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Booster Neutrino Beam
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8.9 GeV/c momentum protons
extracted from Booster, steered toward
a beryllium target in bunches of 5 x 1012

at a maximum rate of 5 Hz

FNAL Booster | target and horn decay region absorber dirt detector

Booster *
primary beam secondary beam tertiary beam
(protons) ~ (mesons) : (neutrinos) :



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

(“neutrino” vs “anti-neutrino” mode)

FNAL Booster |target and horn decay region absorber dirt detector

Booster *
primary beam secondary beam tertiary beam
(protons) ~ (mesons) : (neutrinos) :



Neutrino Flux
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Neutrino Flux
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MiniBooNE collaboration,
Phys. Rev. D 79, 072002 (2009)

» Combining HARP data with detailed Geant4 simulation
gives the flux prediction at the MiniBooNE detector for
positive and negative focusing horn polarities



Detector
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PMT

Tank Region
. _Veto Region
» 6.1m radius Cherenkov R\
detector houses 800 tons \ (=575 cm

—r=610cm

of undoped mineral oil,
1520 PMTs in two
regions

Inner signal region

Outer veto region
(35 cm thick)

Nucl. Instr. Meth. A599, 28 (2009)



Physics Goals 1
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» Primarily a neutrino oscillation
experiment

Am: (eV 2)

Testing anomalous LSND result of .
V. appearance in v, beam

10 =

3 Atmospheric
g VDV
» MiniBooNE probes the LSND o F
oscillation region with different ™ SOl MSW. &
. Vg ;
backgrounds and systematic S S A
errors sin"20



Physics Goals 2

Joe Grange 44t Fermilab User’s Meeting 2" June 2011 #

Pre-MiniBooNE o’s
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» Cross sections at » Recent results suggest these
sparsely measured cross sections are more
— . . . '
» No sub-GeV ¥, cross sections interesting than we thought!
(later)

Vital for future EP studies
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A BooNE of Data
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weekly E20 integrated E20
DA 19.5

0-116 e o 15.6

0.087 [—-----ereemmmmmmmmeeedlennenadinille oo tonn g™ . . . ... 11.7

0088 |=eiicciians; b ’ ........................... ‘ ol 73
0.029 - & 3.9
0 | ’ H|-HHIH ﬂl;HH‘H.H I!W'ﬂI ‘ ’ ‘ ‘ ‘ 0
e38E3338RE383855254859518038200E383RRT8882595188
f 383 Pr e gReRRs eSS N eRgNRARBYZ8e PRz RRRRIggR N
Number of Protons on Target
» POT received from Booster: To date17.1283 E20
6.4 x 102 in v mode Largest week: 0.13 E20
8.5 x 102% in v mode Latest week: 0.13 E20

» Thank you to accelerator division!
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A BooNE of Data

weekfy E20 integrated E20
0_145 fEn . cessessscsecacssassassadeacascasssscdcaadcscsssecscaadcanaNasssesadcanaSasssseadcaaNccsscseaccanscanacaccccanasanasnstsscanasana 19_5
0'116 ....................................................................................................................... x 15.6
0.087 ..................... 11.7
0.058 7.8
0.029 . 2 . 3.9
MiniBooNE has made important
0 . : ; - 0
2358 contributions to both oscillation and
£382 cross section physics in the last year
with these data pns on Target
» POT re

3 E20
3 E20
3 E20

» 6.4 x
» 8.5 %

» Thank you to accelerator division!
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- Physics results in the las

- Oscillations
’




v,— V. Appearance Reminder
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Neutrino Exclusion Limits: 6.5E20 POT
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- _— [ ] v, from K* B ]

3 350 B v, from K° e MiniBooNE 90% C L
o F B ©© misid - --<MniBooNE 90% CL. sensitvity
3 0 A— Ny 1oL — BDT analysis 0% CL. |
- N dirt F E
2-5__+ I other - B
25_ * Const. Syst. Error : :
3 (E>475 MeV) -

|am?| (eV¥c?)
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12 1415 3.
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10 B LsND 0% CL. =

» Neutrino-mode appearance analysis L “
does not confirm LSND two- I ﬁ
neutrino oscillation interpretation Li—— 102 10" 1

sin?(26)

assuming CP conservation
8 Phys. Rev. Lett. 98, 231801 (2007)

