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Event number : 37 | Partition : INVALID | Run number : 1164 | Spill : INVALID | SubRun number :0 | Time Stamp : 1260265373

Thank you for the opportunity to be here and participate!
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NEUTRINOS

« Two forms of interaction

* W exchange (CC)
- chiange (NC)

* 3 neutrinos assoclated with leptons

* no color
* NO charge
» interact only weakly (+gravity)

Vo [y,
charged current

W

Vo Vo

neutral current L
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NEUTRINO OSCILLATIONS

* Mass (E) eigenstates#flavor eigenstates

» Described by unitary transtformation

* Neutrinos created In flavor
eigenstates will mix under time

evolution (QM)

“neutrino oscillations”

Vo) = g U>. Vi) “Amplitude” “wavelength”
’ mass? “baseline”
P(Voé — VB) — 5aﬂ difference l o energy

—A4%5 ; R(U%,UpiUq; U ) sin?[1. 27Am (L/E).
+2%55 ;U5 UpiUqa U, ) sin®[2.54AmS (L/E)

!

Switches sign for neutrino <« antineutrino (CP violation)
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fects

NEUTRINOS OSCILLATE

— Daa-BG-Geov. KAMLAND

— Best-fit Light Side
+ — Best-fit Dark Side

— Oscillation
Decoherence 1
—— Decay -

Data/Prediction (null osc.)
o ©o © - = =
B OO 00 = N B~ O

| ':‘
= :
} -
B :
e
+
[ = |
Survival Probability

0-22' Super Kamiot nde :
0' Lo sl il vl PRI L
1 10 102 1(:)3 104 0 20 30 40 50 60 70 80 90 l(l)O
L/E (km/GeV) Lo/kg, (km/MeV) _
“Normal” “Inverted” - After many years of hints, we now

V3 I V2 —¢ Solar . .
V1 E— know that neutrinos oscillate (a lot)

f) Atmospheric

Mass
D

* Am2y3 ~2.5x103 eV?2
s Am?2|H) ~7.6x107° eV?

Neutrinos have mass and mix
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|SND

>
“Liquid Scintillator Neutrino Detector” N2
@ NE 10 3 _
S 17.5) ® Beam Excess < F KARMEN2 (90% CL)
UEJ 15| R pe,—Vo0n I
0 j EE pe,.en
@ 125} 1 3 E
i ; Bugey (90% CL)]
or [ LSND (99% CL) ]
| . LSND (90% CL) 1
'; 10 | -
51
25|
O- -2 ol il r ool 111111
S P S I S 10* 10® 10?7 10 1
04 06 08 1 1.2 1.4 . 2
L/E, (meters/MeV) sin"29
» Search for excess of Ve In Vy beam Excess of 87.9+22.446.0 Vs

mt — ,LL+ + vy
,LL+ e + Uy + Ve
- Signal observed via CC + n capture
Ve + D — = o)
n+p—d+ (2.2 MeV)

candidates interpreted as neutrino
oscillations with Am?~1 eV?
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INTERPRETATION

“Normal’ “Inverted”

2l o |02 &2
» ~7.6x10eV?

» 2 Am? already measured

» Impossible to accommodate
Am?~ | eV? without another (4th
or more) neutrino

» / decays probe particles coupling to it |
(1.e. those that participate in weak NC) or

» Additional neutrinos affect decay rate E«.
+ LEP data: N, = 2.984 + 0.008

« Additional neutrino must be “sterile’ or

ALEPH
DELPHI

OPAL

AAAAA

............

very heavy "S5

New physics Is necessary to explain LSN

) excess
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MINIBOONE

Detector

, Dirt
Target and horn  D&cay Region <

| Si-gnal
o

Background
- - u

e i -__I¥ % - | _
Not to scale |K Vv, *

» Confirm/refute LSND evidence with a new experiment

e

e

» Generate ~| GeV vy with FNAL booster (8 GeV primary protons)
* Look for the appearance of ve ~0.5 km later (same L/E as LSND)

 Use "large’” Cherenkov detector to identify, reconstruct and classify
neutrino Interactions
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NEUTRINO FLUX

v, fom wp decay | Primary contribution to neutrino flux is
— Vu from K decay from pion decay:

— Vg from m/u decay
— v, from K decay : 7.‘.-|- i ,U+ Ny
v

-
ﬂ.

* note that this necessarily produces a
contribution of ve

Neutrinos/proton/50 MeV/cm?

