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Current phenomenological models are not constrained by experimental
data with enough precision for the next generation oscillation experiments

Need to improve our understanding of low energy v-Nucleus interactions



Low energy neutrino

cross-section open issues

CC Quasi-Elastic Scattering
- M,
- Q? distribution
- Low Q? region
Single 1t production
- M,, Q! distribution, low Q? region
— Coherent 1t production (CC vs NC)

- T momentum
Low energy ve (Not ve) MiniBooNE excess (?)

CClm - background to v, disappearance

NCm® - background to v, -ve searches



LBL Near-Far Strategy
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LBL Near-Far Strategy
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SciBooNE: why ?

Neutrino Spectra
normalized to areas

Precise 0 measurements

CC-QE T2K unoscﬂlated
CC-coherent 1t ' |

CC-1mt
NC-1°
Similar neutrino energy as T2K

Anti-neutrino o measurements
CC-QE
CC-coherent 1t

Poor experimental data

Measurements joint with MiniBooNE
Flux x o measurement (WS, v disapp....)

Beam v, contamination



Neutrino Interaction MC (NEUT)
CC quasi-elastic (CCQE)

Llewellyn Smith, Smith-Moniz with M,=1.2GeV/c?

Fermi gas model with Pe=217MeV/c, Eg=27MeV (Carbon)
CC (resonance) single 1t (CC1m)

Rein-Seghal(2007), Ma=1.2GeV/c?
BN

GRV98 PDF
Bodek-Yang corrections

O /E (10cm2/GeV)

CC Total
“|/NCCQE
Rein-Sehgal(2006), M,=1.0GeV/c? 0'2

Neutral Currents “6.51 15 2 25 3 35 4 45 5

CC coherent
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Nuclear effects



SciBooNE: how ?

After K2K end of run (Nov. 2004), where available at KEK
SciBar (a fully active tracker and neutrino target) and EC (a
lead and fibers “spaghetti” calorimeter adding longitudinal
energy containment for electron and m°).

Since installation in K2K (Oct. 2003), 2.2 101° PoTs were taken,
producing results on neutrino cross-section (no anti-nu).

A new experimental campaign to measure (anti-)neutrino cross-
sections was possible with the addition of a downstream muon
detector and the availability of a neutrino beam.

The Booster Neutrino Beam at Fermilab could provide 2 1020
PoTs, half in neutrino and half in anti-neutrino mode.

End of 2005 - Letter of Intent to FNAL PAC.



where ?

SciBooNE
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1+2 1020 PoT/year




SciBooNE at Fermilab

= 5-— -

& )Booster Proton accelerator

Beryllium target: 71cm long 1cm diameter

Resultant mesons focused with magnetic
horn

Reversible horn polarity

50m decay volume
- Mesons decay ton & v,

- Short decay pipe minimises u—v_ decay

LMC

Magnetic Decay

i : - Aherrhe F
focusing horn region Absorber




" SciBooNE’s
data run is
complete! '
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MRD (SeiBooNE)




SciBooNE detector

SciBar

» 12 2"-thick steel
+ scintillator planes

- scintillator tracking
detector

- 14,336 scintillator
bars (15 tons)

- Neutrino target b
- detect all charged i
particles
- p/Ttseparation (i Wl
using dE/dx \

* measure muon
momentum with range
up to 1.2 GeV/c

Built for SciBooNE with
parts recycled at FNAL

Electron Catcher (EC)

Built for K2K

* Lead+Fibers "spaghetti” calorimeter

- 2 planes, horizontal+vertical (11 Xo)
- PID and containment for 1° and v,

Built for K2K re-cycling modules
originally constructed for CHORUS



The “"Green” Experiment
C, Fermilab TOdE Monday, April 7, 2008

SciBooNE wins DOE-wide
award for pollution prevention

LI[
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Camillo Mariani (top) and Lucio Ludovici

DOE-wide Pollution (middle), both from University of Rome, La

Sapienza, and Chris Richardson and John

. Cornele, both of Fermilab, install re-used
Pr‘even.rlon STGr‘ electromagnetic calorimeter modules into an
element of the SciBooNE experiment.
(PZ STC(I") Award The SciBooNE experiment, which is tucked

away in a small cement building no larger
than a commercial elevator shaft, recently
stood out in the national spotlight. Federal
officials recently named SciBooNE a
recipient of a DOE-wide Pollution
Prevention Star (P2 Star) Award for its
reuse of existing materials.

