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Outline

• SciBooNE experiment

• First results from SciBooNE
• Coherent π production measurement
• Published in Phys. Rev. D78:112004,2008

• Summary
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SciBooNE Experiment 
(K2K-SciBar detector at FNAL Booster Neutrino Beam line)

• Precise measurements of neutrino- and 
antineutrino-nucleus cross sections ~1 GeV 

• Essential for neutrino oscillation 
experiments 

• MiniBooNE / SciBooNE joint analysis
➜ Search for νµ disappearance 
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SciBooNE detector
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Muon Range Detector
(MRD)

Electron Catcher (EC)

SciBar
• 12 2”-thick steel
  + scintillator planes
• measure muon
  momentum with range
  up to 1.2 GeV/c

• spaghetti calorimeter
• 2 planes (11 X0)
• identify π0 and νe

• Scintillator tracking
  detector
• 14,336 scintillator
  bars (15 tons)
• Neutrino target (CH)
• detect all charged
  particles
• p/π separation
  using dE/dx

2m

4m

DOE-wide Pollution Prevention
Star (P2 Star) Award 

Used in K2K experiment

Used in CHORUS, HARP and K2K

Parts recycled from
Past experiment

ν 



SciBooNE Timeline
• 2005, Summer - Collaboration formed

• 2005, Dec - Proposal approved

• 2006, Jul - Ship detectors to FNAL

• 2006, Sep - Groundbreaking

• 2006, Nov - EC Assembly

• 2007, Feb - SciBar Assembly

• 2007, Mar - MRD Assembly

• 2007, Mar - Cosmic Ray Data

• 2007, Apr - Detector Installation

• 2007, May - Commissioning

• 2007, Jun - Start data taking (ν̅  mode)

• 2007, Oct - Neutrino Data Run

• 2008, Apr - Antineutrino Data Run

• 2008, Aug - Complete data taking

• 2008, Aug - SciBooNE decommissioning

• 2008, Nov - First physics results

Three years 
from

formation to 
the first results!
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Data set
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Chapter 21

Data set and Monte Carlo simulation2

2.1 Data set3

We summarize the SciBooNE data-taking in Table 2.1. Data-taking was started on4

June 8, 2007 and was completed on August 18, 2008. Figure 2.1 shows a history of5

the accumulated number of protons on target (POT). We have collected 2.52× 1020 POT6

after data quality cuts, while 2.64 × 1020 POT have been delivered. The data collection7

efficiency is 95.5%. The hardware configuration of SciBar was slightly changed after Run 18

as noted in the table. The TA threshold has been increased to reduce noise TDC hits due9

to after pluses from VA. The noise rate reduces by a factor of 20, while the averaged hit10

finding efficiency is 99.8% in both configurations, estimated with cosmic-ray muons.11

In this analysis, the full neutrino data of 0.99× 1020 POT is used.12

Table 2.1: Summary of SciBooNE data-taking

Run Period POT Note
Run 1 (Antineutrino) Jun. 2007 - Aug. 2007 0.52× 1020 TA threshold: 50 mV
Run 2 (Neutrino) Oct. 2007 - Apr. 2008 0.99× 1020 TA threshold: 300 mV
Run 3 (Antineutrino) Apr. 2008 - Aug. 2008 1.01× 1020 TA threshold: 300 mV

P
ro

to
n

s
 o

n
 t

a
rg

e
t 

(x
1

E
2

0
)

0

1

2

Delivered
For analysis

Date

Jun Jul Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug
'07 '08

Figure 2.1: History of the accumulated
number of protons on target (POT).
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7

ing cosmic ray data. Scintillator quenching is simulated
using Birk’s law [46] with a value of Birk’s constant,
measured for K2K, of 0.028 cm/MeV [47]. The energy
deposited by charged particle is converted to photoelec-
trons using conversion factors measured for each channel
with cosmic muons. The attenuation of light in the WLS
fibers is simulated using the measured attenuation length
of each channel, which is approximately 350 cm on av-
erage. Crosstalk between nearby MA-PMT channels is
simulated using values measured in a test stand prior to
installation. The number of photoelectrons is smeared
by Poisson statistics. Finally, the single photoelectron
resolution of the MA-PMT is simulated. To simulate the
digitization of the signal, the number of photoelectrons
is converted to ADC counts, and then electronics noise
and threshold effects of the TA are simulated.

