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- Extensions to the Neutrino Standard Model: Sterile Neutrinos

* MiniBooNE: Status and Prospects

« Future Directions if MiniBooNE Sees Oscillations



Theoretical Prejudices before 1995

» Natural scale for Am2 ~ 10 — 100 eV?
since needed to explain dark matter

Oscillation mixing angles must be small
like the quark mixing angles

- Solar neutrino oscillations must be
small mixing angle MSW solution
because it is "cool”

-+ Atmospheric neutrino anomaly must be
other physics or experimental problem
because it needs such a large mixing angle

« LSND result doesn't fit in so must not
be an oscillation signal



Theoretical Prejudices before 1995

What we know now

* Natural scale for Am? ~ 10 — 100 eV? Wrong
since needed to explain dark matter

Oscillation mixing angles must be small Wrong
like the quark mixing angles

» Solar neutrino oscillations must be Wrong
small mixing angle MSW solution
because it is "cool”

+ Atmospheric neutrino anomaly must be Wrong
other physics or experimental problem
because it needs such a large mixing angle

+ LSND result doesn't fit in so must not ??77?
be an oscillation signal



Current Situation
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Solar Neutrino Oscillations

¢pr(10ﬁ

e Deficit of . observed from Sun

Cl (Homestake), H2O ((Super-)K), Ga (GALLEX, SAGE)
e Confirmation at SNO and KamLAND (reactor 77.)

1.8 S
q),{IO('cm'z ) 1.6 Preliminary = —— Oscillation
Atmospheric Neutrino Oscillations s 14| —— Decoherence
e /enith angle-dependent deficit of v,: 5
Kamioka, Super-Kamiokande, Soudan, MACRO %
; : — ©
e Confirmed by accelerator exp K2K; MINOS will be definitive 2
T i LSND Neutrino Oscillations LE (km/GeV)
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Beam Excess

o Excess of 7. in 7, beam produced from p* decay-at-rest

e Unconfirmed by other experiments, but not excluded

1
04 06 08 1 1.2 14
LIE, {metersibeV)



Three Signal Regions

S [T T T
N LSND :
mg | 3 Vy—™Ve e Plv,— v, =
AL 1 — sin® 260 sin?[1.27Am?(L/E)]
2 e LSND:
v E Atmospheric Am? ~ 0.1 —106V?, small mixing
-k Y Vx _' e Atmospheric:
- ] Am? ~ 2% 1073eV?, sin®20 ~ 1.0
10"4:— Solar MSW | S | )
e & e Solar:
‘ M Am? ~ 7x 107%eV? sin%26 ~ 0.8
S m* ~ 7 X eV~<, sin ~ 0.
v T 10~ 10! !
$in”26

e Three distinct neutrino oscillation signals, with: Am?,, + Am?>, # Am7onp

e For three neutrinos, expect: Am3, + Am3, = Am3 | Am_ i



How Can There Be Three Distinct Am?2 ?

* One of the experimental measurements is wrong

* One of the experimental measurements is not neutrino
oscillations

— Neutrino decay
— Neutrino production from flavor violating decays

- Additional "sterile" neutrinos involved in oscillations

» CPT violation (or CP viol. and sterile v's) allows different
mixing for v's and V's



The LSND Experiment

The neutrino source: The detector:
o 7 from: 77 — pt v, e Liquid scintillator detects both Cherenkov
— et v, 1, and scintillation light. For 7.p — et n:

e £/, =20-53 MeV, L, = 25-35 m o Cscintillation light from e™

B e Scintillation light from n capture
e Almost no 7. at source

- 800 MeV proton beam from
3 VH( 20) v LANSCE accelerator

- Water target

wer beamstop
1/ i
E ' LSND Detector
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LSND Result

e Excess of candidate 7, events o Clean sample with R- > 10 cut

e [t parameter defines likelihood that ~ e L,/E, distribution of the excess

o 87.9+22.4+ 6.0 excess (3.80) hypothesis
e Backgrounds in red

e (P(":’,u- — E’e» —

(0.264 + 0.067 + 0.045)% e Fit to oscillation hypothesis in

blue
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KARMEN Experiment

+ Similar beam and detector to LSND N% o0 L _

— Closer distance and less target mass m; : KARMENZ (90% CL) -

= Xx10 less sensitive than LSND 4 L .

- Joint analysis with LSND gives restricted - :

region (Church et al. hep-ex/0203023) 0 TN a5 Cr ) g

— 10 prrrr——r T —— o T T R e

5 o | N 101'3 1(|)'2 |(|)" 1
L sin’20

95% C.L.

