttt ot scintillator, brass, and
Secten water
Scintillation measured
Sidebands for data-driven with wavelength-shifting
background constraint fiber, readout via
Corrections and systematics

alter MC distributions

MPPCs
/ Water can be draW

@stematic Errors Binned in MUON
+  Corrections include: flux tuning, Kinemaﬂcs

i and j indicate true and recon bins, N is the number interaction model correction, EMC effect
of events in the bin, R the flux normalization ratio, tuning, and pile-up correction ;
¢ the selection efficiency, and U the unfolding matrix. * Systematics include: flux uncertainties,
' interaction model uncertainties, and
section i detector uncertainties <
Then the cross one «  Numerical propagation via throws of ~ °
do. = i perturbed MC distributions
" F*ND’ « Largest source is the flux uncertainty

where F is the integrated flux, N, the number of nucieons, P T
and D. the bin width. ; . :
i systematics ;
~ statistics '

Fractional Error
8

r 2
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POD - CCOmr on water
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POD - CCOmr on water
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POD - CCOmr on water
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Contact:

FGD2 Oxygen Cross Section | gz

* Measure the cross section on oxygen and carbon simultaneously
fitting events starting in FG2 water and carbon layers

systematics parameters for
O and for C (with proper

Carbon Oxyge correlation)
y sig.C I Arbkg det model
N _' i "‘NzaMC)x (ra ’(I))
i=p,, cosB, bins Separate background
o =Xand Y FGD2 layers control regions

« Extract flux infegrated Oxygen cross section and ratio
oxygen/carbon flux integrated cross sections

5ig.0 sig, 0 FV.0

d(]' _ U N MC GLN / N neutrons
FV.0 sig.C FV.C

dp It (I) N HeUirons Ap 1 Cj N MO / N HeWutrons
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INGRID CCOP1 Analysis

Proton Module INGRID

» Select 1 u-like frack beginning in the
proton module

| Measure 6,°¢ and d;*¢ - distance
~ penetfrated through the iron (no B field)

 Unfold info Qm‘e and p”“e
CH scintillator Iron

* Build double differential cross-section

NEUT ML, -
5. 8 X 1020 POT

b » With 4 momentum bins and 5 angular
& bins uncertainty is 10%-20%

Number of events
~
g 8 8
TT T T T TTTTI T
)
§
®

ot \‘3"* et 8 * Blind analysis
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CCOPIlv+vjoint fit 1

*  2p2h contribution is different for v and v * <"l

« Comparison of v + ¥ can help identify 2p2h ]
D(}_ I(],l U.ZIU?3JUH4JU|.5 (],lé OHTIU{SIO.QI | Jll_lj ’
E, [GeV]

« Aim fo extract v double differential cross-

. : _ A— v sample — Kipeie
section in p,, cos(6,) alongside v + v sum, . o0 G
o E C -VH(ECQE+MEC
difference and asymmetry . . crd NG
. s T2K Work
« Uses extra high angle and backward u*/~ na v, InProgress
samples : NEUT MC, 3.24 X 1020POT
. . . . . : © 0.85<cosB<09 .
« Cross-section extraction via a likelihood T sample
template fit . T2K Work
5ol In Progress
. . i 1| Stat. error only
« Blind analysis - NEUT M,

ﬁ 3.24 x 102°POT

50

3.24x10720 POT

0_

* M Martini: PHYSICAL REVIEW C 80, 065501 (2009), PHYSICAL REVIEW C 81, 045502 (2010)
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CCOPiv + v joInt fit measurements

p N'?MC o, ¢ N;’MCCC" " = (what we measure) number of CCOx events in

1 'true' muon p, cos6 bins

Extract 3 measurements: 5 v N7 MCCCOon
do Ci IV;

* CCOxn v flux integrated cross-section -

dp,dcost, @ -N rotons” A Py A cos 0,

» sum, difference and v-v xsec — allow to disentangle different
terms of xsec (compare with 2p2h models)

v v V A7VMCCCO= v n7vMCCCO=n
d(o"+0") _ 1 ey W LGN,
- v FV - v FV
dp u dCOS ell A p n A Cos 6.“ (I) g N protons (I) N neutrons