Hardware re-cycling reduced the experiment from 4.5 to 1.2 M$



SciBooNE Data Taking

— Delivered = Started June 2007

RONA Ended Aug. 18" 2008
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Neutrino data 0.99E20 PoT
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Booster Neutrino Beam (BNB)

Expected neutrino spectrum at SciBooNE

(neutrino mode) )
* mean neutrino energy:

<Ev> ~0.7 GeV

5MeV/POT)

2
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* 93% pure v beam
VIJ (6.40/0)
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ve +ve (0.6%)

- the anti-neutrino beam is
obtained by reversing
the horn polarity
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Event Display

® ADC hits (area>charge)
L1 TDC hits (32¢ch "OR")

anti-vu CC-QE candidate
(VW+p=>u+n)

50 100 150 200 250 300

vu CC-QE candidate
(VU+Nn > p+p)
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SciBooNE Analysis Topics

CC-coherent pion - Today

Flux measurement

Joint SciBooNE/MiniBooNE oscillation analysis
CC Quasi Elastic

CC 11t
NC 1T production

CC 1 production
NC elastic

Beam v, spectrum

Excellent training for a new generation of neutrino physicists !

17



Coherent pion production

)

e vCC
anti-v CC
v NC

—h
- N

0.8
0.6
0.
0.

o(v,C—-uwC *) (10°° em?

Scaled to CC coherent on Carbon assuming:

- AP dependence

- 0(CC)=20(NC)
- 0(VH)=0(VH)
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CC coherent 1t

CC-resonant 1T production

G.Zeller

CC Coherent Pion Production Cross Section
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o SKAT (CC), Grabosch, Z.P. C31, 203 (1986), CFBr
» BEBC (CC), Morage, Z.P. C43, 523 (1989), Ne
. CHARM 11 (CC), Vilain, PL 3138, 267 (1993), gloss
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CC-coherent 1T production

UVEI) 5 7.5 10 125 15 '1?.5! 20
E, (GeV)

V+C - W +C+ 11

K2K observed a large suppression of CC pion coherent production

At <En>=1.3 GeV o(CC-coherent)/o(CC)< 0.6 10° at 90%CL

K2K Coll., PRL 95:252301 (2005)



CC and NC coherent pion

CC coherent T+ (K2K) NC coherent 11° (MiniBooNE)
Phys.Rev.Lett. 95,252301 (2005) Phys.Lett. B664,41 (2008)

2

S 1400

e Data 1200
] CC coherent & n° 19.5% Coherent
P ——— 000 . P
B CC 1r, DIS, NC 1000 Fit C.L.=7.14%
800 4+ Data
Full MC Fit

-- Resonant

—r
N
@)

600

Entries / 0.05(GeV/c)

400 -— oo _L"'._ — Coherent

--- Background
200
No evidence of CC coherent pion % 0.2
production at <Ev>=1.3 GeV E_(1-cos 6) GeV
o(CC coherent m)/o(CC)0.60x10 (90%CL)

(corresponding to 23% of the MC prediction) First observation of NC coherent
pion production at Ev<2GeV

19.5% of 1° coherent over 1 all
(65% of the MC prediction)




CC coherent: event samples
normalization

1. Number of

tracks 2tracks l>2tracks
entificat e .
identification : M+ TL

SciBar-MRD matched sample

MRD-stopped : MRD-penetrated

Same_selection

3. Energy deposit
around the vertex
(vertex activity)

i+t high act.

MRD-stopped

MRD-penetrated

CC-coherent 1t
sample

CC-coherent 1t

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
sample .