» Unexplained low-energy excess (30) observed
14



v,— V. Appearance (2010)
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» Anti-neutrino mode data consistent - [esno oo e
with LSND signal (!) - [uswosso
|

ofe lo) 10'2 | Ll 1
probability of 0.5% for background-only 10° 102 107 :

hypothesis sin’(26)
Ph.D. thesis, G. Karagiorgi, MIT
Phys. Rev. Lett. 105, 181801 (2010)

» Constrains explanations of low-energy excess
15



v,—V, Future Sensitivity

W
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~ 20

23 ® Fake data (BF) - ’é
18 4 Fake data (null) 8 S
16 :_V Real data 5 N% é ]

» Recent anti-neutrino appearance i S S
- —_ ‘; |

result based on 5.66 x 100 POT. ™ ¢4 & °
. . 12 B N‘? & -
» Expect update this year with \: z ° -
L © &

~8.5 x 020 POT 10?\: -_
x 1.5 statistics 8 o
I A ]
6 - -
» ~10 x 10%° POT by 2012 shutdown | 3 s
B - ]
X 2 statistics ! = 90%
2t ]
| _
POT
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Joint MiniBooNE-SciBooNE Vv,

Disappearance Analysis
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» SciBooNE a fine-grained tracking detector 50m
downstream of proton target in same v beam

SciBooNE MiniBooNE

» Can use SciBooNE-MiniBooNE as a two-detector osc expt!

17



Joint MiniBooNE-SciBooNE Vv,

Disappearance Analysis
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» By comparing rate and shape information in v, CC interactions
between the two detectors, set limits for v, disappearance

world’s strongest limit at &
(]
10 < Am? (eV?) <30  «

» Constrains v, —V, oscillations s S S
as well as other, more exotic 1055 i
models o  ingoon R

extra dimensions, CRL . [ SB4MBSO%CL: 10 Simu.f)
: —— SB+MB 90% CL obsen{ed (Sln?u fit)
» SeeY. Nakajima’s 4/29/1 | e =
FNALWine & Cheese seminar [ a TR
Paperindraft [ i i)
» Forthcoming v, disappearance SenSltl’VltY
M 10-1]II|'|IIIEII1||I1]I lII1ll||l|l|!l|||t|l|llll|l

0.1 02 03 04 05 06 0.7 0.8 09 1

analysis
sin®20
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Short Baseline Workshop
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» SBNWI | last month, featured

> 100 participants from 44 Short-Baseline
institutions Neutrino Workshop S

https://indico.fnal.gov/conferenceDisplay.py?ovw=True&confld=4157 12-14dviay 2011 will cover recent short-

- baseline neutrino results,
P Featu re d P rese ntat| ons Fe rmi I a b theoretical interpretations, future
’ neutrino facilities, and future short
1 1 H 1 baseline neutrino experiments. The goal
d ISCUSSIONS on recent OsCl I Iatlon of the workshop will be to discuss future
Local Organizing Committee: facilities and experiments that can be

h INtS IN M NI BOO N E regl on £elimig BIsrp (ANL) built at Fermilab and elsewhere to explore

Bonnie Fleming (Yale, 1 5 3 ’ ¢
g {Vale) short-baseline neutrino physics (including

Bill Louis (LANL)
T M 7 Geoff Mills (LANL) neutrino oscillations, CP violation,
rea’CtO r r\,e d ! Sap P €arance: Zarko Pavlovic (LANL) sterile neutrinos, axion searches, cross

Chris Polly (FNAL)

Ph)’S Rev. D 83, 073006 (20 | ) Richard Van de Water (LANL) sections, etc.).
I I . I S ZeUes (Al https://indico.fnal.gov/event/sbnw2011
ga I u m an O m a' y Scientific Advisory Committee:
Gerry Garvey (LANL)
Ph)’S. Rev. D 82, 053005 (20 I 0) CarI:Giunt'i);Torino)

Terry Goldman (LANL)

C O S m O I Ogy Young-Kee Kim (FNAL)

Bill Marciano (BNL)

Phys. Rev. Lett 105, 181301 (2010) ity

. Mike Shaevitz (Columbia)

Bob Svoboda (UC Davis)

global 3+N fits gl 0 e
C.lgnarra, SBNWI |

Supported by Fermi National AcceleratorLaboratory and Los Alamos.National Laboratory
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- Physics results in the las

e
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- Cross sections ™

-

Neutrinos




Neutrino Cross Sections
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» MiniBooNE has analyzed and published 90% of neutrino-mode
data collected (unprecedented statistics), most in the last year!

