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Studies in wrong-sign identification




Outline

MiniBooNE and wrong-sign contamination in the
Booster Neutrino Beam (BNB)

Three measurements of v, fluxin BNB v, beam

Future utility of these techniques




MiniBooNE and wrong-sign contamination in the
Booster Neutrino Beam (BNB)




Booster Neutrino Beam

8.9 GeV/c momentum protons
extracted from Booster, incident on
a Beryllium target

absorber
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Booster Neutrino Beam

Magnetic horn with reversible
polarity focuses either neutrino or
anti-neutrino parent mesons

(“neutrino” vs “anti-neutrino” mode)

absorber




MINIBOONE Flux
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Uses dedicated
hadroproduction data from
HARP
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MINIBOONE Flux

HARP
~9% errors only true for “right coverage

sign” events
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Due to large proton
background, pion
production below

30 mrad not reported

Another benefit of off-axis
beams (Nova, T2K, etc.)

o, (rad)

This motivates a dedicated study of v, content of the beam




MINIBOONE detector

6.1m radius sphere houses 800 tons of pure mineral oil.

1520 Photo Multiplier Tubes uniformly dispersed in 2
regions of tank (240 veto, 1280 inner tank)

Cherenkov detector: best
at measuring lepton kinematics

No B-field!




Three measurements of v, fluxin BNB v, beam




Wrong-sign measurements

General strategy: isolate samples sensitive 1o the

v, beam content, apply the measured cross
sections from neutrino mode (CCQE, CCn*)

* Crucial application of BooNE-measured v, 6's

dat
Rate ata (I)true N O.meas (I)true

R&t@SIm (I)Sim X gmeas (I)Sim

The level of data-simulation agreement then
reflects the accuracy of the v flux prediction

Of course, if you're just inferested in subtracting
the bkg wrong-signs, don't need the frue o




Wrong-sign measurements

Important to bin in E, as finely as possible to
check v, specirum

v mode v, CCQE E < 0.9 GeV v mode v, CCQE E&® > 0.9 GeV
0. 0.

Different energies have different relative HARP coverage
too - might expect flux accuracy to be f(E))




Wrong-sign measurements

Three independent and complementary
measurements of the wrong-sign background:

Fitting the angular distribution of the CCQE
sample for the neutrino and anti-neutrino
content

Comparing predicted to observed event
rates in the CCa* sample

Measuring how often muon decay electrons
are produced (exploits w nuclear capture)




Wrong-sign measurements

Three independent and complementary
measurements of the wrong-sign background:

1. Fitting the angular distribution of the CCQE
sample for the neutrino and anti-neutrino
content

Comparing predicted to observed event
rates in the CCa* sample

Measuring how often muon decay electrons
are produced (exploits w nuclear capture)

First measurement of the v, content of a Vi beam

using a non-magnetized detector.
Phys. Rev. D81: 072005 (2011)




Wrong-sign measurements

Three independent and complementary
measurements of the wrong-sign background:

1. Fitting the angular distribution of the CCQE
sample for the neutrino and anti-neutrino
content

Comparing predicted to observed event
rates in the CCa* sample

Measuring how often muon decay electrons
are produced (exploits w nuclear capture)
First measurement of the v, content of av, beam h
using a non-magnetized detector.
Phys. Rev. D81: 072005 (2011)




Wrong-sign measurements

Fitting the angular distribution of the CCQE
sample for the neutrino and anti-neutrino
content




Fitting tThe outgoing muon
angular distribution

Neutrino vs anfi-neutrino CCQE cross sections
differ exclusively by an interference term that
changes sign between the two
do  MPG%|Vudl?
dQ? 8mwE2

A(Q7)[E£

The divergence is
more pronounced
at higher Q?, which
Is strongly
correlated with
backward
scattering muons




Fitting tThe outgoing muon
angular distribution

Results indicate the v,
flux is over-predicted
by ~30%

Exclusive
reconstructed E
results: consistency
indicate spectrum
shape is well
modeled