- KARMEN also limits u*— e* v, v branching ratio:
BR < 0.9 x 10 (90% CL)

- LSND signal would require:
1.9x103 < BR < 4.0 x 10-% (90% CL)

= p*—e* v, v unlikely to explain LSND signal

(also will be investigated by TWIST exp. at TRIUMF)
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Adding Sterile Neutrinos to the Mix

* Reconcile three separate

Am_ Am? by adding additional
Am._, sterile v's
AM I . 3+2 models
12 y—— 3+1 models I ms
B my = iy
HE O E O LSND { Bl {
VE vu, VT I“‘IIIS - ].T.|.3 ] I.T.|.3

Atmospheric [ Atmospheric [

Solar [_:EE S olar {_-].T.I.z
s 1 —— )
—* LSND primarily v, —* LSND primarily v,

- Constraints from atmos.
and solar data

= Sterile mainly associated with the LSND Am27 Then these are the main

mixing matrix elements

3+1 [(ve N\ [ Un Us Us|[ Us Us .|\ [ )

3+2 Yy Uun Uwp U | Uy Ups V9

3+3 Models ve | _ | U Uz Ums U U V3
Vs Usg Usxp Us Usgy Ug vy
vy []Sfl []8!2 USJB US!4 Usf5 245

S J N\



Super—-Kamiokande rate

Also Proposals for Sterile v’s in Solar Spectrum

Sterile neutrino component in the - Explain with a light sterile
solar oscillation phenomenology — Am2 ~ (0.2 to 2)x10°5 eV?
Smirnov et al. hep-ph/0307266 sin22a. ~ (105 to 10°3)

— Proposed to explain:
1. Observed Ar rate is 2c lower

than predictions (LMA MSW Am, *=7.1x10° eV, tan’6=0.4
P ( )\3.0 - mxe arT o

2. The lack of an upturn at low
energies for the SNO and
Super-K solar measurements

E MeV 5
nergy (MeV) B A?I'?é-. - Rf0-07

AS s —=< R=010
A2 A
a1 R,=0.20

.2
sin 2.

R
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Sterile v’s and the r-process in Supernovae

- Heavy element (A>100) production
in supernova (i.e. U) through
rapid-neutron-capture (r-process)

(i.e. Patel & Fuller hep-ph/0003034)

- Observed abundance of heavy
elements

* Much larger than standard
model prediction since
available neutron density is
too small

- Required neutron density can be
explained if oscillations to sterile
neutrinos

- Then matter effects can w0 - - -
suppress the v, with respect si’(20)
to v, which can then produce
a substantial neutron excess Y, = 1/(1+(n/p)

Ve+pe=et+nv.+nee +p (Y. small has neutron excess)

= €



Sterile Neutrinos: Astrophysics Constraints :

- Constraints on the number of  Bounds on the neutrino masses
neutrinos from BBN and CMB also depend on the number of
— Standard model gives neutrinos (active and sterile)
N,=2.6+0.4 constraint — Allowed =m; is 1.4 (2.5) eV

4 (5) neutrinos
— If ‘He systematics larger, then

N,=4.0+2.5
— If neutrino lepton asymmetry or 10 iy
non-equilibrium, then the BBN  N.=3 solid
limit can be evaded. o 4 dotted B
K. Abazajian hep-ph/0307266 A 5 dashel s
G. Steigman hep-ph/0309347 . , /
<>:|< 4 i Vi d |
— “One result of this is that the i / e i
LSND result is not yet ruled out o[ P ]
by cosmological observations.” : (=T i
Hannestad astro-ph/0303076 . ST E
Ll v b b |

0.00 0.005 0.01 0.015 0.02 0.025 0.03
0,
Hannestad astro-ph/0303076



Experimental Situation: 14
Fits of 3+1 and 3+2 Models to Data

* Global Fits to high Am? oscillations for the SBL experiments including

LSND positive signal. (M.Sorel, J.Conrad, M.S., hep-ph/0305255)
Channel | Experiment | Lowest Am? sin” 26 Constraint (90% CL)
Reach (90% CL) | High Am? | Optimal Am?
vy — Ve | LSND 3.10 2 >25-107° [ >1.2-10°7
KARMEN | 6-102 <17-107% | <1.0-10°3
NOMAD | 4-10"! <14-1073 | <1.0-1073
Ve — Vy | Bugey 1-1072 <14-1071 | <1.3-1072
N § CHOOZ 7.104 <1.0-107! | <5.1072
= s | v, — v, | CCFR84 6-10° none <2-1071
g’ 3 CDHS 3-107! none <53-1071
el | v,—wv, | NOMAD | 7-1071! <33-1001 | <25.1071
1 CHORUS | 5-107! <6.8-107* | <45-107*
1o” Ve — v> | NOMAD 6-10" <1.5-1072 | <1.1-1072
CHORUS | 7-10° <51-1072 | <4.1072
K * Only LSND has a positive signal