V Vv [ V u-
~ Multi = ~__—
/£§:<n0 CNC ™ 'D - Wi

A NC " 5a% '
n;p + coherent n,p @ n /\\ p
V '
\\l/
W i
/T<
n P
Y ~__ Y
n’p + coherent n,p n’p n;p

21



Neutrino Cross Sections

» MiniBooNE has analyzed and published 90% of neutrino-mode
data collected (unprecedented statistics), most in the last year!

\Y) V | -
~ Multi = '~ "

Data pushed into measurements as
y m differential as possible - this allows
\/ for the most complete extraction of

/'VL§:<" information

A

\Y Vi Vv \/ vV
wi Z

n,p + coherent n,p n’p n;p

22



Charged-Current Quasi-Elastic
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» Charged-current quasi-elastic channel typically \% ~ i
used for osc measurements

simple event multiplicity /\\
n

can recover E, with only lepton reconstruction

. m.ugzﬁ(cmzmev) - — MiniBooNE data (8N,=10.7%)
» Measured quantities: T | I memenamen
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Ph.D. thesis, T. Katori, Indiana University
Phys. Rev. D. 81, 092005 (2010)
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Neutral Current Elastic
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. . o \Y) \Y
» Neutral current elastic process probes similar S~
formalism as charged-current quasi-elastic Z
sensitive to structure of both nucleon types N p/\n >

x10%

MiniBooNE NCE cross-section with total error

----------------------- Monte Carlo NCE-like background

» Protons fitter developed,
reconstructs protons above
Cherenkov threshold
(T, > 350 MeV)

w
2]

do/dQ?(cm*/GeV?)
w

I
)

-
E]IIIIIII]'IIIIIIIII|IIII|IIII

N

iy
o

e
[3))

» Measured quantities:
do/dQ?

. . Ph.D. thesis, D. Perevalov, University of Alabama
As, strange quark contribution to Phys. Rev. D. 82, 092005 (2010)
nucleus
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Charged-Current 1x*
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» Crucial channel for v, disappearance

v u
measurements Y -
can bias CCQE signal if t* lost /T<

n, p + coherent n, p

» First tracking of charged pions
in 2 Cherenkov detector!

» Measured quantities:

o(E,), do/dQ?, do/dT , do/d6,,
do/dT,, do/de,, d?0/dT,d6,,
d?o/dT_d6_ (many firsts)

Ph.D. thesis, M. Wilking, University of Colorado
Phys. Rev. D. 83, 052007 (2011)
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Neutral-Current 1m°
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\Y \Y
» Background measurement for v, appearance ~
analysis Z: o
NCnO signature electron-like if lose vy /T<
n,p + coherent n,p

. e x107% ' ' ' . ' ' : x'10‘39
» Valuable input for 6,; i B = @ Yo o
] g —— Monte Carlo — 0.
Cherenkov-based o y | dod y
2o - S 04
measurements s %% | 5 oz
0%.0 _Bgofz 04 06 08 10 12 14 00575 08 00
T2K, LBNE 07 | | X102
06 © 04l @
05 - 03} =
03| v 0z V
» Measured quantities: - 0:
O'OOT 02 04 06 08 10 0270 05 0.0 0.5 1.0
dO/ d pJ'l?’ dO/ d@n p.o (Gev/c) €OSf;2
(for both v, v data) Ph.D. thesis, C. Anderson, Yale University

Phys. Rev. D. 81, 013005 (2010)
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Charged-Current 1x°
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. . \% i
» Custom 3-ring fitter developed to \/u
reconstruct both u, 7t /’VLE:<”°
A
n p
» Resonant-only process
= -
L. § 25:_ —— Statistical error _:
» Measured quantities: 8 TF MM systematic error | :
o(E,), do/dQ?, do/dT ,, Z 20 — NUANCE P | E
do/dp,, do/d6,,, do/d6, T 1sE *4 t E
(many firsts) g f :
10— i
SE -
= ]
+ 006 08 "1 1214 16 138 2
E, [GeV]

Ph.D. thesis, R. Nelson, University of Colorado
Phys. Rev. D. 83, 052009 (2011)
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An Aside: Cross Section Interpretations
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» CCQE o results ~30% higher than expected!

x10"%
«— 16K
£ 145 I
- 12 ' I
B 106 1T e
------ u MiniBooNE data with shape error

——us—— MiniBooNE data with total error
--------- RFG model with Mz=1.03 GeV,k=1.000
RFG model with M{T=1.35 GeV,k=1.007

