
NuInt02NuInt02 22ndnd International Workshop on NeutrinoInternational Workshop on Neutrino--Nucleus Interactions in theNucleus Interactions in the fewfew--GeVGeV Region, UCI, Dec.2002Region, UCI, Dec.2002
　　

Studies on C.C. QuasiStudies on C.C. Quasi--Elastic and Inelastic Elastic and Inelastic 
Events by K2K FineEvents by K2K Fine--Grained DetectorGrained Detector

T. IshidaT. Ishida
KEK IPNSKEK IPNS

NuIntNuInt02@UCI, December 1202@UCI, December 12thth ~15~15thth , 2002 , 2002 

　　IntroductionIntroduction
　　C.C. Inelastic/QuasiC.C. Inelastic/Quasi--Elastic Events Elastic Events 
　　OnOn--going Analysesgoing Analyses

Low Energy (<1GeV) EventsLow Energy (<1GeV) Events
QQ22 analysis, sensitivity to    analysis, sensitivity to    
C.C.QuasiC.C.Quasi--Elastic MElastic MAA



NuInt02NuInt02 22ndnd International Workshop on NeutrinoInternational Workshop on Neutrino--Nucleus Interactions in theNucleus Interactions in the fewfew--GeVGeV Region, UCI, Dec.2002Region, UCI, Dec.2002
　　

IntroductionIntroduction
K2K Fine Grained Detector (K2K Fine Grained Detector (FGDFGD))
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Ｐ

Core of FGD :Core of FGD :
Scintillating Fiber TrackerScintillating Fiber Tracker

(Sci(Sci--Fi)Fi)

　Neutrino beam properties at production.Neutrino beam properties at production.
　　Neutrino Interactions at <ENeutrino Interactions at <Eνν>=1.3GeV.>=1.3GeV.
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MRD

Sci-Fi

ν

A Typical FGD event A Typical FGD event 
(a C.C.Quasi(a C.C.Quasi--Elastic candidate)Elastic candidate)

Progress after NuInt01:Progress after NuInt01:
Neutrino Oscillation Analysis Neutrino Oscillation Analysis 

NNSKSK andand EEννrecrec(P(Pµµ,,ΘµΘµ) of 1) of 1--Ring are Ring are 
evaluated with neutrino oscillation evaluated with neutrino oscillation 
hypothesis. hypothesis. 

Front Detectors (1kt & FGD) Front Detectors (1kt & FGD) 
provide neutrino beam properties at provide neutrino beam properties at 
production (w/o oscillation), which production (w/o oscillation), which 
are indispensable for the analysis: are indispensable for the analysis: 

1.1. Monte Carlo Tuning Monte Carlo Tuning 

2.2. Neutrino Flux Neutrino Flux F(EF(Eνν)) at Productionat Production

3.3. C.C.Inelastic/QuasiC.C.Inelastic/Quasi--Elastic Ratio   Elastic Ratio   

R (nonR (non--QE/QE)QE/QE)

FGD (MRDFGD (MRD--matched) events are matched) events are 
related to F (Erelated to F (Eνν) and R in) and R in EEνν> ~1GeV.> ~1GeV.
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µθ
Monte Carlo Tuning:Monte Carlo Tuning:
ΘµΘµ problem is fixed by problem is fixed by 
tuningtuning NEUT Monte Carlo NEUT Monte Carlo 
with with ““phenomenologicalphenomenological””
weight W as weight W as funcfunc. of Q. of Q2 2 ::

CCQE MCCQE MAA 1.011.01→→1.111.11GeVGeV/c/c22

CC1CC1ππ MMAA 1.011.01→→1.211.21GeVGeV/c/c22

……
They aim to get better They aim to get better 
agreements to data, by agreements to data, by 
making Qmaking Q22 dist. harder.dist. harder.

××w(Qw(Q22) ) 

C.C. Inclusive
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Studies on C.C. Inelastic/QuasiStudies on C.C. Inelastic/Quasi--Elastic EventsElastic Events

χχ22--fit on 1kt & FGD (Pfit on 1kt & FGD (Pµµ,,ΘµΘµ) distributions.) distributions.
Outputs:Outputs:

Neutrino Flux Neutrino Flux FF((EEννii)) (=F(=F××σσQuasiQuasi--ElasticElastic))
R(nonR(non--QE/QE)QE/QE), unique for entire , unique for entire EEν ν . . 