- CDHS near detector 2 low also contributes

- Is LSND consistent with the upper limits on
active to sterile mixing derived from the

=5 S " null short-baseline experiments?

sin” 20 (M.Sorel, J.Conrad, M.S., hep-ph/0305255)

4 v,V searches
10" | hep- ex/ 0306037




3 + 1 Model Fits to SBL Data

P(D, — ) = AUZU S, sin®(1.27TAmj, L/ E)

;\.m3 ( e\-’3 )

10

Null short-baseline exclusions

LSND allowed regions
compared to

(311)

1 IIIIIII‘
o]

L L1 |||||| = d
0" 10" 10" !

Best Compatibility Level = ~3.6%
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Doing a combined fit with null
SBL and the positive LSND
results

— Yields compatible regions at
the 90% CL

Best fit: Am2=0.92 eV2, U,,=0.136 , U,,=0.205

r-r'

L

L]

-

[}

<]
CL
Bl 9%
B 95%
B 20%

c (3+1)
10 =
B 90%, 95%, 99% CL allowed regions from
- combined SBL analysis (with LSND)
1 =
B CL
n Bl 992%
B 95%
l{}_l 3 1 II||\|||1 1 """'l., 1 ||||||||I IR - 90%

10~ 10 . 1
s 7
sin ,_Eluc

10° 10~



Combined LSND and NSBL Fits to 3+2 Models 16

f — = AFTT T T T (TT T a2 T SR 1TT T T T 2
P, — ve) = A4(UesUps 4+ UesUys) (UesUps sin® x41 4+ UesUps sin® x51) — AUqUpsUesU,s sin® x5,

. ri: = 127TAm2:L/FE
- Confidence Levels: j E

3+1 = 3.6% compatibility g :
+ 0 il % F (3+2)
3+2 = 30% compatibility - Best Fit
3+2 = [
E | :
a F 3 B :
2 - by % - 4 ﬂ B
% - 1 & .
— S LSND * 1 — 10 - ]
fresssssnsnnsse L ol E 1
-1 .:' % .-'. -1 B I
10 pF------ - __99/_9':__-._-______: 10 I
SR 0 WL 1= ' .
| s i
P Y N I _9«_:_;%,9&_}.____ o 2 = Also, low Am? regions
':I L 11 |::| | i | | L1 1\ | L1 11 I |:4 1 |: L J,’/ CL
0 0.1 0.2 0.3 04 05 W 9%
Sy ID_I’JJ I Lol 1 Lol ! Coo | 90%
Prsnp (107) 10" I 10 10°

Amy, ~(eV7)

Best Fit: Am,;2=0.92 eV2, U,,=0.121 , U ,=0.204 , Amg,?=22 eV?2 , U,5=0.036 , U,,=0.224

pLSND = (P(Uy — Ue))LSND (M.Sorel, J.Conrad, M.S., hep-ph/0305255)



CP Violation in 3+2 Models

e CP-violation is possible when more than one Am? participates in the oscillation

e For (3+2) models:
(=) (=)

P( '_,u_ — e ) = 4 UE_4\Q o 2gin® ayy + 4|Us]| Q\ Uﬁ.5|2 sin? x5+

+8| Ue4‘ ‘ U,u-ﬂl | | Ues ‘ ‘ Uﬂﬁ

sin x4 sin x51 cos(xsy £ dsa)

zji = 1L.2TAmMGL/E,  ¢54 = arg(UzUpuUesUy)

15

® The SBL CP-violating phase, @54, is different from the “standard” CP phase o:

o sy is associated with Am?3,, Am2,
e . . o) 9
e 0 is associated with Ams;, Amy,
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CP Violating Effects for MiniBooNE

e Compare oscillation probabilities in 7 and I running mode:

. (=) (=) (—) (=]
|'ll :