L | " L L 1 L L L | L

4 06 08 1 12 14  EOERG Gay

CONPOOONPAO

» Simulation: Fermi gas model, combines bare nucleon physics
with binding energy, Pauli blocking

No other considerations for nuclear effects

28



Electron Scattering QE
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» e scattering data: transverse response function significantly

enhanced for nuclear targets, fully described by short-range
correlations and 2-body currents

4
1.0 r r Her T —r—r—1 1 __ !
[ 1 1 T ! 1/) = 1/} (a),q)
+ q=388 .*’%,':3 f 4
sl-% q=4 ol THRR B )
08 o a-sor } fﬁg | » fL1(y): superscaling
. osf-x q=700 d‘t;&;, g | variable, looking for A, q
- , a}%'ﬁ",*ﬂ: f?f;jj"'.« ! dependence
(Vo 0.4 E— P 1'3*5 fL f I"‘: ‘x"t f 4001:' ; 'b_j
" ‘:‘ ?:’:.'; L Simulation takes f, = fr (!)
'— F g PR
I & ‘ Q B & . . ’
ool 1‘5':1; S 554l ), Consistent with MB o's

0 1 2

2 exceeding free nucleon case
Phys. Rev. C. 65, 024002 (2002)
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Electron Scattering QE
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» Enhancement has to exist in v scattering o’s as well

At least for the vector piece of QE channel

» Open questions: o I BASAS T "]
- Integral over f(¥)
axial enhancement!? ;’ [
a 2.0r_—— —
resonance enhancement?] & .
o ‘ =
» Very active area to 1 S
describe v interactions A e ]
consistent with these : |
; i X + 300MeV/c )
effects 2 osf W<z eoaoMev/e —
Phys. Rev. C 80, 065001 (2009)| : wi<os oomt/e
[ | P | | R N
Phys. Rev. C 83,045501 (201 1) oo L T L

» Anti-neutrinos provide
an important test!

30



- Physics results in the las
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- Cross sections ™
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Anti-neutrinos




Neutrino Flux Revisited
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-11 _l--' i v
107" = 10 : —Vu
S ;10-12 E
[} (] =
= = C
3 3 B
B E107
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§ Stwnl el T T
S ey ;
107" -
10-16 _I 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1
. . 0 0.5 1 1.5 2 25 3 3.5 4
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MiniBooNE collaboration,
Phys. Rev. D 79, 072002 (2009)

» Significant neutrino content in anti-neutrino beam

» Detector not magnetized; cannot separate contribution based on
u charge
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Neutrino Flux Revisited
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» First measurement of neutrino contribution to anti-
neutrino beam with non-magnetized detector
arxiv: 1102.1964 [hep-€ex]

» 3 independent, complementary Submitted to Phys. Rev. D
measurements L

w*/u angular distribution i .

T~ capture 08— } I }
g+

U capture £ osl 0 _{ n
(7}
5

» Demonstration of techniques -4
for other non-magnetized

® CClr
detectors looking for P %2 m cooe
A W capture
NOvVA, T2K, LBNE, etc. ) I AN RPN EVUVIVES IR A UTITEN IR ETATN IR IR
0 02 04 06 038 1 12 14 16 1.8 . ALL

True E, (GeV)
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Anti-neutrino Distributions
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» Background-subtracted CCQE and NC Elastic:

J. Grange, Nulnt11 R. Dharmapalan, Nulnt11
2500:—rH4 R % 1400 * Data (minus Bkg) with total error
F:§-| 5 ¥, CCQE Prediction, Syst Error E 1200 :"':::- -;_ 5 ---MC (M, =1.35, x=1.007)
2000 i Bnd Target M = 1.02 GeV, k = 1.000 % — :-;!__" ':.:i__: ---M(? (MA=1.?3,VK=1.0?:7Z)
% Free Target M: P ;:: _'J 1_.1 :'.'i__ ‘ ---MC (M, =1.023, ¥=1.000)
£ 1500 > 800 B M
: @ - =
w 600 = T
10007 - : L
Nk -i-* 400 :_'_:"':'-'-:__'
0 -"""‘“"'~"‘"""-" 0.8 09 4 % 100 200 300 400 500 600

05 0.6
Q} (GeV?)

reconstructed proton energy(MeV)

» Data favors some models of axial enhancement over others
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Summary and Outlook: Oscillations
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» MiniBooNE V_ appearance analysis is consistent with
LSND signal

expect update with 50% more statistics this year!