Samples used for
background estimation
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1. Number of tracks

Search for tracks close
to the vertex (R<10cm)
vertex Muoh
L candidate
r'a
R<10cm

_ Entries

41
o
(=4
o

* DATA
I:l CC coherent

CC resonant

Number of tracks

22



2. Particle ID

Particle ID using dE/dx in SciBar

Muon Confidence Level (MuCL)

MucCL >0.05 = muon-like
<0.05 > proton-like

Mis-ID probability
Muon: 1.1%
Proton: 12%

® DATA
h
[ ] other

6 8 10
dE/dx (MeV/cm)

® DATA
:

D other

=0
dE/dx (MeV/cm)

P
[ ] other
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2. Particle ID (cont’'d)

p-like | n-like

p/Ttseparation with
MUCL for 2nd track
in 2-tracks events
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Vertex activity

Low energy protons are detected
as a large energy deposition
around the vertex

Entries / MeV

no activity

w/ activity

s DATA
|:| CC coherent &

CC resonant &

Other

Energy deposit (MeV)
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MC tuning

MC distributions of reconstructed Q2 for different sub-samples
are simultaneously fitted to data to constrain systematic
uncertainties due to:

- detector response

- nuclear effects

- neutrino interaction models

- neutrino energy spectrum

Q? reconstruction assuming CCQE (v+n->pu+p) interaction

_mz)_(mn _V)2 +2E/1(mn _V)

(m,=V)—E, + p,cos,
V=27 MeV nuclear potential

rec

v =2E;(E,—p,os@,)—m,

26



Rnorm
Rres
Rother
Rotrk/1trk
Rp/n
Ract
Rpsc:ale

MC tuning parameters

: MRD stopped sample normalization

. CC resonant pion cross section factor

. Other nonQE (mainly DIS) cross section factor

. Migration between 2track / 1track samples

. Migration between p+p / p+mmsamples

. Migration between low/high vertex activity samples
: Muon momentum scale

: Pauli-suppression for CCQE E, =K(\/p§ tm, -w+E;)

ATEXD arobs ATobs - 1]
‘\U _‘\*’J —i_‘\li X lllw
. i .iJ

Rp scale

k>1, Elo lowest integration bound
on initial nucleon energ

ATObs

Covariance Ries Rtk
matrix (0.20)2 —(0.09)2 +(0.10)> 0
v —(0.09)2  (0.09)2 —(0.07)2 0
— | +(0.10)* —(0.07)* (0.15)? 0
0 0 0 (0.02)2



Fitting parameters (cont’'d)

ATEXD
N 1, 1trk
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1, UP

A TEX]D

H+TT i, pmH

High activity:

H+TT N f:—.
Low activity:

R

Norm
QE ) Tes _other
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MC tuning fit result

Parameter

Rnorm

Ratri/trk
Rp/n
Ract
Rpscale
Rres
Rother

Parameter

Value
1.103
0.865
0.899
0.983
1.033
1.211
1.270

Value

Error
0.029
0.035
0.038
0.055
0.002
0.133
0.148

Error
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Reconstructed Q2 distributions after fit

1-track L+p

(a) 1-track

Entries / 0.05 (GeV/c)®

® DATA
|:| CC coherent
CC resonantxt

Other

I ccae

low Q? region in p+p
events is excluded
from fitting

Entries /0.05 (GeV/c)®

(c) u+m with activity (d) p+m without activity
* DATA * DATA
E= cC coherent 2 E=] cCcoherent &
CC resonant & EE CC resonant
Other ] = Other

I ccae

CC coherent Ttsignal
region is excluded
from fitting

6 o8 . ) 6 o8 1
Q? (GeV/c) Q? (GeV/c)

Before fit : x2/ndf = 473/75 = 6.31
After fit : xo/ndf =117/67 = 1.75

30



tries / 0.05 (GeV/c)®

Data excess in p+p sample

Features of excess events
* proton candidate goes at large angle
- additional activity around the vertex

Candidate

(a) 1-track
*  DATA
|:| CC coherent

CC resonan tn
Other

CC resonant pion events in which the pion
is absorbed in the target nucleus

H In MC
— MC such events
n are reconstructed

P
! As 1-track events

Not simulated

It is not expected to affect CC coherent pion measurement




Coherent pion kinematical cuts

1. CC QE rejection: A6, > 20°

2. CC resonant mirejection:  0_< 90°

u+Tt low activity

* DATA
|:| CC coherent &t

CC resonant &t

Other

B ccaE

kinematical variable ACH

Muon track
4ved 2 track

Entries /5 degrees

ABp~ »
Expected proton track
direction assuming CCQE

F e

80 100 120 140 160 180
A6, (degrees)



Coherent pion kinematical cuts

1. CC QE rejection: A6, > 20°

2. CC resonant mrejection:  0,_< 90°

u+Tt low activity

s DATA
|:| CC coherent &t

Event with a forward-going CC resonant

pion candidate are selected

o
@
o
B
(=]
@

T

wn

S
o

2
B

L
c

w

100 120 140 160 180
Pion track angle (degrees)
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CC coherent pion sample
Q2<0.1 (GeV/c)?