PBooNE = \P(Vﬂ — V“)f:.r mode> PBooNE = RP(IJH_} Ve )f\:.r mode

® Asymmetry, based on (3+42) models allowed by present SBL constraints

ol |8 |&1] [.5
% C CP-conserving (3+2) Z C CP-violating (3+2)
= 1o = Lo
z [ z
& 14— 2 14
=¥ 2 o, B
21 12|
s =
X . 0.6 .
L CL - CL
- By - B
”_1_IIII|IIII|IIII|IIII|IIII|IIII|IIII|I||| 0% n:l._""l""|""l""l"ll|llll|||||||||| 909
0 005 01 015 02 025 03 035 04 0 005 01 0105 02 025 03 035 04
) 2
Ppoone (107 Ppoong (107)

(M. Sorel and K. Whisnant, preliminary)



Next Step is MiniBooNE

* MiniBooNE will be one of the first experiments to check
these sterile neutrino models

— Investigate LSND Anomaly
 |s it oscillations?
» Measure the oscillation parameters

— Investigate oscillations to sterile neutrino using v, disappearance

19



. . . Use protons from
MiniBooNE Experiment the 8 GeV booster

— Neutrino Beam
<E >~ 1GeV

3:1 slope

12,1t

i

12m sphere filled with
mineral o1l and PMTs
located 500m from source
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MiniBooNE Collaboration

Y. Liu, I. Stancu Alabama
S. Koutsoliotas Bucknell
E. Hawker, R.A. Johnson, J.L. Raaf Cincinnati
T. Hart, R.H. Nelson, E.D. Zimmerman Colorado
A. Aguilar-Arevalo, L.Bugel, L. Coney, J.M. Conrad,
J. Formaggio, J. Link, J. Monroe, K. McConnel,
D. Schmitz, M.H. Shaevitz, M. Sorel, L. Wang,
G.P. Zeller Columbia
- D. Smith  Embry Riddle

L.Bartoszek, C. Bhat, S J. Brice, B.C. Brown,

D.A. Finley, B.T. Fleming, R. Ford, F.G.Garcia,

P. Kasper, T. Kobilarcik, |I. Kourbanis,

A. Malensek, W. Marsh, P. Martin, F. Mills,

C. Moore, P. Nienaber, E. Prebys,

A.D. Russell, P. Spentzouris, R. Stefanski,

. T. Williams Fermilab

% D.C.Cox, A. Green, H.-O. Meyer, R. Tayloe
Indiana

G.T. Garvey, C. Green, W.C. Louis, G.McGregor,

S.McKenney, G.B. Mills, V. Sandberg,

B. Sapp, R. Schirato, R. Van de Water,

D.H. White Los Alamos

MiniBooNE consists of about 70 R. Imlay, W. Metcalf, M. Sung, M.O. Wascko

scientists from 12 institutions. Louisiana State
J. Cao, Y. Liu, B.P. Roe, H. Yang Michigan

A.O. Bazarko, P.D. Meyers, R.B. Patterson,
F.C. Shoemaker, H.A.Tanaka Princeton




MiniBooNE Neutrino Beam 22

Variable decay
pipe length
(2 absorbers @
50m and 25m)
targe
&
Fermilab aotn
8 GeV .
B decay pipe
oSt detector

[n—)uv

B>
I 450 m of dirt
- 250r 50 m

One magnetic
Horn, with Be
target

Magnetic Horn Detector
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Horn, Target
* 8 GeV Protons impinge on 71cm long Be target
& Fluxes * Horn focusing of secondary beam increase

v flux by factor of ~5

* 170 KA pulses, 143us long at ~5 Hz

: e * Has performed flawlessly with ~80 million
Eﬂll!——- gp pulses to date

......_..'I

e Main v, flux from * — u* A
e Intrinsic v . flux from
+ +
- Wy, ety
- Kt—= et v

e
- K - et V.,

Fraction of e Flux /0.1 GeV

L

E, (GeV)



The MiniBooNE Detector 24

360
® © © ¢ 000
® ® ® 000

®© ®00s000m * Filled with 950,000 liters

® o 0 00 ooocowy (900 tons) of very pure
® ®© & © © 0000

®© 00000 00oce mineral oil

® © © © O 0 0 0O0o0ONKD . . .
© 00000 00o0scem * Light tight inner

0000000000 region with 1280

® 6000000000 photomultiplier tubes
® @ & © & 0 0 0 0ooME

® 0000 0o000coum * Outer veto region with
® ® © © ¢ 0 00000 D 241PMTS

®© 000000000 e (Oscillation Search
® © & © 0 0 O 0o000D

® ¢ 0 00 o0oooend Method:

ey Look for v, events
A in a pure v, beam

* 12 meter diameter sphere




Particle Identification =
* Separation of v, from v, events
— Exiting v, events fire the veto
— Stopping v, events have a Michel electron after a few usec