» Joint SciBooNE-MiniBooNE v, disappearance analysis
provides world’s strongest limits for 10 < Am? (eV?) < 30

corresponding v, analysis underway

» These analyses will provide a critical test of an oscillation
region where hints have recently been appearing...

Am? ~ 1eV? : 0, — e, U7

36



Summary and Outlook: Cross Sections
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» In the previous year MiniBooNE has turned ~ 90% of v-
mode data collected into cross sections

most analyses have more statistics than all previous
measurements combined!

wealth of statistics exploited to make model-independent
differential measurements

» Significant excess over free-nucleon prediction in CCQE
channel observed
consistent with previously-overlooked e scattering data
anti-neutrino cross sections will provide a test of the details in
the upcoming year

37



Thanks!
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Thanks for your attention!

» Recent MiniBooNE graduates

R. H. Nelson,“A Measurement of Neutrino-Induced Charged-Current
Neutral Pion Production” Ph.D thesis, University of Colorado, 2010

G. Karagiorgi, “Searches for New Physics at MiniBooNE: Sterile
Neutrinos and Mixing Freedom”, Ph.D thesis, MIT,2010

C. E. Anderson,“Measurement of Muon Neutrino and Antineutrino
Induced Single Neutral Pion Production Cross Sections”, Ph.D thesis, Yale
University, 2010

38
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Electron Scattering Details
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» “Super Scaling”: can scaling results be applied from | nucleus to

another?
1.0;_"_** LR A G LN S B m
Pl Y=—" ()n/l+r'1—1<)
08 . kF
t
AR . 2
5 : Q
:\ Ub[ A:—’ T = QZ,K=i
= t 2m,, 4m,, 2m

* Scales approximately
linearly for different
nuclear targets and { <0

Phys. Rev. C38, 1801(1988), + Divergent for 1\ > 0
Phys. Rev. C60, 065502 (1999)
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Single ® Sample, Anti-neutrino Mode
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* The neutrino induced
resonance channel
leads to three leptons
above Cherenkov
threshold

Primary muon
Decay electron

Decay positron

41



Single ® Sample, Anti-neutrino Mode
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Due to nuclear 7
capture, the
corresponding anti-
neutrino interaction
has only two:

~100%

Decay positron nuclear
capfture

Primary muon

42



Cosmology
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PRL 105, 181301 (2010)

» Cosmology data prefers 0.8 [y T\ T T T
extra degrees of freedom I
afforded by extra v 061 )
species =
— 0.4 :
g
» N, number of :
. : 0.2 :
thermalized sterile :
neutrinos ol -
0 1 2 3 4 5

» Other analyses: effective number of v species
N, = 4.78*8 . (95% CL)
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Gallium Anomaly

» GALLEX and SAGE
radiochemical experiments
combined for 4 calibration runs
with MCi source
» counted "'Ga +v_ = 7'Ge + &

» all 4 runs observed event deficit,

with improved flux prediction
R = (obs/pred) = 0.86 + 0.06 (10)

PRD 83:073006 (2011)

POy
=

» v, disappearance’

GALLEX
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Single m Production Summary
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» Many differential measurements world’s firsts

Measurement\Mode  NCr® cCn® CcCrtt
o(Ev) v
do/dQ? Vv ¥

do/dpn v *

%# = presented as a function do/dcosb-
of neutrino energy.

A total of 16 measurements!

v ¥

Least model dependent

results! do/dcosO,
d?0/dT.dcosO,

d?0/dT-dcos6O

R. Nelson, Nulnt11




W capture




W capture




Electron Sc

» Electron scattering
time capsule!?

» No...

48

integrated T / integrated L
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u"/u Angular Fits

Joe Grange 44t Fermilab User’s Meeting 2" June 2011 #

Inclusive E 9

» Results indicate the v, L -
flux is over-predicted f - =065:0.23
o, =1.00 £ 0.22
by ~30% 8 F
5t -
» Fit also performedin &' o,
1 S , _TMC(a’wav)
bins of reconstructed , B Syet, Eror
—— Dat
energy, consistent o} ol
o2 cose

results indicate flux

spectrum shape is well ———

< 600 065+022 098+0.18

modeled
600 - 900 06l +020  1.05+0.19
> 900 064+020 1.18+0.21

Inclusive 0.65 + 0.23 1.00 £ 0.22 49