FGD:FGD: Nov.99Nov.99-- Jul01 data (4.8Jul01 data (4.8××10101919p.o.t.)p.o.t.)
11--track and 2track and 2--track events.track events.
22--track events are separated into two groups by track events are separated into two groups by 
usingusing ∆Θ∆ΘProtonProton, a , a kinematickinematic variable of secondary variable of secondary 
tracktrack, which can separate C.C.Quasi, which can separate C.C.Quasi--Elastic and Elastic and 
Inelastic events efficiently. Inelastic events efficiently. 
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∆Θ∆ΘPP (2(2--track events) track events) 

Sample (2)Sample (2)Sample (3)Sample (3)

((PPµµ,,ΘµΘµ) distributions of) distributions of
(1)  (1)  11--tracktrack

5,951events/44points5,951events/44points
(2) 2(2) 2--track track ((∆Θ∆ΘP P ≤ ≤ 2525oo))

761events/40points761events/40points
(3) 2(3) 2--track track ((∆Θ∆ΘP P ≥ ≥ 3030oo))

1,291events/40points1,291events/40points

124124 data pointsdata points
~ 8,000 ~ 8,000 events in total.events in total.

RR(non(non--QE/QE)QE/QE) is is 
constrained by (3) / (2) constrained by (3) / (2) 

∆ ∆ R < 10%R < 10%
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Effect of Proton ReEffect of Proton Re--scatteringscattering

O16

ν µ

~40%~40% of protons (of protons (Pp>400MeV)
interact inside the nuclei.interact inside the nuclei.

Effect On The Spectrum Analysis:Effect On The Spectrum Analysis:
Protons change directionProtons change direction

(2) 2(2) 2--track<25track<25oo →→ (3) 2(3) 2--track>30track>30oo

Lose Momentum (Lose Momentum (∆∆Pp= -90MeV)
(2) 2(2) 2--track<25track<25oo →→ (1) 1(1) 1--tracktrack

Momentum of Proton 
Exiting from Nucleus

(C.W.Walter@NuInt01)

Before 
Scattering

After Scattering

(MeV/C)
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Number of SciNumber of Sci--Fi TracksFi Tracks

QE

ProtonProton　　Momentum of (2)Momentum of (2)
(2(2ndnd TrackTrack LengthLength))

Data agree well with MC. Data agree well with MC. 

10% error10% error is allowed for reis allowed for re--scattering probability, scattering probability, 

which is based on which is based on ee--PP scattering data  scattering data  ⇔⇔ NeutNeut MC.MC.

1      2       3     　4     5

QEQE

QEQE

ΔΔppprotonproton～～３０３０ＭｅＶＭｅＶ((PPpp>600>600MeVMeV))
(to be(to be reduced toreduced to ~400MeV)~400MeV)

PPprotonproton
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e(1940 MeV)

Sc
at
te
r 

An
gle

eProton Rescattering in
e + 12C → e' + p + X 15º ± 2º

P

RRMCMC
= 0.017 (= 0.017 (NeutNeut××FSI) FSI) 

RRexpexp(120(120±±88oo / 66/ 66±±88oo))
=  =  00.019.019±±0.0010.001

(Alanakyan et al. Physics of Atomic Nuclei 61,2,1998)

Yerevan electron synchrotron

0 60 120 Scatter angle

w/o rescatter

With rescatter

(R= 0)
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Fitting ResultsFitting Results
PPµµ 　　ΘΘµµ　　

(1) 1(1) 1--tracktrack

(2) 2(2) 2--tracktrack
∆Θ∆ΘP P ≤ ≤ 2525oo

(3) 2(3) 2--tracktrack
∆Θ∆ΘP P ≥ ≥ 3030oo
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OnOn--going Analysesgoing Analyses

FGD LowFGD Low--Energy EventsEnergy Events
To increase sensitivity to To increase sensitivity to 
lower energy we are lower energy we are 
studying studying ““LeadLead--Glass(LG) Glass(LG) 
stoppingstopping”” events thus far events thus far 
obtained. obtained. 
+45% events+45% events in in EEνν < 1GeV< 1GeV

Runs w/o LG will be Runs w/o LG will be 
started very soon (this started very soon (this 
December).December).