TDC hit simulation includes light propagation delays
in the WLS fibers. A logical OR of 32 MA-PMT channels
is made for each TDC channel, and the time of each hit
is converted to TDC counts. Multiple TDC hits in each
channel are simulated.

In the EC detector simulation, true energy deposi-
tion in scintillating fibers in the detector is converted to
the number of photoelectrons using the conversion fac-
tor which is measured for each channel with cosmic-ray
muons. The attenuation of light in the fiber is simu-
lated using the measured attenuation length value. The
number of photoelectrons is smeared by Poisson statistics
and by the PMT resolution, and then converted to ADC
counts. The time-dependent ADC gain due to the over-
shoot of the PMT signal is simulated based on a mea-
surement with cosmic muons. Electronics noise is also
simulated.

For the detector simulation of the MRD, true energy
deposition in each scintillator is converted to ADC counts
using the conversion factor measured with cosmic muons.
The attenuation of light in the scintillator as well as elec-
tronics noise are simulated. Gaps between scintillator
counters in each plane, which cause inefficiency, are in-
cluded in the simulation. The time of energy deposition
is digitized and converted into TDC counts.

V. DATA SUMMARY

The SciBooNE experiment took data from June 2007
until August 2008. The data-taking is divided into three
periods depending on the polarity of the horn, as sum-
marized in Table I. Fig. 4(top) shows a history of the
accumulated number of protons on target (POT); the
two curves show the total POT for all events and the
POT for events passing all data quality cuts, described
below.

In total, 2.64× 1020 POT were delivered to the beryl-
lium target during the SciBooNE data run. The beam
datastream (measuring, for example, magnet current set-
tings, measured beam intensity, measured peak horn cur-
rent) is synchronized and merged with the corresponding
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FIG. 4: Experimental performance. In the top panel, the
solid line shows the history of the accumulated number of
protons on target and the dashed line shows the number of
POT passing all data quality cuts. The bottom panel shows
the number of charged current candidate events in SciBar
normalized to the number of protons on target.

TABLE I: Summary of SciBooNE data-taking. The table
shows the number of POT collected after application of data
quality cuts, as described in the text.

Run Period POT
Run 1 (Antineutrino) Jun. 2007 - Aug. 2007 0.52× 1020

Run 2 (Neutrino) Oct. 2007 - Apr. 2008 0.99× 1020

Run 3 (Antineutrino) Apr. 2008 - Aug. 2008 1.01× 1020

SciBooNE detector datastream, provided that the spill
time as measured by the beam instrumentation and by
the detector match within 10 ms from each other.

Only spills that satisfy certain beam quality cuts are
used for analysis. We require that the beam intensity
is at least 0.1 × 1012 protons per spill, that the agree-
ment between the two toroid readouts along the beam-
line is within 10%, that the absolute peak horn current
is greater than 170 kA, and that the targeting efficiency

Results with full neutrino 
data set will be presented in 
this talk.

• neutrino      : 0.99x1020 POT
• antineutrino: 1.53x1020 POT

Number of Protons on target (POT)

CC event rate in SciBar / POT

ν

ν

ν

EC

POT: Protons On Target

2.52x1020 POT in total

June 2007 August 2008



➜ important for νµ disappearance

Physics Topics
• ν Charged Current

–CC inclusive (νµ flux measurement)
–CC-QE
–CC-1π+

–CC-π0

–CC-νe (νe flux measurement)
• ν Neutral Current

–NC-π0

–NC-elastic
• ν̅ CC analysis
• Short-baseline νµ disappearance search with 

MiniBooNE
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CC coherent π production
First physics result from SciBooNE➜
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Coherent pion production

Aν
π

ℓ
• Neutrino interacts with nucleus
   coherently, producing a pion
• No nuclear breakup occurs

Charged Current (CC):  νµ+A→µ+A+π+

Neutral Current (NC):  νµ+A→νµ+A+π0

8

Measurements in the past

There are several measurements at high 
energy region (Eν: 2~100GeV) in past.