-,u+ﬁe++ﬂu+ue

» Kaons also contribute to the vy flux via 2-
and 3-body decays

» This has a higher energy spectrum
» also produces Ve flux via 3-body decay

K—-m+e+ 1,

VWe must account for irreducible backgrounad
of Ve In background estimate
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THE DETECTOR

Alflllll|||||||||||||||||||||||IE
H‘MHHHHH IE ; 10 cm Extinction ;
3 -/ \ | ----- Extrapolated Extinction i
8 g id -
c o :
B ° Isotropic Rayleigh Scattering. i
----- Iso. Ray. Scat. Extrapolated
10‘2 §_ Aniso. Ray. Scat. Extrapolated _§
10° H\ 3
- o N
- v 3
10_5_|IIIIIII|IIII|IIII|IIII|IIII|I_
250 300 350 400 450 500 550
10’ Wavelength (nm)
S120- LA B B L B U B ] .
% [ Monte Carlo simulation prompt hight (= 5 ns) 1 ] N 8OO T_OHS Of mlneral Oll
T 100; ® Data prompt light (£ 5 ns) f A o
N —— Monte Carlo simul.jliﬂn late light (5-150 ns) 8 ° n~ | .47 (C ||gh-t)’ SCln-U”a-teS Wea|<|>/.
80 @® Data late hight (5-150 ns) |
oo AR * “rich” optical phenomenology
+ |280 PMTs view inner volume
» Quter shell with 240 PMT: veto for

Incoming cosmic rays, outgoing particles
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PARTICLE IDENTIFICATION

events / bin / (5.6E20 POT)

10’
g 120 { T T T T T T T I T .
o - L} -
pc?i —  Monte Carlo simulation prompt light (= 5 ns)
T 100 ® Data prompt light (+ 5 ns) ..
= ——  Monte Carlo simulation late light (5-150 ns) | —
’ L
80! ® Data late light (5-150 ns) .
{ .
L4
.
L3
-
L
-
M
'3
cos 6
After basic n° cuts and u removal cut and Iog(Le/Ln)<0 cut
1600
® data
°
1400— = Monte Carlo .
°

1200:— — NC = (MC) O

- .. EWM
000 = % CC QE (MC)
800
600 — i 1° sample

- —>
400 — '
200(—

0 b r-p-t-r-r=r-berspepebop oo e e e g g acaaa Lo e Lo

0 20 40 60 80 100 120 140 160
reconstructed mass M, (MeV/c?)

180

200

o .
c. [ . . %
9 |2:7 Muons from v, CC events A
. - = .
"E ——  Monte Carlo: Prompt Hits (-5.5) ns L
g 10 ——  Monte Carlo: Late Hits (5,150) ns { °
w e Data: Prompt Hits (-5.5) ns A
B } 1
‘w_' 8! . Data: Late Hits (5,150) ns .
- — ' ‘ |
T I '
6] l.l ]
L J i
4| . *ote 3
t et 1
| . ”“,,',.-.l"a""“'.' - |
} A e %esae Tt ¢ v ..
B .'.....n .‘“....,..’CO.M . - f.
1 ..’. . -'
o —
{ _ L eacone  menpasemeeet e | 4
0-1 08 06 -04 -02 0 02 04 06 08 1
cos 6

+ C profile can provide particle
identification information

* showering electrons (e-like)
* MIP muons (u-like)

» ¥ events produce second e-like ring
that can usually be reconstructed

- otherwise, It 1s background

Friday, December 11, 2009

11



SIGNAL AND BACKGROUND

e * Signal
» O(103%) ve events identified mainly as ve

CCQE events with | e-like ring
Vet il v CE SR

- O(10°%) v, CCQE events » O(10%) NC ni? events = O(lI05 A= SIS
which produce | p-like ring  produce 2 e-like rings  produce | e-like ring
(effectively irreducible)

O(103)irreducible background
from ve In the beam
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RECONSTRUCTION

* [he event reconstructionis * The likelihood functions involve:

» predicted time response
o cachilE MR nNelEHEE)
* hit: g,t iInformation

LX,Y,Z . . .
* no hit: g information only
* Fora single track; the + Likelihood calculated:
S iecliediresponse of each - - ™ log P(i unhit; x) — " log(P( it ) £o(qss))
PMT 1s predicted o gt

. F(x)=— log(fi(t;x))
R s iermed based on %

seven parameters (X) and a * Maximized by varying X
particle hypothesis (e.g. e, W)
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OPTIMIZATION:

EElEhGEE:

» Accurate modeling gives better (in principle best) performance

» Practical computational limits (CPU)

Defining optimal strategy Is a case-by-case endeavor

Factorize charge likelihood into:

» “predicted charge™ at PMT: light production, propagation (from MC)
* various parameterizations to tabulate integrals, etc.