SciFi+MRD
Inclusive

Pµ 

SciFi+LG
Inclusive

Pµ 

QE
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Inclusive PInclusive Pµµ and and ΘΘµµ distributions (distributions (SciFiSciFi+LG)+LG)

0            0.3 0.6 (GeV/c)

0            20 40 (deg)

µP

µθ CCQE

CC1π

CCmπ

Interaction modes

µP
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Number of track distributions (Number of track distributions (SciFiSciFi+LG)+LG)

1       2      3 4      5  

>2-track

CC1π

CCmπ

µP
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QQ22 analysisanalysis
The The differential cross sectiondifferential cross section for the for the 
C.C.QuasiC.C.Quasi--Elastic reactionElastic reaction ννµ µ + + −−> µ> µ−− + + 

  is studied in terms of Axialis studied in terms of Axial--Vector Mass MA.Vector Mass MA.
This is the first measurement of MThis is the first measurement of MAA with water with water 
targettarget
Entire QEntire Q22 region of FGD samples (1), (2) and (3)  region of FGD samples (1), (2) and (3)  
are fitted simultaneously.are fitted simultaneously.
For For QQ22<0.2(<0.2(GeVGeV/c)/c)22, , the freethe free--neutron cross neutron cross 
section is corrected by thesection is corrected by the factor R (Qfactor R (Q22) ) to to 
account for the account for the PauliPauli exclusion principle.exclusion principle.

R~45% at QR~45% at Q22=0(=0(GeVGeV/c)/c)22

θ
π ν

(Eν,Q2) =σ
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Q2 distributions of 2-track samples 

(2) 2(2) 2--tracktrack
∆Θ∆ΘP P ≤ ≤ 2525oo

(3) 2(3) 2--tracktrack
∆Θ∆ΘP P ≥ ≥ 3030oo

Q.E.

CC1π
Coh-π

Multi-π

CCQE: 62%CCQE: 62%

CCCC InelInel: 82%: 82%

Q.E.



NuInt02NuInt02 22ndnd International Workshop on NeutrinoInternational Workshop on Neutrino--Nucleus Interactions in theNucleus Interactions in the fewfew--GeVGeV Region, UCI, Dec.2002Region, UCI, Dec.2002
　　

CCQE cross section at ECCQE cross section at Eνν=1.3 =1.3 GeVGeV

dσ
/d
q2
(1
0-
38
cm
2 /
(G
eV
/c
)2
)

Absolute: Fixed
(=flux-dependent)

Norm by area
(=flux-independent)
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Fits give ∆(MA) to be 
~.2GeV/c2 ,where
∆(MA)stat. ~ .06GeV/c2.

 ∆(MA)sys.  ~ .15GeV/c2.
Systematic errors 
mainly come from:

§§ Uncertainty in single Uncertainty in single ππ
MMAA

1π1π

§§ Uncertainty in nuclear Uncertainty in nuclear 
effect.effect.

Best Fit Distributions (Preliminary)
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SummarySummary
On the way of K2K oscillation analysis, FGD events On the way of K2K oscillation analysis, FGD events 

provide neutrino flux F and R(provide neutrino flux F and R(nonQEnonQE/QE) in E/QE) in Eνν>1GeV >1GeV 
region.region.
They can determine R(They can determine R(nonQEnonQE/QE) with < 10% accuracy./QE) with < 10% accuracy.
We are making efforts to reduce energy threshold by We are making efforts to reduce energy threshold by 

using LG stopping samples. We get +45% more events in using LG stopping samples. We get +45% more events in 
EEνν<1GeV.  Basic distributions are shown, whose Data<1GeV.  Basic distributions are shown, whose Data--
MC agreements are good. MC agreements are good. 
Runs without LG will be started this December and we Runs without LG will be started this December and we 

will obtain more low energy events in Ewill obtain more low energy events in Eνν<0.5GeV as <0.5GeV as 
above.above.
QQ22 analysis will determine C.C.Quasianalysis will determine C.C.Quasi--Elastic MElastic MAA with with 
accuracy of ~ 0.2GeV/caccuracy of ~ 0.2GeV/c2 2 (0.06GeV/c(0.06GeV/c22 stat.only). stat.only). 
Efforts to reduce systematic uncertainties are needed.Efforts to reduce systematic uncertainties are needed.