Volume 313, number 1,2 PHYSICS LETTERS B 26 August 1993 
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Aν
π

ℓ
• Neutrino interacts with nucleus
   coherently, producing a pion
• No nuclear breakup occurs
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Measurements in the past

There are several measurements at high 
energy region (Eν: 2~100GeV) in past.

Recent new results at low energy (~1GeV)
from K2K and MiniBooNE(MB):
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  - K2K: CC coherent π+ is NOT observed
  - MB: NC coherent π0 is observed

Consistent? ➜ New results from SciBooNE

Coherent pion production

Aν
π

ℓ
• Neutrino interacts with nucleus
   coherently, producing a pion
• No nuclear breakup occurs

Charged Current (CC):  νµ+A→µ+A+π+

Neutral Current (NC):  νµ+A→νµ+A+π0
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CC coherent π signature
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CC-coherent π (ν+A→µ+A+π) CC-resonant π (ν+p→µ+p+π) 
Predominant process in ~1GeV. 
Mainly through Δ resonance.

ν

π

µ

ν

µ

π

proton

Coherent π signature
- One muon and one pion in the final state
- No recoiled nucleon nor nuclear breakup
- No “vertex activity”

- Low momentum transfer (small Q2)

~1% of total ν interaction 
(according to Rein-Sehgal model)

Signal Background



Event classification

10

18

CC event
(SciBar-MRD matched sample)

1-track 2-track >2-track

µ+π µ+p

MRD-stopped
CC-coherent π

sample

MRD-stopped

Define MC
normalization

w/o activity w/ activity

Number of
tracks

PID (p/π separation)

Search recoiled nucleon
(separate coherent π from 
resonant π)

MRD-penetrated

MRD-penetrated
CC-coherent π

sample

Same selection

Low energy sample High energy sample



Charged Current (CC) event selection

SciBar-MRD matched event (~30k events)
MRD‐stopped

(low‐energy sample)
MRD‐penetrated

(high‐energy sample)
MRD‐side escaped

µν

N X

W

• Muon is identified using MRD
• The track should start from SciBar fiducial volume

- SciBar-MRD matched track ≡ muon track

93% pure CC (ν+Nµ+X) sample
11

EC

SciBar MRD

µ

EC

SciBar MRD

µ

EC

SciBar MRD

µ



Particle identification

“Muon confidence level” (MuCL)

MuCL > 0.05  MIP‐like (μ, π )
           < 0.05  proton‐like

ParJcle ID using dE/dx in SciBar

Muon enriched Proton enriched
2track

µ+πµ+p

MuCL for 2nd track in 2‐track sample

12

MuCL>0.05 for 2nd tracks:
~90% p rejection
  84% π efficiency



25

Vertex activity

Low energy proton make energy deposit 
around vertex ≡ “vertex acJvity”

µ+π

w/o acJvityw/ acJvity

µ

π+p12.5cm

Resonant π (MC)

Coherent π (MC)

Resonant π have recoiled proton while 
coherent π do not.

13

Coherent π 
enhanced

Resonant π 
enhanced

µ

µ

π

π



µ+π, w/ and w/o activity

➜ Evaluate # of coherent 
    π events in data.

14

w/
activity

2trk

w/o
activity

µ+π

!"#$%&'!(" )*)+,'-./

.0'12#"23'$%"414"5

67

Resonant π enahnced
2trk, µ+π w/ activity

Pµ θµ

Coherent π enhanced
2trk, µ+π w/o activity

Eν

Q2

Pµ θµ

“with activity”:      resonant π ~60%
“without activity”: coherent π ~40%



CC coherent pion sample
(Q2<0.1 (GeV/c)2)

247events selected

BG expectaJon
228+/‐12 events

MRD stopped sample
<Eν>= 1.1 GeV

MRD penetrated sample
<Eν>= 2.2 GeV

57events selected

BG expectaJon
40+/‐2.2 events

15



Results

MRD stopped sample
<Eν>= 1.1 GeV

MRD penetrated sample
<Eν>= 2.2 GeV

No evidence of CC coherent pion producIon is found

90% CL upper limit (Bayesian)

σ(CC coherent π)/σ(CC) < 0.67x10‐2    for  <Eν>=1.1 GeV
                                            < 1.36x10‐2           <Eν>=2.2 GeV

16

To minimize the uncertainty on neutrino flux,
we measure σ(CC coherent π)/σ(CC) cross secJon raJo.