— Also, scintillation light with longer time constant = enhanced for slow pions and protons
— Cerenkov rings from outgoing particles

« Shows up as a ring of hits in the phototubes mounted inside the MiniBooNE sphere
« Pattern of phototube hits tells the particle type

ve, "aa 8 P ;u'

0

Stopping muon event




Examples of Real Data Events

Charged Current Neutral Current
vV,+tn—>pu +p v,tn—>v, +n'+p
with outgoing muon (1 ring) with outgoing ° — yy (2 rings)




Example Cerenkov Rings

Size of ring 1s proportional to the light hitting the photomultiplier tube

0
V,tn—>Vv, +p+rx

P

27



Muon Identification
Signature:
H—o>ev,V,
after ~2usec

Animation

Each frame is 25 ns
with 10 ns steps.

Charge (Size)

High

Time (Color)

Early Late




Neutrino events

beam comes in spills @ up to 5 Hz
each spill lasts 1.6 usec

trigger on signal from Booster
read out for 19.2 usec; beam at [4.6, 6.2] usec

no high level analysis needed to see
neutrino events

backgrounds: cosmic muons
decay electrons

simple cuts reduce non-beam
backgrounds to ~10-3

v event every 1.5 minutes

Current Collected data:
300k neutrino candidates
for 2.8 x 1020 protons on target

24 sec

= 20000

25000

. All Events

e
n
o)
S 15000 o one e -
> 001 et autsngreonget -
w So%uy
10000 —
5000 —
ol e e b b b by |
6 8 10 1z 14 16 18
Average Tank Time (1 sec)
Q L R l I s
o s
@ 6000 " |
= L
~ Nyppo<é
o 5000 -
@ .
c 4000 -
o
-
W 3000 -
*
2000-*, -
1000 . -
L .'M.. - L .
oL Cl e TR
6 8 10 1z 14 16 18
Average Tank Time (1 sec)
8 T T T ‘ T T T ‘ T T T T T T ‘ T T T F
@ 3000~ o, * i
=
N 500 NyEro<0: Nppng>200
| R _
e
N
T 2000 » -
[
o a
W 1500 -

1000

500

o6 o0& bel bade s 'son | sb daceab oh o | |
8 10 12 14 16 18

Average Tank Time (1L sec)
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Fine Beam Event Timing

* A resistive wall monitor T e e o |
measures the beam time i
profile just before the target | ﬂ p‘ ‘\

|

* Discriminated signal sent to T ‘
DAQ for fine timing ; l‘a | | JL | |
ofted b KM i el ) &l \,,J

Lot o by by vy by Loy g by 1o 1y
1000 1020 1Mo 1060 1080 1100 1120 1140
ns

[ Beam time residual |

Mean 0.001909
RMS 2422 :
Constant 306.4 + 4.722 Wlth s
Mean <0.03066 + 0.028 . i
| sigma 2264 + 0.0227 - Fitted event position

g T

number of events ' ns

200 — Fitted event time
o - RWM timing pulse
- we measure the booster
%! bunch timing....
9 ; : 0 2 4 6 8 10

eIV Sy, vt Setont AR £ in neutrinos!



Reconstruction:
Event POSition Rolloft at edges

* Fitted position of the
centre of the event track

e Cuts:-

— Tank hits > 200
— Veto hits < 6

— Fit radius < 500cm

e (Cartesian coordinates

scaled to give equal

volume slices in a sphere

Asymmetry from a |'1iﬁotr0|-n}_«'//¢' —
=1

from veto cut

Events/0.02

Events/0.02

Events/0.02

of event directions + veto cut

PRELIMINARY

® Data ]
— Monte Carlo Simulation

g

100

_&

_8

_8

& [ata ]
— Monte Carlo Simulation

o 0.5 1

Jz
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Energy Calibration Checks

- Spectrum of Michel electrons
from stopping muons

—

o -III|IIII|III-IIIII|I|III

%700 e |
g([)(} L — MC signal + background
8] ... MC background
=) C « Data
25001
g ¢ PRELIMINARY
w
Y No. i0’s = 7208+ 144
%'/NDF = 150.08/98
300 Mass = 0.1391+ 0.001 GeV/c’

200

100"

Dol i [y Ll 1l 1. P

ou
0.05 (}I ()I::r (]” ()"’J ()1 ()’;‘3 (]4 045 0.5

n” mass (GeV/c 2)

Energy vs. Range for events
stopping in scintillator cubes

0.55 =

Visible Tank Ener

m
%
o
#200

1500

100D

500

Michel electron energy (MeV)
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50D