MRD stopped sample MRD penetrated sample
<Ev>= 1.1 GeV <Ev>= 2.2 GeV

=y
(%))
o

* DATA
=] cC coherent &

CC resonant ©

* DATA
E=] cc conerent &

CC resonant &

Other

-t
(=4
o

o o
— —
o4 1)

S
> S

@ Q
o) O
— S
n
Q Q
< Q
o o
— —

[7)]

3 3
= =
et et

= =
1] Ll

Q? (GeVic)?

247events selected B7events selected
BG expectation: 228 + 12 events BG expectation 40 + 2.2 events

Q? (GeV/c)?
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o(CC coherent m)/o(CC)
Cross section ratio

Measure o(CC coherent 1)/a(CC) cross section ratio in order to
reduce sytematic from neutrino flux uncertainty

CC coherent 1t

CC inclusive samples
are chosen so that
they cover similar
heutrino energy range
as coherent mtsamples

a o
< <
&) 9 0.
O O
4= G
G T
(v (L) oz
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Results

MRD s‘ropped sample g(CC coherent 1)/ 0(CC)
<Ev>=1.1GeV =(0.16£0.17(stat ). (sys ))x107*

MRD penetrated sample o(CC coherent17)/0(CC)
<Ev>= 2.2 GeV =(0.680.32(stat )", (sys))*x107*

No evidence of CC coherent pion production is found

o(CC coherent m)/o(CC) < 0.67x10-2 for <Ev>=1.1 GeV
< 1.36x10-2 <Ev>=2.2 GeV

arXiv:0811.0369, Phys.Rev. D78:112004 (2008)

consistent with K2K result
o(CC coherent m)/o(CC) < 0.60x10-2 for <Ev»>=1.3 GeV
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Results

Upper limits on o(CC coherent m)/o(CC) cross section ratios are converted to
upper limits on absolute cross sections by using o(CC) predicted by MC simulation

Rein-Sehgal with lepton
mass correction (Our default)
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Singh et al.

— Alvarez-Ruso et al.
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Systematic errors

MRD stopped |MRD penetrated
Error (x10-2) |Error (x10-2)
erector resporse 2010 (O |-0.18 COTD>

Nuclear effect m +0.19 / -0.09

Newtrino inferaction model 017 / -0.04 +008/-004

o o oo

MRD stopped |MRD penetrated
Error (x10-2) |Error (x10-?)
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Outlook for CC coherent

E.Hernandez et al, arXiv:0903.5285

K.Hiraide, PhD Thesis

This work | ——
This work 11

: 1:}1.‘.11L l;‘(: RS
. Only '.;;1‘ Ap o

0 0.05 0.1 0.15 0.2

En(1-cosém) —» 1) [GeV]

Our data and recent theoretical works suggest kinematics of coherent pion
different from Rein-Seghal: pion less energetic and more peaked forward.

Same effect is observed in a preliminary study of coherent production in
our anti-neutrino data.

Implications for CCrmtcoherent (SciBooNE) vs NCrtcoherent (MiniBooNE) “
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Conclusions & Outlook

SciBooNE data taking finished successfully
First result published (Phys.Rev. D78:112004, 2008)

- no evidence for coherent pion production in neutrino CC interactions
- coherent pion kinematic different from existing models ?

Many cross-section measurements on going
- CC-QE, CC-11, NC-111, NC-elastic
Neutrino flux measurement (compare with MiniBooNE)

- absolute cross-section measurements
- flux prediction for MiniBooNE (a.k.a. joint oscillation analysis)

Anti-neutrino cross-sections also coming soon
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