Discussion (1) 

Rein-Sehgal
w/ lepton mass correction
(Our default model)

Alvarez-Ruso et al.

Kartavtsev et al.

Measured upper limits on 
σ(CC coherent π)/σ(CC) 
raJos are converted to 
upper limits on absolute 
cross secJons by using 
σ(CC) predicted by MC 
simulaJon.

SciBooNE 90% C.L.

Comparison with theoreJcal models

17

Five new theoretical models were proposed to explain recent low energy 
results (in last a few months)

[1] J.E. Amaro, E. Hernández, J. Nieves, M. Valverde, Phys.Rev.D79:013002,2009. (Nov 2008)
[2] Ch. Berger, L. M. Sehgal, arXiv:0812.2653 [hep-ph] (Dec 2008)
[3] T. Leitner, U. Mosel, S. Winkelmann, arXiv:0901.2837 [nucl-th] (Jan 2009)
[4] S. X. Nakamura et al, arXiv:0901.2366 [nucl-th] (Jan 2009)
[5] E. A. Paschos, Dario Schalla, arXiv:0903.0451 [hep-ph] (Mar 2009)

(cf. SciBooNE coherent π paper became available in archive Nov. 2008)



Discussion (2)
• SciBooNE results

– σ(CC coh π)/σ(CC) < 0.67x10-2 for <Eν>=1.1GeV
– σ(CC coh π)/σ(CC) < 1.36x10-2 for <Eν>=2.2GeV

18

Comparison with other experimental results
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• Comparison with K2K?

NOTE: K2K used 90% C.L. upper limit with “mean+1.28xσ”, 
SciBooNE used Bayesian 90% C.L.
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SciBooNE used Bayesian 90% C.L.

– σ(CC coh π)/σ(CC) < 0.60x10-2 for <Eν>=1.3GeV
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• Comparison with MiniBooNE?
–MiniBooNE: NC coherent π0
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Discussion (2)
• SciBooNE results

– σ(CC coh π)/σ(CC) < 0.67x10-2 for <Eν>=1.1GeV
– σ(CC coh π)/σ(CC) < 1.36x10-2 for <Eν>=2.2GeV
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• Comparison with K2K?

NOTE: K2K used 90% C.L. upper limit with “mean+1.28xσ”, 
SciBooNE used Bayesian 90% C.L.

– σ(CC coh π)/σ(CC) < 0.60x10-2 for <Eν>=1.3GeV

➜ Consistent with K2K

• Comparison with MiniBooNE?

• SciBooNE can measure NC-π0!
–Comparison will be model-dependent.
–MiniBooNE: NC coherent π0

Comparison with other experimental results

Other measurements at
higher neutrino energy

SB

SB



NC-π0 reconstruction
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MeV/c2

Reconstructed 2γ Mass

Prel
im

inary
 

Dirt
Cosmic

NC w π0

NC w/o π0

CC w π0

CC w/o π0

+ : data Clear π0 mass peak!

~850 event are selected
~460 NC-π0 events

SciBar can reconstruct π0 !!

NC-π0 analysis is in progress.Y. Kurimoto

ν ν
Neutral Current 
π0 production



Summary
• SciBooNE measures neutrino and antineutrino 

cross sections near 1 GeV
• Essential for long baseline neutrino oscillation 

experiment

• First physics results from SciBooNE
–No evidence of CC coherent π production is 

found
–Published: Phys. Rev. D78:112004,2008

• Many analyses are in progress
–ν CC-QE, CCπ0, NCπ0, NC-elastic, ν̅  CC
–νµ disappearance search

• Many results will be in this year.
20



Backup
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NC-π0 candidate in SciBooNE

: SciBar hit, area∝energy deposit 22

SciBar EC MRD

ν ν
Neutral Current 
π0 production



NC-π0 candidate in SciBooNE

: SciBar hit, area∝energy deposit 22

SciBar EC MRD

νµ
γ→e+e-

Recoiled proton?