Inclusive E ¢

a, = 0.65 + 0.23
a_=1.00+ 0.22

Syst. Error
Data

ESQE (MeV) v,scale  anti-v, scale
< 600 0.65+0.22 0.98+0.18
600 - 200 0.61 £0.20 1.05+£0.19
> 900 0.64 +0.20 1.18 £0.21

Inclusive 0.65+0.23 1.00 £0.22

|




Model dependence

Though the v, CCQE scattering femplate is known
(from our measurement), the result is correlated to the
(unknown) anti-v, distribufion and therefore biased

Many exp't anc s
theory improvements

recently, o
knowledge will
improve and this
technique could be
very powerful
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Wrong-sign measurements

Comparing predicted to observed event
rates in the CCa* sample




CCn* sample formation

v+ N —pu” +7" +N




CCn* sample formation




CCn* sample formation

Three observable
leptons

1. Primary muon
2. Decay electron
3. Decay positron




CCn* sample formation

v+ N—-put+7" +N

~100%
nuclear
capfture




CCn* sample formation

vy+N—put+77 + N

Due to nuclear

capfture, the

corresponding

anti-neutrino

interaction has

only two: ~100%

1. Primary muon nuclear
2. Decay positron capture

NNN 2012




CCam* vV, flux measurement

Require two decay electrons after the primary muon,
get a sample that is ~80% v-induced.

Data/simulation ratios in
bins of reconstructed
energy indicate the
neutrino flux is over-
predicted in
normalization, while the
simulated spectrum looks
fine

CCrn+ o0 measurement:
Phys. Rev. D83, 052007 (2011)

EA (MeV)
600 - 700
/00 - 800
800 - 200
900 - 1000
1000 - 1200
1200 - 2400
Inclusive

v, @ scale
0.65+£0.10
0.72 £0.10
0.81 £0.10
0.88+0.11
0.74+£0.10
0.73+£0.15
0.76 £0.11




Wrong-sign measurements

Measuring how often muon decay electrons
are produced (exploits w nuclear capture)




w capture measurement

Due to u nuclear capture (~8% in min. oil), fewer v-
iInduced CC events lead to a decay electron. By
adjusting the v and anfi-v predictions, find a v flux
factor &y, and anti-v rate scale &y

,uOIllydata o (CMV M only o Sk only) MC

) 6data ol (041/ V,u—|—e S p,u—l—e) MC

\

Predicted neutfrino content in the
ut+e sample, for example




w capture measurement

Due to u nuclear capture (~8% in min. oil), fewer v-
iInduced CC events lead to a decay electron. By
adjusting the v and anfi-v predictions, find a v flux
factor &y, and anti-v rate scale &y

,u()l’llydata o (CMV M only o Sk only) MC
) 6datau ol (041/ V,u—|—e S ﬂ,u—l—e) MC

ESF range (GeV)
< 0.9 > 0.9 All

Oy 0.78 = 0.14 0.79 = 0.16 0.78 = 0.12
PRELIMINARY 1.16 £ 0.22 1.15 £+ 0.22 1.16 £+ 0.22

ap

Results: Parameter




Neutrino flux measurement summary
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Discrepancy with prediction appears to be in normalization only
- flux shape is well modeled. 13% error on final measurement




Using your own o measurements

Most detector errors cancel by e
correcting anti-v mode MC for
o's observed in the v exposure

Similar to two-detector osc
experiments, but instead of

1 beam + 2 detectors, we use
2 beams + 1 detector

Carbon
\Y;

® uncertainty dominated by

v-mode ® knowledge and stats @ measurement insensifive
to FS!




Future utility of these techniques




Current expfts

Nei%e
* iIf run anti-v mode

Minerva: can get powerful statistical increases,
more kinematic coverage (via u angle) if use u's
stopped in main detector
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Active Tracker
Region

Hadronic
Calorimeter

8.3 tons total

Nuclear Target Region
(C, Pb, Fe, H20)
MINOS Near Detector (Muon
Spectrometer)

Side ECAL 0.6 tons I

Side HCAL 116tons




Future expfts: LAr

LBNE: first phase will be single LAr detector on
Homestake surface.

