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Neutrino Oscillation
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Neutrino Oscillations

Atmospheric region: Am? ~ 1073 eV2 SR s
s S _CHORUS ¢
Sy NOMAD ‘

e Super-K, K2K, MINOS, etc

Solar region: Am? ~ 105 eV?

® SNO, Super-K, KamLAND, etc.

Only 2 Am? regions are allowed in the current

SM with 3 neutrino generations

High Am?2 region: Am?2 ~ 1 eV?2

e Observed at LSND (vy— Ve)

e Ruled out by MiniBooNE - Al e s0%CL

unless otherwise noted

if P(vy— ve) = P (V= Ve) 10704 192

http://hitoshi.berkeley.edu/neutrino
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1INn1BooNE ve results
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MiniBooNE ve results
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MiniBooNE ve results

- =

No Evidence of Oscillations  Distribution of v, events

(although limited by statistics) e Data (Stat. Error)
v, fromp*”
v, from K™

2.v oscillation Distribution of v, events

analysis region ®  Data with Stat. Error
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Possible Scenarios

—a— MY IREOPMEHADHTIZ)  (3+2) scheme
e “Sterile” —=2—F VY / & DR
5 + CP-violation

o CPORILIZIEESITAIDE

=S VRS
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Search for Muon Neutrino
Disappearance at high Am?2

® MiniBooNED 57— % O &A% f\ > 7=
fige i

e ARV 74D B, oxrzH
V> 72 T

o 75 v 7 A LWIAIEDANENEKR 10 MiniBooNE 90% CL =
s | Spectrum shape
o HiIE A7 (SciBooNE)Z il 24Uix 5|  only analysis

' . = MiniBooNE v, 90% CL sensitivity
J: (() IEJ \1 )3 }Erja F?T“ O)}g[%'_?b—f\ 753‘ |:|| ﬁ[é | T __ MiniBooNE V: 90% CL limit
S RNy ZAD) > | Y¢bestfit: (31.30, 0.96) with x2 of 5.43, 2(null) of 10.29
I 90%CL excluded, CCFR
L L L MR |
101

MiniBooNE v, 90% CL sensitivity
= — MiniBooNE v, 90% CL limit

| [190%CL excluded, CDHS
| @ 90%CL excluded, CCFR
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Sci-/Mini-BooNE Sites

Fermilab




Fermilab Booster
Neutrino Beamline =k

SciBooNE ...

100 m
® High intenSity NelltI'iIlO aIld AIlti- - % > Neutrino Flux Prediction

Neutrino beam at SciBooNE (very

similar to MiniBooNE)
® Ev > 1 GeV

e Neutrino Fluxes are measured at 2
detectors: SciBooNE and MiniBooNE

e L ~500m

Sensitive to Oscillations at Am2 ~ 1eV2
1.27Am?*[eV?]L[km]
E[GeV]

'y

S,
N
o

Flux (/cm?/25MeV/POT)
)

P(vy — vg) = sin” 20 sinz(




SciBooNE Detector

> Bl R T
# SciBooNTs I
— q

e SciBar:

e Full active scintillator tracker

100 m

SciBar (~14000 strips)

® Neutrino Target
e Fiducial volume: ~10 tons
e Main component: CH
e Electron Catcher (EC)
e “Spaghetti” type calorimeter
e Muon Range Detector (MRD)
e Steel and scintillator sandwich

® Measure muon momentum

from its range
F[E ICEPP> 174 2010

Dark box




SciBooNE Data Taking

- = Delivered
S D For analysis

e Started beam data taking on July
2007

e Data taking completed in August
2008

2

-~
o
N
w
-
%
e
o
(o))
1
®
-
c
(o)
7]
c
[®)
-
0
1
o

e Stable data taking

e Tatal 2.52x102° POT for analysis
(95% Of delivered) Jun IJuI I:|0ct|Nov| Dec IJan IFebI Mar IA:pr l May IJun IJuI IAug

'07 '08 Date

e Neutrino: 0.99x102° POT . :
SHIldSE G =ipiss W IE S

DRI DWTELETD,

e Anti-Neutrino: 1.53x102° POT

LEEEL ICEPPY v R P74 2010



SciBooNE Cross-
Section Results

o SciBooNEFHED (b9 —>D) EHW
X, PFERO=2— MY IRENFEERD 7 &
D, PO HE

o MIBALY Fak—L v kR

O O))i}_hz) ££ Hﬂ%/u\ J:I:L‘/\Tﬁu_h : 71> . O (GeVicy:

73:\1): &%%E& r — Data
- - Pine

Entries / 0.025 (GeV/c)?