15%
1 E resolution
v at 53 MeV

\ PRELIMINARY

l
10c

Mass distribution for isolated =
events

_

400

&
S

200
100

| @ Data
.l Monte Carlo

-

Cosmic Muon Energy
: — =)

L]
L]

1A\

%

100

200 300

400 500 600 700 800
Cube Range Energy (MeV)

{

j’M uon tracker

/ Cosmic Muon
Scintillation Cube
ot

™ Michel electron
R

P

N



Neutrino Energy Reconstruction

For quasi-elastic events ( v +n—p—+p and v+n—e=+p)

— Can use kinematics to
find E, from E,, and 6

Energy Resolution vs. v Energy

c 0.5
m =
Wl Monte Carlo v, +N—>p™+p
m>
AE ¥ _ b_\,{ _c \
() ()l
S 7 a = 3.788008e-02
5 0.3 b = 8.364264e-02
© ¢ = 0.000000e+00
) -
(O]
|
>
(@)) 0.2_
|
()
% [
10%
0.1
0\\\|\\\|\\\|\I\|\I\|\I\‘\I\'\I\'\
0 02 04 06 08 1 12 14 1.6

Ef?f“ (GeV)

u(e)

EQE_l 2]\4El_ml2
" 2M-E, +Pcosd,

E, Resolution vs E®" |

| +ﬂ+ﬂ+

Monte Carlo v,+n—€e™+p

10%

0.3
0.25|-
c 02
.
=
3 0.15-
(O]
—
> -
S o4f
(e
()]
0.05-
ol
0

02 04 06 08 1
Efff“ (GeV)

12 14 16 1.8
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Oscillation Analysis: Status and Plans .

» Blind (or "Closed Box") v, appearance analysis
you can see all of the info on some events
or
some of the info on all events
but
you cannot see all of the info on all of the events

» Other analysis topics give early interesting physics results and
serve as a cross check and calibration before “"opening the v, box"

— v, disappearance oscillation search
— Cross section measurements for low-energy v processes

— Studies of v, NC = production
— 'coherent (nucleus) vs nucleon

— Studies of v, NC elastic scattering
— 'Measurements of As (strange quark spin contribution)
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Low Energy Neutrino Cross sections

C v, Total Cross Sections

~ 1.2 -

1 — NUX

%J — NUANCE

= 1

(&)

o

S

o

>

b}

L o6

L)

,1\.:

>

'3 0.4

=

0.2

S * . .

o ™. Single Pion
O _‘] s PR . = ---
10 1 10

< MiniBooNE —

vyn —> [ p
CC v, Quasi—Elastic Cross Section

Serpukov, Belikov, Z. Phys. A320, 625 (1985), Al

BNL, Baker, Phys. Rev. D23, 2499 (1981}, Dy

ANL, Barish, Phys. Rev. D16, 3103 (1977), D,

FNAL, Kitogoki, Phys, Rev, D28, 436 (1983), 0,

SKAT, Brunner, £ Phys.C45, 551 (199{]:}, CF,Br

CERN-WAZS, Allasia, Nucl. Phys, B343, 285 (1990), 0,

GGM, Bonetti, Nuovo Cimenta, A3B, 260, (1977), C.H,
CF.Br
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alv,n —> up) (1 o™ Cm.")
- tn

0.75

0.5

g NUANCE (free nucleon)
0.25 My = 0.84 GeV, M, = 1.0 GeV

waeeeeaane. NUANCE {nueleon bound in "C)

107 1 10 10°
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On the Road to a v, Disappearance Resulit

Use v, quasi-elastic events
v, HN—u+p

— Events can be isolated using single

0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02
0

0 0.2 0.

ring topology and hit timing
- Excellent energy resolution

High statistics: ~30,000 events now

(Full sample: ~500,000)

f’

U R R U
Data
MC: @, ¢ Shape Errors
MC: &, ¢ Shape Errors +

Optical Model Variations

4

0.

6

0.

III‘\
8 1

12141618 2
E S (GeV)

 E, distribution well understood from
pion production by 8 GeV protons

— Sensitivity to v — v, disappearance
oscillations through shape of E,
distribution

Monte Carlo estimate of final sensitivity

i (3+1)
.
I
10 =
' 90%, 95%, 99% CL allowed regions from
P combined SBL analysis (with LSND)
I = e —
Soue R,
G,
99%
95%
1071Lll\l\ll\ll\llllllll\\I\ll\l\l|—\ﬁl.\k‘_l-L-l_l-*_lj-'\"l“—}-L|J - 90%

.3
sin ZBW

Will be able to cover a large portion of 3+1 models
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Estimates for the v, —>v, Appearance Search

* Look for appearance of v, events above

background expectation

— Use data measurements both internal

and external to constrain background

rates
116
12%
38
300 4%
30% A
Osc. v, Intrinsic
Ve
192
19%

294
29%

- Fit to E, distribution used to separate

120

100

80

60

40

20 |

140 -
120
100 [
80 [
60

40

background from signal.