If no B-field, u~ capture technique could be very
powerful in wrong-sign discrimination w/o ND

8% uw capture in carbon gives enough statistical
power to separate v from anti-v in energy bins,
argon has ~75%

almost event-by-event discrimination without B-
field!

Could use n* as well: CClxa* exclusively v-
induced, in general most n* due to v processes




Future expfts: LAr

ICARUS has demonstrated Michels can be
reconstructed well in argon
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Other handles

Fit u lifetime to combination v + anti-v templates
* different way of using u capture

Nuclear recoll - for CCQE, expect outgoing p for
v,. outgoing n for anti-v, events. Be careful!

* meson exchange currents predict combo. of p+n
ejection in both cases (open question)

* final state interactions
* proton detection modeling

very active field in both exp't and theory - we
ought to be better informed soon




Summary

Though MiniBooNE is unmagnetized,
minimally model-dependent stafistical
fechniques measure the v, content in the v,
beam to ~13% uncertainty

This is the first demonstration of a set of
technigues that could used to inform
technology decisions and facilitate next-
generation oscillation measurements







w capture measurement

~8% of stopped w captures on '2C, but some nuclear
de-excitation products (y's,n's) can fake Michel
electron

“regain” Michel-like event
following ~6% of uw captures

v-mode data has very
little wrong-sign
contribution, so we can
calibrate nuclear de-
excitation and Michel
detection models

< 5% calibration




Strategy revisited

General strategy: isolate samples sensitive to the
v, beam content, apply the measured cross
sections from neutrino mode (CCQE, CCn*)

* Crucial application of BooNE-measured v, 6's

dat
Rate ata (I)true N O.meas (I)true

Ratesun (I)Sim % gmeas (I)sim

The level of data-simulation agreement then
reflects the accuracy of the v, flux prediction




How wrong signs contribute o flux

only pions predicted to pass the horn and lead to a detector event shown

Wrong-sign pions | -

p+Be > n — v [87.2%

u

escape magnetic  peBen oy BE%
deflection and
conftribute to the
anti-neutrino
beam via low
angle, high
momentum
production

mEolEEEI0EEARMAME

AEEBOEHEELE

Another benefit of off-axis beams (Nova, T2K, etc.)

This motivates a dedicated study of v, content of the beam




anti-v Cross section dependence?¢

The ute sample is ~60% anti-v,, how much model
dependence enfers from assumption on anti-v, o¢

Flux measurement nedligibly sensitive fo anti-v, o:
model would have to be wrong by > 50% to see an
impact on extracted v, @ (it's nof)

This is accomplished with
8% w capture for carbon.
Can do much better
with argon at ~75%!




Strategy revisited

Generdl strategy: isolate samples sensitive 1o the
slbmisd 4 P he measured cross
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Strategy revisited

Another way to say it: wrong-sign ® measurements
imited onlyby v-mode ® knowledge (+ statistics)
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w capture measurement

CC events typically observe both ut+e - two reasons
why we may not observe the decay electron:

Michel electron detection efficiency
w nuclear capture (v, CC events only)

We isolate a > 90% CC sample for both u-only and
ute samples




Other ICARUS detaills

Michel energy resolution 11%/E + 2%

0.6mm drift direction resolution, drift distance is

~3mm in 2us, so probably can't measure u
ifetime well




v, VSV, rate difference

Cross section: at MiniBooNE energies (E,~1 GeV),
neutrino cross section ~ 3x higher than anti-neutrino

do  M?*G%|Vy4l?

2
S —U &=
prochmi - A(Qz)iB(Q2)<M2>+C(Q2><M2>}
A CCQE model: + forv, - forv

Flux: leading particle /

effect creates ~ 2x as R \ T—

many s+ as - 5




Fitting the ou

'going muon

angular d

IStribution

We form a linear combination of the neutrino

and anti-neutrino conte
CCQE data:

Nt fo compare with

BEFORE FIT DISTRIBUTIONS

Scale the v,
template by “a,”

Scale thev,
template by “o.”

—— Total MC
—— Data

0.2 -0 02 04 06 08 1
cos 0,