o Phys. Rev. D78, 112004 (2008) s | e

[[nt. BG without

o 1A L v b OBt
e Phys. Rev. D81, 033004 (2010)




MiniBooNE Detector

100 m i 440 m

MiniBooNE Detector

Signal Region

Veto Region

® Mineral oil Cherenkov detector

e Select v, by single muon and its
decay-electron signal.

e Total mass: ~1k ton
e Main component: CH-
e Taking beam data since 2002

® 5.58 x 102° POT (neutrino mode)
+ SB-MB overlap

Most of the systematic error cancels

ICEPPY v AR¥ 7 A 2010
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Analysis Overview

2 Independent Analyses
Step-by-step Simultaneous fit
SciBooNE Data )

RS T SB + MB Rec. Ey Data
SciBooNE True Ey § oOscillation Fit

SB + MB Rec—.‘ Ev Predictionj

* Far/Near ratio
MiniBooNE True Ey )

* Advantage: Can include all correlation
. s o o and minimize the systematic error
MiniBooNE Rec. E, Predlctlonw s Y ¥

¢ Oscillation Fit
MiniBooNE Rec. E, Data

| N, N
Advantage: Can see what physically i, BDMToTR %
happening and error size at each step ¢ Step-by-st ep”ﬁ@ FAIEL 5




SciBooNE v, Selection

: SciBar

SciBar _
stopped o

MRD stopped

j—

~

EC MRD

i -~

e Select events with muon track (Charge
current inclusive sample)

e Muon selection
e Muon-like energy deposit in SciBar
e Require tracks stopped in the detectors

e Require momentum > 0.25 GeV
(MC) True Ev distribution of each sample L

MiniBooNE

5000

SciBooNE all
4000

3000 SciBooNE SB-stop

2000 SciBooNE MRD-stop

1000

0.5
ICEPPY v AR¥ 7 A 2010




Event Selection (Timing)

MRD matched/stopped event timing
<—>»Beam timing \ LEnwies stee
L

e 2 usec beam timing window. u

Events / 200 nS

® Less than 0.5% cosmic
background
contamination.

]

® ~14K SciBar-stopped events.

e ~20K MRD-stopped events.

1| | 111 | L1 | L 1 1| | L1 | | L 1 1|
8 10 12 14 16 18
Event timing (u sec)




Reconstructed
Interaction Vertices

MRD matched muon (relatively normalized)

Vertex(X) MRD matched track
:_ + Entries 23737

Vertex(X) MRD matched track

Vertex(Y) MRD matched track

Entries 23737

-100 50 O 50 100 150

(cm)

Vertex(Y) MRD matched track

AN
(/)8
Q‘

Q 2f
Stef
Si-6

1.4f
1.2f

1
0.8f
0.6}
0.4f

02§

50100 150
(cm)

50 100 150
(cm)

1600

Vertex(Z) MRD matched track

1400
1200
1000
800
600
400
200

0

L d a -ta Entries ; 23737
MC

§

oJII|III|III|III|III|III|III|III

| PRI SR RSN ST I ST SR S RN S N L
6 0 100 120 140 160
\\ (cm)

Z) MRD matched track

o_lllllllllllllllllll III|III|III|III|III

PR I SR SR NS ST S MY
120 140 160
(cm)




o
SCIBOOIiEslz::Sﬁin fit S C 1 B O O N E

~ SciBooNE True Ev

$bar/N

=l SPectrum Fitting (1)

~ MiniBooNE Rec. Ev Prediction
Oscillation Fit

| MiniBooNE Rec. By Data | |+ MuON momentum MC Templates (MRD-stopped)

reconstructed by its path-length
9 s MUOI’] ang|e W.r.t beam axis 5 Reconstructed Pu vs. 6 a0, Reconstructed Pu vs. 0 «10°

: AR - 0.5GeV ¢ 0.5-0.75GeV "
e Fit P, vs. O, distributions. .

0.12

® Determine MC scale factor
fOI‘ eaCh true EV binS. 10 20 30 40 50 60 70 80 90 1050304050 66"0"80 "0

Reconstructed Pu vs. 6 «10° econstructed Pu vs. 6

0.75 - 1.0GeV

2 , Reconstructed Pu vs. 6
1.8-MRD-stopped data

10 20 30 40 50 60 70 80 90 %1620 30 40 50 60 70 80 90

Reconstructed PH vs. 0

ICEPPY v AR¥ 7 A 2010



w=i=31 SCIBOONE

~ SciBooNE True Ey

Qrar/m %

== Spectrum Fitting (2)

QMiniBboNE Rec. Ey Prediction )