* “charge response’™: PDF of PMT response (from data)

F,(x) =— Z log P(i unhit; x) Zlog (¢ hit; x) fy(qi; %)) S 2 (U
unhit hit

Time likelihood: incorporate assumptions about

* spread of arrival times at PMT due to spread of light emission points

* time response dominated by “first hit”

Friday, December 11, 2009
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PREDICTED CHARGE

» Jo obtain the predicted charge, we must know how much light Is
S EEaicaiicrarrive on the PMT

25

120

100 | 10
e C emission

profile vs. path

~
“

Se)
7]
Q
O

~—~
=T)]

1 C emission
profile vs. path

s (cm)

02 04 06 038 1 OF2 SRR () GER=hE |

cosl cosf)

+ Light sources: direct/indirect C light, direct/indirect scintillation

» Contribution from each source Is obtained by integrating over

path and parameterized angle, distance to PMT

: arameterized as a
Solid angle efficiency i

C overall strength l function of s

g l
ae =06 x [ ds po(s) 2s) Te(s) e(s) gleosb(s): s
oo 14 T T

C emission Transmission angular profile

Friday, December 11, 2009
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CHARGE RESPONSE

» Charge response of PMT vs u (predicted
charge) 1s measured by laser data (fq(W))

* Pulses of 397 nm light flashed ~isotropically
through detector with varying intensity

* @ measured by occupancy of PMT hits.

Mean 1.376
W
a
= fq foru=0.7
1l
= R1408 PMTs
z
tonnilaonnn e eeee S — N A FO SR |
A S G e T R AT iyl [N O
q (PE)
(0574 Mean 1.452
< 0.6
& 05
S 04 fq forp=0.7
&)
" 0.3 R5912 PMTs
U2
B ()1
0 ...... L. ol aalia s laaaal
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CORRECTED TIME

» Express arrival time of light at the PMT Iin “corrected time’;
time of light from

lmidpoint to PMT
Asmid ASmld( 0)

Cn

time at
BN
y

t“=t—tg—r
time at starting 1 € 4 time of track from
point of track start to midpoint

* Approximation: corrected time spread is dominated by;

» Extent of track (light emitted from different places)

- prompt vs. delayed light (scintillation, scattering, fluorescence)

é Gaussian fit values: 0.05 ;_ | 0.05
01 F 0.046< uire=<0.051 Ve 02033 004 £ I} 0.04
- Si 1761 S
005 et 0.03 F \N 0.03
L R S s DFOMPT Y
|
|

\ ate

0.02 | : !
BRI - s 10 15 20 : \5\ 0 "w
corrected time (ns) 1 0.01 F | M,Nw‘ 0.01 “!I'hﬁw \ U
2 015 - G ian fit values: || h_t 0 ey ﬁ?ﬁkﬁﬂ“ 5 P T%’M || h-t
8 b E aussian fit values: 0 50 0 50
B E o direct Constant 0.1593
S 01 [ 045<ug <052 Mean -0.4301 =0.16 =0.33
£ 2 ~ 1.475 g g
S g 3 Sigma ; ]
E ! ! l o ! o 3 s _
N e E—— = 0.08 ¢ r 0.12
-20 -15 -10 -5 0 5 10 15 20 007 E ‘ 0.1 E |
corrected time (ns) 0.06 ;_ “ F | ‘u‘
i 0.05 F l'l 008 |
02 Gaussian fit values: 0.04 E || N 0.06 F HI
015 F : Constant 0.2042 003 b | 3
E 44<pdos Mean -1.240 002F | N il
0.1 F Ch Sigma 1.139 o1 E | W 0.02 £ l »J
005 E O E_ 1 1 1 1 1 %‘ﬁ‘-“— 0 L fl 1 ||+~"" gt be a0
N 1 £ L 0 50 0 50
-20 -15 -10 -5 0 5 10 15 20
u=2.06 u=4.2
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TIME LIKELIHOOD

» time likelihood I1s modeled as a function of
* amount of prompt light (gaussian)
- amount of late light (scintillation, scattering, reflection, etc.)
* gaussian convoluted with exponentials

* energy (spread of track, hence spread of light production)

B RRE e reflects Tirst hit to trigger the FIME

* Assume that prompt PDF is representative of response If there Is
prompt light regardless of amount of late light.

- welght prompt and delayed PDFs accordingly based on predicted
amount of prompt and delayed light.