γ→e+e-

ν ν
Neutral Current 
π0 production



NC-π0 candidate in SciBooNE

: SciBar hit, area∝energy deposit 22

SciBar EC MRD

ν+p→ν+p+π0 ?
(resonant π0)

νµ
γ→e+e-

Recoiled proton?

γ→e+e-

ν ν
Neutral Current 
π0 production



σν: Unexplored areas in 
Neutrino physics
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MINOS, NINERvA (NUMI)
K2K, NOvA

MiniBooNE, T2K, SciBooNE
Super-K atmospheric ν

DIS

σν in this E range of interest:
• Data from ’70~’80

• Low statistics
• Systematic Uncertainties         
(ex. flux)

• Final State Interaction
   (Nuclear effects)
     π/p/n absorption/scattering, 
     shadowing, low Q2 region

• Not well-modeled

• New data from K2K & 
MiniBooNE

• More data at ~1GeV with fine 
grained resolution will 
advance Neutrino Physics.

QE

1π

Anti-ν cross sections are in a poor situation.



Impact σν on oscillation measurement 
(T2K case)

• νµ disappearance (νµ→νX)
–Precision measurement of Δm232, θ23

–Signal: νµ CC-QE
–Background: mainly CC-1π+

• νe appearance (νµ→νe)
–Search for θ13

–Signal: νe CC-QE
–Background:

• Intrinsic beam νe

• NC-π0

• Search for CP violation 
–  ν̅  cross sections

24

T2K

νµ events

w/ osci.
(1 ring µ-like)

T2K

νe events

(1 ring e-like)
(sin2 2θ13=0.1)Beam νe

NC-π0

Signal

Signal
Background



Neutrino cross section
(NEUT prediction)
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• QE
• Llewellyn Smith, Smith-Moniz
• MA=1.2GeV/c2

• PF=217MeV/c, EB=27MeV
(for Carbon)

• Resonant π
• Rein-Sehgal (2007)
• MA=1.2 GeV/c2

• Coherent π
• Rein-Sehgal (2006)
• MA=1.0 GeV/c2

• DIS
• GRV98 PDF
• Bodek-Yang correction

• Intra-nucleus interactions

MINOS, MINERvA, NuMI
K2K, NOvA

MiniBooNE, T2K, SciBooNE

DUSEL

Carbon target



SciBar Detector

ν

  EM calorimeter

1.7m

3m

3m

• Fully active target & tracking detector
– Extruded scintillators with WLS fiber readout with 

Multi-Anode PMT (64 ch)
– 2.5 x 1.3 x 300 cm3 cell
– ~15,000 channels

• Total 15 tons, Fiducial volume: ~10 tons
• Distinguish a proton from a pion by dE/dx

• Light yield for MIP:
     ~20 p.e./ 1.3cm
• Hit finding efficiency; ~99.9% 

# of p.e. distribution
in a typical channel

p.e.20 400

Detector performance
(SciBooNE cosmic ray data)



• EM calorimeter
• Electron, gamma ID
• 1mm scintillation fibers in the

grooves of lead foils
• 2 planes (total 11X0)
• Expected resolution 14%/√E

100 MeV0 200

dE/dx distribution for 
cosmic ray muons

E dep. of MIP in EC 
~100MeV

SciBooNE
cosmic data

• Measure µ momentum with range
• momentum up to 1.2GeV/c

• Iron Plate
• 2” thick x 12 planes

• Scintillator Plane
• 13 planes alternating horizontal and 
vertical planes

Hit finding efficiency~99%

SciBooNE
cosmic data

Electron Catcher (EC) Muon Range Detector 
(MRD)



Tuning MC simulation
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Q2 reconstruction assuming CC-QE (ν+n→µ+p) interaction

To constrain systematic uncertainties due to
• detector responses
• nuclear effects (final state interaction)
• neutrino interaction models
• neutrino energy spectrum (flux)