« asymmetry of v-v xsec - direct effect on 6., measurement

G0 S W B W D Y )
d(O’ +0v) C:’N:?MCCCO::/((DV'NI;:/O[O"S)_'_C:N:MCCCOn/((I)v.NFV )

neutrons
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OprT

T

{X, Y}
={p, T} forv+p—=I" +ATT
or {p, 7"} for b4 p —IT + A°

ﬁu;p

o p¥T ph&“"‘“—n
_|'-II.".-
T
z -
ZTT

FIG. 1. Schematic illustration of the double-transverse kine-
matics. The incoming and outgoing particle momenta are
represented by g, and f; , p, and p%, respectively. The double-
transverse momentum imbalance, dprr is given by ph.. +pTr
with respect to the axis Zrr defined by g x .

F S 2 T © o
F VP AT Ey=1GeV

v oy by by by

02 01
SpTT(GeV/c)

0

Phys. Rev. D 92, 051302(R)

Stephen Dolan
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CClplm on hydrogen

« Cross-section measurement on H allows measure of a(v + p) without
nuclear effects

« Canuse dppr toisolate H content of composite target *

- —T T
VAP AT, Ey=1GeV

0220

T T T T | T T T T I T T T I_—
T2K Work In Progress

] S E  Actual Signal 368 E
10+ 'i‘_“_"_V_ff) H, downscaled by 10 — (O] 200 £ N, =326 = 106 ¢ T2KNEUT MC (7x107' POT) 3
—————— d ] E 180 - Ogig =247 £ 85 (MeVic) —— Combined Sig. +Bg Fit ~ —|
............. . = Actual Inc. Bg. 2147 B
8 wemun, (H;e — I\- 160_— Nog = 2344 = 97 { Fitted v-H Res. Sig. =
:I Ar : N 140 :_ Ogg = 167 + 7 (MeV/c) = Fitted Inc. Background _:
% pf AR ] @ 120§xmnp=1.27 E
. i ] 3 100 {
- O 80
: 60F-
[ 40;
- Ty ad s ==t 4 L 20._
0~.-.-—:_.V.IIL..JJJJ,A-‘ '_“."‘- T
= o e o 02 B00 "200 -100 0 100 200 300
(True) 8p_, (GeVic) (Reco) dp_ (MeV/c)

« Aim to measure ATt production on H

Stephen Dolan

* Phys. Rev. D 92, 051302(R)
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Reconstructing the Neutrino Direction

Mean Neutrino Parent

Reconstructed Neutrino
Direction =

Reconstructed Interaction

Decay Point (PDP) Vertex

| v

15

Decay Tunnel 280m
E {l.'m? _I T T T I T T T T I T T T T I T T T T I T T T T I T T T T I _I Emi J ' _;
£ - i ; 2so00f T2K Work -
xﬂ.{]ﬂﬁ - = In Progress -
2 C . E
0005 = ;
0.004 = . '
- ] 03
= ] ND280 Coord. x {m)
0.003 = = o -
0,007 3 = % s T2K Work
1 E 2K Work E 5 oo In Progress
0.001 = In Progress = 3000
0 - M NS ST P S N AT TR ST NS R | |: 2000
0 0.5 1.5 2 25 3 1000
da’’® (radians) R

ND280 Coord. z (m)

I

FGD 1

T2K Work
In Progress

T

1
-

=) 0
ND280 Coord. v (m)

Stephen Dolan
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Paull Blocking

x10"

-
—
- [ -

llllllIlllll]l]llllllllllllll

T

dS 10 cm? nucleon™ GeV?)

dQ’

-3

02.9 , |
Q (GeV?)

p—
<

Nominal

TPy
e L ';"I-l’la'

IIIIIIIIIIIIIIIIIIIIIIII'IIII'IIII'IIIX

(10 ¢m? nucleon™ GeV™)

NuWro, ND280 v C(RFG)
ﬁ.l.w.l"'*ﬂ KX Hi :ﬂf:' Paar

TP g U U S DEL I S TSRS S S’

