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@ Talk Outline:
- Brief introduction to the Standard Model
- History of the neutrino
- Neutrino oscillations
- The LSND oscillation signal
- Analysis details and results from MiniBooNE
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The Standard Model building blocks...

@ Force carriers
- photons (y) & electromagnetic

= gluons (g) & strong force

. +
=& W-,Z bosons < weak force

=% no inclusion of gravity...yet

@ Quarks

- Feel all the forces

=&~ QOther than gluons, only particles that
experience the strong force

@ Leptons
=% Charged e, u, 1
Feel EM and weak

II III < Neutral ve, vy, Vq

lhtu Generations of Matter « Interact ONLY via weak force

#« Blocks not explicitly shown: every quark and lepton
has an antiparticle, actually 8 gluons, 2 W bosons that
differ in their +/-1 charge.
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From simple rules..incredible complexity

@ Glueu (+2/3 charge) and d (-1/3
charge) together via strong force

proton neutron
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From simple rules..incredible complexity

@ Glueu (+2/3 charge) and d (-1/3
charge) together via strong force

proton neutron

@ Combine n, p, and e- and we
have nuclear and atomic physics

Periodic Table
of the Elements
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From simple rules..incredible complexity
@ Glueu (+2/3 charge) and d (-1/

proton neutron

Combine n, p, and e- and we
have nuclear and atomic physics
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@ Better stop here or we'll find
ourselves doing chemistry=

biology = debating theology!!!
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So where exactly does this weak force and the v's enter?

First hint was discovered in what
we now call nuclear beta decay

In the very early 1900's it was
first discovered that nuclei could
transform by radiation

Ernest Rutherford

J.J. Thomson

o i
jEl ke e

o decay B decay

Mass of parent nuclei Mass of parent nuclei
(A) reduced by 4, charge (A) unchanged, charge
(2) reduced by 2. (Z) increased by 1.

Po (208,84)->Pb(204,82) + o C(14,6)->N(14,7) + B
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The mystery of the missing energy

. ALPHA DECAY
@ For simple 2-body decay: M = m; + m; . | _—
AMEricium neptumum  + alpha particle
224 had 572 F20.810.405 Ay Melic
E; = 0.5(M2-m>2+m12) /M \
@ Emitted o is monoenergetic, but  is not!!!
@ Led distinguished luminaries of the day
(i.e. Neils Bohr) to postulate violation of E [
energy and momentum conservation B —
Alpha particle energy (MeV) —= .:']e;ii?j]
BETA DECAY
rhodium —= palladium + beta narticle
08,652 876 08 649,195 0.511 Me\/c
e
51/
: |/
| 3169

Beta particle energy (MeV] —®  MeV
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The mystery of the missing energy

: ALPHA DECAY
@ For simple 2-body decay: M = m; + m;
americiurmn —®= neptunium 4+ alpha particle
224,544,672 220,810,605 1728429 Me\i/c?
E; = 0.5(M2-m>2+m12) /M \
2 f\
@ Emitted o is monoenergetic, but  is not!!! [
- |
@ Led distinguished luminaries of the day A
(i.e. Neils Bohr) to postulate violation of E I
energy and momentum conservation — |
Alpha particle energy (MeV] —= r?:iﬁjj
“Dear Radioactive Ladies and Gentlemen, BETA DECAY
...as a desperate remedy to save the principle thodium —# palladium + betapattice
of energy conservation in beta decay,...I w.852376 el LN Meic
propose the idea of a neutral particle of T
spin half” W. Pauli 1929 p
c
g
‘T have done something very bad today .
by proposing a particle that cannot be g
detected; it is something no theorist zg
should ever do.”W. Pauli 1929 0

Beta particle energy (MeV] —®  MeV

w< And so the neutrino was 'discovered'!