Friday, December 11, 2009
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ON NEUTRH\IO EVENTS

v, CC QE selection

4500
' —data
mlChel 4000 .Monte Carlo
electron >
— MC BG
----MC no-pion BG

= M
a o
L= =]
o o

db
V,u, EN%XL "

events / bin / (5.6E20 POT)
N
o o
e o
S o

-
o
o
o

gl II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

Ro6 80 60 40 20 0 :;ET"MEd': 60 80 100
longitudinal Michel vertex displacement (cm)
800 ¢ : ;
i _ * fwo ways of measuring energy for Michel-
8600 E
S tagged events
5400 =
ge0o £ * track length of muon (u, e vertex)
D200 - Monte Carlo
éwo 5 CCQE events N J[ J[ E - f JE
°0 200 .450. | IaclJol | |8(|)0| | |10|oo 12|00 1400 reconstruction ( IS Trec parame er)
fitted energy (MeV) (CCQE-like)
=800 —~800
EE E__F
=700 ¢ - 5700 | "
600 0600 F .
0500 F ésoo =
£400 £ 2400 |
$300 - £300 |
9200 £ 200 [
5100 £ Monte Carlo 5100 £ data
E o Eun e EO . R IR R I
0 200 400 600 800 1000 1200 1400
fitted energy (MeV) (Monte Carlo) 0 200 400 ﬁﬁgg energgo(mev;ooo 1200 13;;2&)
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e/uw IDENTIFICATION

x2/ndf = 52.0/50

0.3 v, CC QE sample: Iog(Le/LH) p = 0.40
T 10000~ ® Jdata
0.2:_ A - = Monte Carlo
- 5 8000~
N o
K S B
0.1 © 6000/—
—_— v B
o S
2% 0 2 s000
o 2 B
o 3 B
_ 2 B
-0.1— 2000
- - - ~ | Vesee
.02 MV, CCQE _ B 0™ 01 -0.05 0 0.05 0.1
~ v.CCQE log(L /L)
_0 3T | | | | | | | | | | | | | | | | | | | | | | | | | |
200 400 600 800 1000 1200 1400 After v, pre-selection
fitted E (MeV) 3000

* data
~— Monte Carlo (BG only)

* FIt event once with e hypothesis, g=
once with w hypothesis

___ LSND-preferred v,—v,
* enhanced by a factor of 10

1500

» Compare likelihoods via ratio

1000

events / bin / (5.6E20 POT)

ERWEIRItaci fit better as € or u!
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70 FITTER

* Introduce a second ring to the
hypothesis with geometric
constraints (|12 parameters):

» Common vertex from which two ¢ V,Z "_:
photons are emitted (4) s O i
2 4 4T
- Conversion distance (2) Wezaﬁbz
* Energy, direction of photons (2x3) ;
» Our likelihood formalism generalizes + Seeding the algorithm (choice of
(somewhat) straightforwardly starting parameters is tricky

 Add the predicted charge from each

. * Many local minima in 12D space
track and obtain a new charge PDF

» Easy for MINUIT to get trapped

EREIEN DIl rore complicated .. y 5
* Need to use some “physics

* basic assumption: PDF s
dominated by first photon to
arrive

Friday, December 11, 2009 21



TRAPS

SSMALL

* If parameters are far from the true
configuration, it can be difficult for the
minimization to find the true solution

Opening Angle: (left)

* Rings are actually well separated but the fitter
s exploring small opening angle parameters

* The true solution Is “disconnected’” from the
current parameters

« Conversion distance:

» |f a photon converts far from the wall it
appears "big”, If it Is close, 1t is “small”

* |f the conversion distance Is far from actuality,
it could be difficult for algorithm to converge
to true solution

solution: seed algorithm several times with
configurations which are discretely different

Friday, December 11, 2009
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SEEDING

* Explore several starting configurations to try to cover all cases

» Select starting vertex by using | -ri

ng e fit

» shift back to account for conversion by 50/250 cm (2 cases)

» Perturb the direction slightly (-

-3 cases)

S elica 2|2 or S50x25 grid o

' second photon directions

* Set starting energy to make Myy = mgy

» Select starting parameters with:

« Best, 2nd best total likelihood

» Best, 2nd best charge likelihood

with “symmetric’ £,

» Best 2nd best charge likelihood with “asymmetric” k|, 2
» Forward these to MINUIT for fit and report best result

Friday, December 11, 2009
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PERFORMANCE

NC«’: 0MeV <KE_, <70 MeV

0.08 —
0.07 ;* peak mass: 151 MeV/c?
0.06 ; resolution: 12%
0.05—
0.04—
0.03—
0.02—
0.01—
= i {157 o,F - ‘ s
L 50 100 150 200 250 300
fitted invariant mass (MeV/c?)
NC=°: 70 MeV < KE , <175 MeV
0.10—
B peak mass: 143 MeV/c?
0.08— resolution: 11%
0.06—
0.04—
0.02—
Ll Ll ‘ L
0.00, 50 100 150 200 250 300
fitted invariant mass (MeV/c?)
NCn: 175 MeV < KE , < 350 MeV
0.10
- peak mass: 136 MeV/c?
0.08 L resolution: 13%
0.06—
0.04—
0.02—
0.00 Ll Ll ‘ [
0 50 100 150 200 250 300

fitted invariant mass (MeV/c?)

4

Cn’ 350 MeV <KE , <525 MeV

0.09

0.08 peak mass: 132 MeV/c?