20 |

B Signal
Mis ID
B Intrinsic v,

0.25 05 0.75 1 1.25 1.5 1.75 2 225 2.5

. 2
£ High Am
E,% (GeV) 9
0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5
2
Low Am

£,% (GeV)



lLFh.lx /0.1 GeV

Fraction of v

. . 38
Intrinsic v, in the beam

Small intrinsic v, rate = Event Ratio v /v =6x10-
UV, v, from p—decay

Ls ety v > — Directly tied to the observed
€ H half-million v, interactions

Kaon rates measured in low energy

0 . .
K'—>n"e'v, proton production experiments
o, — — HARP experiment (CERN)
K —me'v, — E910 (Brookhaven)

- "Little Muon Counter" measures
Monte Carlo B v, Flux rate of kaons in-situ \
u

B v_Flux

LMC

//4

Spectrometet
K 3

————t

Decay Channel

0 0.5 1 1.5 2 2.5 3
E, (GeV)



Mis-identification Backgrounds

* Background mainly from NC AR

n® production SO-14E ol .

vV,+p > Vv, +p+7 2 I : f:;: i

followed by 20-1ar % + ; N

oo Ty _g 0 1% + E

where one vy is lost 2 F I -

because it is too low S0.080 E

energy s b PRELIMINARY -

7L Unit area normalization i

T0.06— 7

« Over 99.5% of these = L )

events are identified and 0.04/— » Data -

. . - [ MC 15 flux shape error m

The 70 klnemaTlCS are B 1 MC flux shape error + +

measured L ol opfica) mod ax

j Can ConStraIn thls f :I | 11 | L 111 | L1 11 | | :‘a?r:arltljnl 11 | L 111 | L1 11 | L 111 111 I:
background directly from W 01 02 03 04 05 06 07 08 09

the observed data - Cos 8y,

® \ Ocu .’_ﬁﬁb



MiniBooNE Oscillation Sensitivity

» Oscillation sensitivity and measurement capability

— Data sample corresponding to 1x102" pot

— Systematic errors on the backgrounds average ~5%

MiniBooNE 1.0E21 pot |

(90 % CL, 30 and 5 o) .

10
sin?21

Am? (eV ?)
B O o~ 0wo

MiniBooNE 1.0E21

(10 ond 20 Contours) |

Am2=1 eV?
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Run Plan

At the current time have collected 2.8x1020 p.o.t.

— Data collection rate is steadily improving as the Booster accelerator losses
are reduced

— Many improvement being implemented into the Booster and Linac (these
not only help MiniBooNE but also the Tevatron and NuMI in the future)

- Plan is to "open the v, appearance box" when the analysis has been
substantiated and when sufficient data has been collected for a
definitive result

= Current estimate is sometime in 2005

 Which then leads to the question of the next step

— If MiniBooNE sees no indications of oscillations with v,

= Need to run with v, since LSND signal was v,—> v,

— If MiniBooNE sees an oscillation signal
= Then ............

41



Experimental Program with Sterile Neutrinos "

If sterile neutrinos then many mixing angles, CP phases, and Am? to include

« Measure number of extra masses Am,2, Ams° ...

.. Map out mixings associated
* Measure mixings

Could be many small angles / with v — v,
/ Ve \ / Uel Ue2 UeS Ue—l Ue5 Ce \ / 1 \
vy Uun Up Ups | U Ups %
Vr B U Urz U | Urs Uss V3
Vs Usl U82 U83 UH Us5 V4
I/Sf US’]_ US;’Z US;’B US,'—'I U8f5 Vs
« Oscillations to sterile neutrinos could effect Map out mixings associated
long-baseline measurements and strategy withv — v,

» Compare v, and v, oscillations = CP and CPT violations
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Next Step: BooNE: Two (or Three) Detector Exp.
> Far detector at 2 km for low Am? or 0.25 km for high Am? < BooNE

» Near detector at ~100m (Finesse Proposal) for disappearance and
precision background determination