Oscillation Fit
* MiniBooNE Rec. Ey Data -

o 155 1172 E, scale factorZ MC fitting (MRD-stopped)

e Recostructed Muon Momentum
12w

[ Entries 20227 |
"@-Q_(absolute normalization)

(Absolute) Ev scale
factor obtained by fitting

distribution after

o T

LE
[§

OO

¢

[ Entries 20227

o Data

|:| Other
| Dirt

NC
@ CC other

@ CC coherent nt

LJ

\)
&

» error bars indicate full

7T

and systematic errors. L
e e Ly 140 160 180

0.5 1 1.5 2 2.5

OO




MiniBooNE
Reconstruction

o FREEE T-I12 Xk h uz &R

o fijEE A L v b HEMEECEL(CCQE) %
RE L. noEFE, AE)»S
—a—FYU ) ZF3INF—%BER

e (Gt = VA =, A Mg = V(ED

D 2(m, =V @+COS T

- 74% CCQE purity
190,454 events

- ¢ ¢ § 8 § ¢ § B
T

.4 0.6 0.8 1 1.2 L4 1.6 L8
)
Reconstructed Ev (GeV)

LEEEL ICEPPY v R P74 2010
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SlbooNE Data M i n i B OO0 N E

~ SciBooNE True Ev
+ Far/Near ratio

el Prediction

iniBooNE Rec. Ey Predictio
$ Oscillation Fit

 MiniBooNE Rec. E, Data | MiniBooNE reconstructed E »
e Extrapolate measured spectrum and its error expectation |

from SciBooNE to MiniBooNE. ; oo

[ Convert TI‘ue EV —> Rec. EV E .Fqu+X-sec. err.

~ MiniBooNE
detector err.

e Systematic Errors

® SciBooNE spectrum
measurement uncertainty

® Beam flux model
< = |

& 0O 02 04 06 08 1 12 14 16 1.8
® Cross-section model Reconstructed E (GeV)

e MiniBooNE detector response

F[E ICEPP> 174 2010



An Example of Flux
Systematic Error

JU" production cross-

8 GeV section at the target

0.03<6,<0.06mrad

Proton 400 b

a00

o 77 v 7 ADFIEITIZ, HARPEETH - H}m%h

00
TEI Nz, p-Bed 5D Fa VAEKDE ; 7}, %

e 2 i, pn(GeV/c)

Lo em il oy 10

o ZDMEFAEZ RIMAALL T - 0.09<6,<0.12mrad

© 77y 7 ADMXMED LT —ITKE
(~10%)7%3SciBooNE/MiniBooNE Tt % &
5 EHETETEIREINCRS (~1%)

e ICEPPY VAT A 2010

do/dpdQ (mb c/[GeV sr])




An Example of Cross-

section Errors
A L v b HEE R

il 2 I
. . MiniBooNE reconstructed Q3
e Axial form factor (Fa), Pauli- T4000——

blocking % Fi%4
® %O)n/[\l;lé%ﬁ/‘) §/ ;_‘Iélic

e IHKELRTL T —D—D (~5%RE)

® MiniBooNE & SciBooNE T & 7
T O AP S T ) e D

OOII 01 02 03 04 05 06III.I1fl.'l'l'l""f"'.ﬂ“"ﬂ-"'

e SciBooNE: Hij Iz

e MiniBooNE: Z& /5

LEEEL ICEPPY v R P74 2010




= a2— MY /IREJFit

o 2-flavorfB] COIREZ K 7E L. Am?2, sin2(20)D /7 X —
Y — il e A ¥ v v
P(v, — vg) = sin” 20 sinz(

1.27Am2[eV2]L[km]
E[GeV]

o Ay2 = y2 (each point) - y2(best) Z H\»THK /N F X —F —T
DIRE) D Al et 2 2l 9 5,

16 bins
X2 2K Z (Nidata T Nip)Mi;I(deata e N;?)

1,J
o fSHEEL &L ADMEDERIZ, MCZ H W TIRIE

(Feldman-Cousins method)

LEEEL ICEPPY v R P74 2010
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® Oscillation maximum
at MiniBooNE
detector at ~2 eV/?

® Oscillation maximum
at SciBooNE
detector at ~20 eV?
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® Oscillation maximum
at MiniBooNE
detector at ~2 eV/?

® Oscillation maximum
at SciBooNE
detector at ~20 eV?

® Oscillation effect
completely washed
out above ~100 eV?



Oscillation
Sensitivit

CDHS 90% CL limit

CCFR 90% CL limit

MiniBooNE only 90% CL sensitivity
SciBooNE + MiniBooNE 90% CL expected
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