0.07 resolution: 13%

0.06
0.05
0.04
0.03
0.02

0.01

L P Il n P L h
0.004 50 100 150 200 250 300

fitted invariant mass (MeV/c?)

NC«: 525 MeV <KE , < 875 MeV

0.07—
- peak mass: 129 MeV/c?
0.0 - resolution: 17%
0.05—
0.04—
0.03—
0.02—
0.01—
F P P P P —1
0.00, 50 100 150 200 250 300
fitted invariant mass (MeV/c?)
NC®% 875 MeV < KE,, < 1400 MeV
0.05—
- peak mass: 133 MeV/c?
C resolution: 28%
0.04—
0.03
0.02f
0.01—
0.00 Ll Ll A B B e 0 L 1 N T
0% 50 100 150 200 250 300

fitted invariant mass (MeV/c?)

fitted mass (MeV/c?)

300

100~

50—

.

N
[

600 800 1000 1200 1400
fitted E (MeV)

400

No artificial peak in ve
events from seeding

(assumes ¥ mass)

Mass peak visible even at
| GeV/c momentum

Friday, December 11, 2009
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MEASURING n¥ RATE:

EventsA0 {Me¥/c?)

Events/10 {MeVic™)

EventsAd {Mevic™)

il Nl T P Fer =
60 80 10O L20 140 160 L83 200 220 240

M., (MeVic?)

-

E
e

G

=]
T
- m|

5 a
LI e

!!Il-—

SRR RN L LR

I

00 80 LOQ L20 140 160 183 200 220 240

M., (MeVic?)

EwventsA0 {Me¥/c?)
w @ \ m e

EventsAa (Mevic™)
L " o

Events/10 {MeVic™}

-] = = & & =
T T[T T T T T T T

M, (MeVic?)

L L L L
p={0.40, .30 Gevc 1
@ Caa B

RIS w2y erors | o
e 11 B hiyound. | o
= = LA Uncorected |

60 80 100 120 140 160 L8O 200 220 240
M, (MeVic?)

C'-'6-":! 80 100 L20 140 160 L8D 200 220 240
M,, (MeVic?)

1 |
™60 §0 100 120 140 160 LEQ 200 220 240

M, (MeVic?)

EventsA0 {MevicT)

)

EventsA0 {Mey/c)
o e

Everta 10 (MeVic
L 1

slsl"?llsass
]

a0 80 100 120 140 Led L80 200 230 2

M., (MeV/c?)

o 1 1 | - 1 L | e
o B0 130 120 140 160 L8] 230 220 240

M., (MeV/c?)

||||||||||||||||||||||||

1 1 1 1 | T
60 £0 100 120 140 160 LEG 200 220 240

M, (MeV/c?)

* In addition to e/m separation,

the algorithms are used to
dentify ni¥ events

« Measure the momentum
distribution and correct
packground prediction

» Model dependence (cross
section uncertainties) pushed
to higher order.
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v CC 7t RECONSTRUCTION

Error Bands x107'®
; : T Dat ’_|_'_'_'_'_: No L | rrrir | ||||||||| Il ||||||||||
o m T . S 14 re |m|na ]
= 3001 —— Monte Carlo ] é’ B + p ry
c Alzg‘ E - Total Uncertainty E 2 1.2 -— -I- Absolute norm —
@é 50— s = - — data (stat errors) .
© N ] - - + —totaiMC
- V CC J'E+ ] g_ Iy t nuclear n® (62%)
200 H , , B > + tank 0 (29%)
n Relatively normalized 1 £ 08 — no 0 (9%) -
150 — —] o - ]
: ] ) N -
: . 06 v CC ;4
100— - ]
= . 041
50 —]
- | | | | | | - 0.2
0 1100 1200 1300 1400 1500 1600 1700 . :
Effective Delta Mass (MeV) O0 30 100 1 Sd 200 250 300 350
m,, (MeV/c?)

 [he methodology has been extended towards:
S CC
» wt gt final state = 2 W like rings, no conversion distance)
* v, CC a2 pty+y final state = Wwring, 2 e rings with conversion distance

» Seeding the algorithm is always tricky . ... but solutions have been found!

Friday, December 11, 2009
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e/7t LIKELIROOD RATIO

« Related but additional information can be obtained

0.05r

log(L /L)

e
-
a

1
o
N

-0.251

-0.3

In previous case, Myy=
make Initial guesses to

. :: .VMNCTCO
. CCQE

1 | I 1 1
600 800 1000 1200
fitted E (MeV)

200 400

| | |
1400

by requiring Myy= mMgy°
* Myy (E2) 1s no longer a free parameter

« Refit the event with this constraint

 We can use the likellhood ratio between electron
and m° (with fixed mass) to distinguish events

* Is fit better with | e-ring or 2 e-rings with Myy= mgz!