Q2 distributions of sub-samples are fitted to data

Eν

(Pµ,θµ)

p

µ

CC-QE

Q2
rec = 2Erec

ν (Eµ − pµ cos θµ)−m2
µ

Erec
ν =

1
2

M2
p −m2

µ −M2
n + 2EµMn

Mn − Eµ + pµ cos θµ



Recent results
at low energy (~1GeV)

ν CC coherent π+

K2K,
Phys.Rev.Lett. 95,252301 (2005)

ν NC coherent π0

MiniBooNE,
Phys.Lett. B664,41 (2008)

Coherent

Resonant
Background

• CC-coherent π+ is NOT observed.
• NC-coherent π0 is observed.

Consistent?
(or need to be consistent?)

➜ New results from SciBooNE (CC)

(65% of the model prediction)

29
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Kinematic distributions
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 ν̅ coherent π 

31

ν̅ coherent π sample also show data deficit at low Q2 region.

But ν̅ sample has large fraction of ν (wrong sign) background.
➜ Need to understand the wrong sign background first.
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ν̅ Coherent-π sample
(µ+π w/o activity)

ν̅ Counter event sample
(µ+π w/ activity)
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Used the same selection criteria as ν coherent π 
(NOTE: no syst. error included, no MC tuning yet)
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Figure 5.4: Reconstructed Q2 assuming CC-QE kinematics for the µ + π events in the
MRD stopped sample.

Table 5.1: Event selection summary of MRD stopped CC coherent pion sample.

Event selection DATA MC Coherent π
Signal Other Efficiency

Generated in SciBar FV 1,980 153,840 100%
SciBar-MRD matched 30,337 998 29,339 50.4%
MRD stopped 21,762 820 22,911 41.4%
2 track 5,939 376 6,214 19.0%
Particle ID (µ + π) 2,255 307 2,369 15.5%
Vertex activity cut 887 278 979 14.0%
CC-QE rejection 682 253 718 12.8%
Pion track direction cut 425 245 455 12.3%
Reconstructed Q2 cut 247 212 230 10.7%
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Q2 resolution
(coherent π)

32

Q2
rec = 2Erec

ν (Eµ − pµ cos θµ)−m2
µ

Erec
ν =

1
2

(M2
p −m2

µ)− (M − n− V )2 + 2Eµ(Mn − V )
(Mn − V )− Eµ + pµ cos θµ

Assume CC-QE

Q2 resolution of CC-coherent π :
Mean:   -0.024 (GeV/c)2

Sigma:   0.016 (GeV/c)2



νµ disappearance measurement

33

• MiniBooNE/SciBooNE joint 
νµ disappearance search
•Share beamline
•Share target material

Constraint for flux and cross-
sections at MiniBooNE
(Shape + Normalization)

10/31/08 W&C K. Mahn 46

5.579E20 POT data set limit
for 90%CL,3! and 5!
"2 (null) =17.78 (34%,16 bins)
"2 (min) =12.72 (69%, 16bins)

at #m2=17.5eV2,sin2$ =0.16

MiniBooNE observes
no neutrino disappearance

Neutrino disappearance limit

Preliminary

Result of MiniBooNE-only 
νµ disappearance search 
(shape only analysis)

K. Mahn FNAL Wine & Cheese seminar (Oct. 2008)

• Feed-back to 
cross section 
measuremen
ts at 
SciBooNE

3+2 models (5 flavor neutrinos) have 
large mixing and prefer the region where 
experiment is not explored yet.
G. Karagiorgi et al, Phys.Rev.D75:013011,2007. hep-ph/0609177



Flux prediction

34

•Data prefer higher flux 
around 1 GeV and lower 
at high-energy region 
than MC prediction.

•Next:
•Take detector/cross-
section error into account.

Flux comparison 
with MiniBooNE Pr

eli
m
in
ar
y

Pr
eli
m
in
ar
y

Only beam related errors 
are taken into account

MiniBooNE/SciBooNE joint
νµ disappearance search is 
in progress.

•Constraint ν flux with 
SciBooNE CC samples