No PB
No PB, No FSI

Illlllllllllllllllll]Ill]lll]l

0.1 0.2
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Neutrino Scattering and OA

—

T2K flux
—— CC Total
—— CCQE
--- MEC
—— CCRES
——— CC Multi-pi
—— CCDIS

o/E,(10738cm?2GeV 1)

PO A et i e il St e B o L——ﬁ

05 1 1.5 2 25 3

E, (GeV)

Interaction Modes in all CCOn

events at ND280 (NEUT):
RES

6.91%

°O

Other
0.38%

2p2h
12.11%

Stephen Dolan

% 1.4 NEUT, v,C(RFG/SP)
] e % T — QE (SF)
—'g T 2p2h (Nieves) -~ Resonant 7 prod.
B DIS - Other
2 ND280 v, shape SK Osc. v, shape
s 1l
E T2K Work
'?g 0.8 In Progress -
@] 06F
°
0.4+F
02 ":_-::-""-"-":--.::: -----
NI/ ez

Interaction Modes in selected 1
ring u-like events at SuperK(NEUT):

Other
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Z

D280 Off-Axis CCOm Result

-1.00 = true cnrﬁy < (.00 (L0 = true r_*usHP < L6 0.0 = true émﬂu < (1.9

]- T T T T ¥ L ™ L T T T T T KL LI T rr T Tr T
E |._ E L L] T L] T L] T L] T T

= 09F = UEE ] " ]
E\ g{;' Analysis I S O 1 g ]

= 07F c D6 E “lo 08 .
] E - ] i = - ]
Eé Q.58 2|2 osf R o I b% i ]

2 U3F 2 naf 3 z e B
— 4 S 3 o o ]

3 0.3 3 n4F , J

H‘:'Ig e % ‘3% 025 } 1 b - e ]
0.2k e ] I E L ]

= k. I = E-- =] 0.2 =

E ﬂ.];— = ﬂ.lE— E E— o ————]

0005 0.1 0.05 02 025 0.3 035 0.4 B0 02 o2 04 05 04 TR TR TR T
True p, (GeV} True p, (GeV) True p, (GeV)
0.64) = true cosl, < 0L.70 (0,70 = true cost, = 0L80 098 < true cosH, < 1.00
T T T T T T T 7 |..2_= T T T T T T T ? —

- 1= - = i ] - .
“‘éa I _1__. 1 ’ké 1= - %ﬁ —+— Data: shape uncertainty
2lg osf R 1 ot T | -
=] '3,! 05E _L +. 3 Ejg ﬂ-ﬁ: ; 1 =z D Flux normalization uncertainty

= o - 2 osf . e g

Fo : r T ] e —

D 04 . = 04f R E 2 NEUT
LlE T ] Ll2 )] Hb_i
oy 025 4 =g 02fF E = ~ GENIE

=) T T I 1 k=l - 1 ]

5020304 05 06 0 0a =005 04 05 06 07 04 TR
05 1 15 2 25 3 35 4 45 3
True p (GeV) True p (GeV) Troe GeV
n u Py
ﬂ_Et!chu::usHFc.D.Sﬁ H.H.S{Lm::uslipc.ﬂ.‘ilﬂ 0,94 < true - EIF-c_’l.'fl.‘?ﬂ
] 2_ T T T T T T T T L] I'E.,- T T T T L] T T _- : : : T .
R Z | &
={ 4 1= *é = 1= -1 .
!;..“i g -J"LE osf : EE
- ; - ] E
ofE o st 1 %lz
Z osF £ D6 = S E!
—_ - —_ F ] |
04F n4f - .
R = = L | fF ™
=z 02k | R <[z 02f ——  =[Z 0
= L. M - L 1 L 1 L 1 L 1 ] = . 1 L L 1 L L] k= 3
T 02 0350405 06 0708 0.9 b—o:"0a 08 D& 1 T2 14 R ey ey
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Detector. ND280 - FGD1 Target: Carbon Signal: CCOn  Unfolding: Matrix + Fit  Status: Phys. Rev. D 93, 112012
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