» Note: without this, the event will always fit better

with 2 e-rings.

M° was used to
seed fit.

Now, this constraint is used throughout
the fit process to calculate L(e/m)

events / bin/ (5.6E20 POT)

250

200

150

100

50

After v, pre-selection and u removal cutand M_ cut

~ ® data

— = Monte Carlo (BG only)

B o

. — LSND-preferred v,—v, =

: (]

- > L

- E &

i — |

15 0.1 -0.05 -0 0.05
log(L /L)
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OVERALL SELECTION

* No decay electron (suppress v, CC)

* No veto activity (suppress cosmics)
» >200 Inner detector PMTs hit (above Michel electron)
* Fiducial volume (5 m)

* Likelihood ratios:
» more e-like than u-like

 more e-like than mtV-like

* M,y small (not consistent with V)
* Neutrino energy window (4/5-3000 MeV)
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OVERALL PERFORMANCE

0.2

—,

0.3 Cuts applied after precuts

. 09+ R

]

§ 0.8+

a .

= 07 b

2 —— Bl
& 06 - .
- +++

§ o8 +++
'S

£ 04

Q

w

c

3

(&)

>.

- o'y & ox

0.1 —ousoxs
0 |

mass

* Through most of signal region (<2 GeV) 50% or

+++ + better efficiency

)

» NC 7 reduced to <% of original rate

T

500 1000 1500 2000 2500 3000

EC" (MeV)
Stacked backgrounds:
AN
R
L] j'co
> 145 > dirt events
Z12F ANy
‘g 1— . other
> B BT ---- LSND best-fit signal
o 0-8 C 2 2
_ Am*=1.2 eV
0.6 sin’(20)=0.003
0.4 e e e

600

800

1000 1200 1400
reconstructed E, (MeV)

Process

Vi CGOIE

vyt e —>vyte
NC m°

NC A—Ny

dirt events

other vy events
Ve from p decay
Ve from K" decay
ve from KO decay
Ve from 1 decay
Total

LSND best fit

Predicted Yield

LOS=
Vme).
62+ 10
2014

| /£3
[l
132+10
V4| ae (6
A=/

S |
556
|26+ 16

Friday, December 11, 2009

29



BACKGROUND CHECKS

* We defined 4 “sideband’ regions near the signal regio

* None are i1deal, but If should agree It our backgrounad
modeling Is correct

* High Energy ve: all selected events with £,> 1500 MeV

Predicted BG before M, and log(L /L,) cuts

- 10 sidebands

» L(e/m) sideband: events which are nt¥ like
in L(e/m) but ve-like in Myy

* Myy sideband: events which are ve like In
| (e/m) but n%-like in My

- A little bit “background like” in both

-0.35 -
- | | | | | |
200 250

C oo oo b |"| -“I ||‘1 | | )
-0.49 50 100 150
M, (MeV/c?)
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CHECKS: HIGH ENERGY ve

: ¥ x2/ndf= 0.5/5 x2/ndf= 7.8/5
H.E. e-like: E, p = 0.99 H.E. e-like: Iog(Le/Ln) p=0.17
0.16— —
- ® data S0F ® data
= 0.14— = Monte Carlo ~ = Monte Carlo
- = B
- = 40—
£ 012 o 5 40C
: - o - [ )
2 ol 8 F
0.1— B
o 01 © 30—
- | ' L) B
S 0.08 S C
E - E B
- 0
- 20—
= 0.06 - ® > - L
= - € -
% 0.04— s N
- 10—
0.02— ® N L J
- ® - e
0_||||||||||||||||||||||||||||| _||||||I’IIIIIIII|III|II|||||||||||||
1600 1800 2000 2200 2400 2600 2800 3000 070.14 -0.12 -01 -008 -0.06 -0.04 002 0 002
E*° (MeV) log(L /L,)

v2/ndf= 5.1/6

H.E. e-like: M,, b =0.54
* Both kinematic and particle " o daa
. " ; e a5 = Monte Carlo
identification quantities look 5 .
okay. :
m 5_ © —

mass (MeV/c?)
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CHECKS L(e/r) SIDEBAND

x2/ndf= 5.7/8

Sideband A’: M, p = 0.69
120—
B ® data
B ® = Monte Carlo
= L
(@) L
o B ®
S 8o
m I
({e] |
< B ]
s oorC
a L
~ L
(/2]
2 a0
S - e
> -
() B
20—
: e
o_llllllllI|IIII|IIII|IIII|IIIIlllllllllqlllll‘ll
0 10 20 30 40 50 60 70 80 90

» Looks okay!

mass (MeV/c?)