.. 5;18 - 7]
Precision measurement of 28
. . G, 7
oscillation parameters £ 6|
. 5 L
— Map out the nxn mixing 3|
matrix BooNE
27 (1 and 20)
« Determine how many high 3
2 i
mass Am? ‘s od | Q 2
— 3+1,3+2,3+3 .............. 07 3
0.6
0.5
« Show the L/E oscillation 04T i
dependence o3 ;
— Oscillations or v decay or ??77? 02 o g

« Explore disappearance
measurement in high Am? region

— Probe oscillations to sterile
neutrinos

MiniBooNE

(These exp’s could be done at FNAL, BNL, JPARC) Yt



T, 610 cm sphere)

o~
— 1000

Ny

If MiniBooNE sees v —v, (or not) then: _
Run BooNE with anti-neutrinos for v — v,

- Direct comparison with LSND

+ Are v, and v, the same?
— Mixing angles, Am?2 values

 Explore CP (or CPT) violation by
comparing v, and v, results

 Running with antineutrinos
takes about x2 longer to obtain
similar sensitivity

x 102

v, in neutrino mode

-e-- ¥ in antineutrino mode

- - -
B aq o]
o o o
c o o

g 1200

800
600
400 |

200

]

1.5 2z 25 3

E, (GeV)

Q 0.5 1 3.5

Am? (eV ?)

10
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LSND (99% CL)™
LSND (90% CL)

MiniBooNE (90% CL):
(10% protons on target)
— Vv running

V running

oy
O
a
g
F Y
(@]
=
N
S’
l Lt 11 1il

C)I
N

10°° 102

sin?248

10
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Probing the CP-phase with MiniBooNE

(M. Sorel and K. Whisnant, preliminary)

Present SBL constraints allow for all possible CP-phase values

Large (>~ 50%) differences in MiniBooNE v// running mode results are possible,
and might be measurable = establish (34+n) models and measure @z47?

i\ . : J 2 —- LT ah & m = Ty Yy e JalalaBlash a Ta --.r.- g m)
Fix masses and mixings Scan over allowed masses and mixings
— 0.2 , , w 1.8 -
‘,,'D L Am®,;, =0.92eV", Uy =012, U, =0.20 ‘ z - CP-violating (3+2)
= - Am? 5 =22 eV 1 Js=0.04, U =022 @ -
. L ' ' ' g 2 16
; L ..__l__-l L
: o[
] _ =
=2 015 = B
= - A0 :;: 1.4—
{ o, -
i 12f
0.1—
B l
B 0.8 -
0.05— B
Iy - . 99%
{}-"'IIII|IIII|IIII|I||| {}_._1||||||||||||||||||||||||||||||||||| 90%
] 0.05 0.1 0.15 0.2 0 50 100 150 200 250 300 350
Ppoont: (107) D, (deg)
(=) (=), (—) {—)

PBooNE = RP(I/#‘_}V“));.,' mode: PBooNE = {‘P(I/“_}IAI))U mode



Effect of LSND Signal on Offaxis Exps. *

An LSND-like oscillation can show up in off-axis experiments as an
unexpected v, appearance signal

o If this signal is not understood in both v and v modes
= Can effect ability to measure CP violation effects.

Mull CP Vicolation Ruled Out by 2o

300 300 o -
e, .1.
‘O 200 Nova 200 Nova + T2K ..:
al (o Syr+u Syr) (v Syr+r Syr) .
© + Reoctor + Reactor i
)F
100 100
0 o
we 107 wt Ll
sin“ 2%, sin“27,,

Black: Nova sensitivity for no LSND signal
Red: Sensitivity for LSND CP conserving signal P FSND = () 02

0SC

Blue: Sensitivity for a CP violating signal with P L5ND=0.02



Another Next Step: 47
Do v,—v, Appearance Experiment at High Am?

- Appearance of v, would help sort out the
mixings through the sterile components

* Need moderately high neutrino energy to
get above the 3.5 GeV 1 threshold
(~6-10 GeV)

- Example: NuMI Med energy beam 8 GeV
with detector at L=2km (116m deep)

400

300 | Perfect focusing

200

CC events { kT/ yr/ GeV

E, (GeV)

Emulsion Detector or Liquid Argon

WO 1 IIIIIII|

10 ° 10" 10°° 10 |

- 2
SIN“2U0,,



Conclusions

* Neutrinos have been surprising us for some time
and will most likely continue to do so

» Although the "neutrino standard model” can be used as a
guide,
the future direction for the field is going to be

determined by what we discover from experiments.

+ Sterile neutrinos may open up a whole v area to explore
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