* Myy cut removed for Myy plot

events / MeV / (5.6E20 POT)

events / bin / (5.6E20 POT)

Sideband A: E*°

x2/ndf= 4.9/8

p=0.77
1— ® data
® [ ]
= Monte Carlo
0.8
0.6
04—
0.2—
L {
_l 1 1 1 1 | 1 1 1 1 i 1 1 1 1 i 1 1 . 1 1 i 1 1 1 1
%OO 1000 1500 2000 2500 3000
E'*° (MeV)
v2/ndf= 8.6/7
Sideband A: E, p =0.28
B ® data
100 — = Monte Carlo
B Y
80—
60—
o ®
40 —
L o
20—
B o
| ()
0 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1
400 600 800 1000 1200
E (MeV)
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Myy SIDEBAND

x2/ndf= 6.3/6

Sideband B: =
w2/ndf = 10.8/8 " p=0.39
Sideband B’: Iog(Le/Ln) p =0.21 60 — ® Jaia
120 o gata - e ~ Monte Carlo
N = 50
- = Monte Carlo 5 -
& S 40 o
o o -
a 8o ° ° s T
Ll - N
s [ s 30
T 60— 2 n
- — — m —
SO E 20
g w- . P
o B u °
> - ® 10—
20 - i S —
— ‘ 0_|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II.I|I
B | | | | | | | | 50 60 70 80 90 100 110 120 130 140
| N I | | I I | | I | 1 | I | | I | | I | 1 | I | | I | | | 2
0—"005 004 003 -002 -001 0 001 002 mass (MeV/c”)
Sideband B: E, p = 0.67
N ® data
. |_ | | l -
OOKS O <a>/' - 03 ~ Monte Carlo
= -
o |
R mRelicicmoved for Lie/m) plot = o2
g -
g 0-2F
~ :
> ®
q, I
2 04157
\ —
_ﬂ -
S 01—
> -
5 -
0.05 °
—_I- 1 1 1 1 | 1 1 1 1 1 1 1 1 i 1 I.I 1 i 1 1 1 1
%00 1000 1500 2000 2500 3000
E"€C (Ma\/)
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"CLOSE" IN BOTH

. x2/ndf= 5.1/8
Corner box: R, p=0.75

[t ® data

140 = Monte Carlo

120

100

80

60

events / bin/ (5.6E20 POT)

40

20

| | | | | | | | | | | | | | | | | 1 | | | |
0.1 0.2 0.3 0.4 0.5

fitted (R/610.6 cm)®

OO

» Looks okay!
* Conclusion:

* background rejection variables,
kinematics agree in control
samples “near’ the signal region.

events / MeV / (5.6E20 POT)

events / bin/ (5.6E20 POT)

2.5

1.5

0.5

300

250

200

150

100

50

0

rec

x2/ndf= 7.3/8

Corner box: E, p = 0.51
N ® data
B = Monte Carlo
- ®
T oy
%00 1000 1500 2000 2500 3000
E™° (MeV)
x2/ndf= 8.1/7

Corner box: E, p =0.33
- ® data
- = Monte Carlo
- [
— o
C o
= °
- °
= 4 I 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1

200 400 600 800 1000 1200

fitted energy (MeV)
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RESULTS:

§ 10°F
1.2 e MiniBooNE data u L, .
- + expected background i S5 sin’(20) upper limit
1.00 --- BG + best-fit oscillation - ’ — MiniBooNE 90% C.L.
> B — v, background 10—
= 0.8 -
= - } v, background -
ﬂ | . p :
§ 0.6:— I '-‘ﬁ -
0 -
0.4 =
L o C
C £ n
0.2f S 0
_I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 é -
500 750 1000 1250 1500 3000 101
reconstructed E, (MeV) =
~ [] LSND 90% C.L.
| | - LSND 99% C.L.
* No significant excess of events o | |
I | I I | I I | I I

above 475 MeV threshold AT 102 10" :

sin?(20)

i 550 -k [ C(stat) £ 35(s)/s) EVEnts
Observe: 380 Events

Friday, December 11, 2009 35



LOW ENERGY EXCESS

* VWe knew there was an Issue:

- Prior to “opening the box", a blind y? test on the E,<F distribution
revealed a bad 2.

* Since the test fits for an oscillation signal, there Is a discrepancy that
cannot be explained by background, signal, systematic uncertainties

« After a few studies, we found that we could increase threshold to 4/5

MeV without compromising the sensitivity

* [he previous results are based on this threshold.

2v oscillation .
 analysis threshold ¢ MiniBooNE data

- expected background
--- BG + best-fit oscillation
— v, background

v, background

0.8 i e data - expected background
: o} — bestit v, v,
o 0.6 § — sin%(20)=0.004, Am’=1.0 eV?
3 - i — sin’(20)=0.2, Am?=0.1 eV?
= I
o 04— !
b - '
o o L
g 02— i

S B

00 Mt Tt

300 600 900 1200 1500 3000

K
2505 (T
D 200t |
(5 — { ,
S 150~
i b
S 100 {
S 100f |
® r
3

Q

reconstructed E, (GeV)

reconstructed E, (MeV)
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MUON BREMSS TRAHLUNG!?

» Suggested by A. Bodek (arxiv: 07/09.4004v2)

* Inrtial state radiation from muon creates e-like ring

* New source of signal-like single e-rings not modeled in event generator

(-)
v

Radiative process Is Independent of muon decay
signature (Michel electron tag)

Tag events independently by requiring Michel electron
see how many pass the other cuts

*
Yé$H

B 2 oscillation .
0.10— e 2-Subevent Data J analyss threshold * MiniBooNE data
] e 2.5 -+ expected background
0.08k 2-Subevent MC 5 .-- BG + best-fit oscillation
Ve[ 2.0+ :
E E { — v, background
; v, background
5 0-06 > 5_— i e DACKY
5 5
21 0.04 o 1.0
0.02 0.5
300 500 700 900 1100 1300 1500 3000

300 600 900 1200 1500 3000
reconstructed E, (MeV)

excess but far too small to explain discrepancy

Reconstructed E, (MeV)
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PHOTONUCLEAR

zE?miz | 1 * Inaddition to “standard” EM processes like
glozé—o% s 277 _ balr production, Compton scattering,
8 | S bhotons can undergo “photonuclear
o 7 1 interactions”
S | P
G £ AT 7 * Atlow energy (~20-30 MeV), the photon
L can “‘shake” the nucleus after absorption
g = Total :C (Anrens) E . . .
[y 1+ This eliminates the photon from the event.
107 | e | —
10° e : :
Energy (MeV)  Additional source of single e rings
E| E|
photon
0

photon
=
P

hoton

phaton ) photonuked

2nd photon £2 (no C ring)
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REVISED ESTIMATES

St (6 5[ 02 POT vs. 5.6x102° POT)

« Better flux estimate and uncertainties

» additional cuts to reduce "dirt” backgrounds

» slight changes to n° model (also affects A — N+vy)

» New background processes

* photonuclear processes

» increases m¥ background by 30% in E,=[200,475] MeV region

 Radiative m capture, radiative decays from n-C interactions

* Not a significant effect

3_

C e Data
250 [ Ve fromu
C ] v, fromK*
o * 1 v, from K°
15

Events / MeV
—e—

0 7° misid
A= Ny

I dirt

[ other

Total Background

1

0.5

02 04 06 0.8 1 1.2
E’F (GeV)

14 1.5 3.

Excess Events / MeV

0.8

0.6

0.4

0.2

data - expected background
best-fit v —v,

sin?20=0.004, A m’=1.0eV?
sin?20=0.2, A m°=0.1eV?

-0_6. TR R
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HINDSIGHT:

* Photonuclear interactions turned out to be a significant effect
- oversight In inrtial analysis

 could we have known In advance .. ...
3. L T N R N FR RN PR :" L
E (a) Carbon (Z = 6) i T Les @)“ﬁ(?=$ B
1Mo —\' o - experimental G,,, — S -\ﬁ' ‘ o -experimental G,
! L.
Pl \ 2
E L
2 -
;j 1kb = g 1kb
141 -
g: = g -
: i B ’ Herel
o @ B g 4 / |
1b - 1b s _: 7 =
10 mb ; 4"/1 “.1 "I 2 10 mb NS 1y
=t o S e Tode 10 eV 1keV 1 MeV 1GeV  100GeV
Photon Energy Photon Energy

* Be prepared to make your own judgement!!!
Different editions of the PDG show/don’t show the GDR in C/Pb.
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SUMMARY OF LOW ENERGY

» After revision of background estimates, improved selection,
more data, discrepancy persists:

* Between 200-4/5 MeV, 1t Is 3 6 above expectation

» Antineutrino data does not show excess but statistics Is low
» Lots of theoretical work has been pursued:

* SM processes: axial anomaly, more study of

* New physics .. ..
» Critical input: Is the excess due to ve or photons!

» Unfortunately, MiniBooNE cannot really say

* New generation of tracking detectors (LAr) may provide
some answers.
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CONCLUSIONS

* We developed powerful e/u and e/mt separation tools for the
MiniBooNE vy—ve oscillation search

» Cross check performance and distributions on control samples

Required commensurate effort on the detector MC

« Search didn’t reveal neutrino oscillations consistent with LSND
neutrino oscillations

Excess In low energy bins observed (but not later In
antineutrinos)

Revised background estimates found significant sources of
new backgrounds

-uture experiments may reveal whether the excess Is
bhotons or electrons and guide theoretical developments
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A measure of the v, E spectrum...

... Which provides the " —>p*—>v_flux.
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