Detective Pauli
w Chris Polly, Wayne State Colloquium, 1 Nov 2007 9




The mystery of the missing energy

_ ALPHA DECAY
@ For S| mple 2 _bOdy decay M = m 1 + m2 americiurn —e= neptunium  + alpha particle
224,544,672 220,810,605 3728429 MeVic?
E; = 0.5(M2-m52+m12) /M T
2 \
@ Emitted a is monoenergetic, but B is not!!! I
—_ . . ) ‘5 [

@ Led distinguished luminaries of the day 3
(i.e. Neils Bohr) to postulate violation of 3 [
energy and momentum conservation L —

Alpha particle energy (Mel] —e= ﬂ*ﬁf
“Dear Radioactive Ladies and Gentlemen, 22l bl
...as a desperate remedy to save the principle thodium — palladium + betapatice
. 98,652,876 98,649.196 0511 MeVic?
of energy conservation in beta decay,...I
propose the idea of a neutral particle of t
spin half” W. Pauli 1929 2
;lj'
v
‘I have done something very bad today %
by proposing a particle that cannot be EE
detected; it is something no theorist 2
should ever do.”W. Pauli 1929 e
Beta particle energy (MeV] —®  MeV

Detectivd - No relation :(
w Chri fayne State Colloquium, 1 Nov 2007

¢ And so the neutrino was hypothesized!
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Fast forward to what we know today

beta minus decay @ The missing E in beta decay IS carried

) away by Pauli's phantom particle
neutrino

@ Hard to detect a neutrino directly

- Vv is neutral, no detection via
ionization tracks, Cerenkov, etc.

= |nteracts only via the weak force
-a by exchange a Z or W boson.

Ve v

d,l q,! q q
Neutral Current (NC) Charged Current (CC)
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The weak force...force of transmutation

@ Makes the weak interaction truly a
force of transmutation

- The CC channel converts v into
their charged alter egos

- Converts -1/3 charge quarks
into +2/3 counterparts

@ Incidentally, CC also proves that we
have three distinct v flavors

. VP\/ -
N

q q

Charged Current

Chris Polly, Wayne State Colloquium, 1 Nov 2007 12



Mass [giga-electron-volts)

)

Neutrino masses are another enigma...

FERMIONS BOSONS
First Second Third
Generation Generation Generation

E]

Tap quark Higgs
Fy
o o @
W
103 Bottom quark
Charm quark
[u} il
10 Tau
o Strange quark
1|:|-J =
Muon
Down quark
0
Up quark
107
Electron
0
SN S~ 7\ MASSLESS
10-10 BOSONS
Muon-
neutring Tau- Photon
107t Electron- neutrino
neutring ° Gluon
10 12

Shamelessly stolen from Scientific American

@ We know neutrinos are very light

@ Direct mass searches yield limits

- Vg tritium decay: m < 3 eV
- V! pion decay: m < 0.2 MeV
- V_ tau decay: m < 18 MeV

- Compare to hadron masses:
e pions ~ 140 Mev
e kaons ~ 500 MeV
e protons ~ 1 GeV
e neutrons ~ 1 GeV

In fact, the Standard Model (c.1995)

assumes they are massless

Chris Polly, Wayne State Colloquium, 1 Nov 2007
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v masses and Pontecorvo's hypothesis

@ Back in 1957, Pontecorvo pointed out that if v's
have mass, then it could be the case that the
mass eigenstates were not identical to the weak

Ve Uel UeZ Ue3 Vi
VH - Uul Uuz Uu3 Vo

Yy _ Url UT2 UT3 i V3

@ Sounds a little far-fetched, but similar to kaon

mixing where it was already known that the weak R ————
and strong (mass) eigenstates differed Bruno Pontecorvo
@ Neutrino mixing is a direct result:
a2 ) 2 L “At present this is highly speculative-
P(Va—>vb)—811’l 20sin (1 27Am E) there is no experimental evidence for

neutrino oscillations...” D.J. Griffiths

@ By measuring the mixing, the mass differences 5&199/75)’ Introduction to Quantum
. . ecnanics
of the neutrino can be inferred!
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They say the sun is gonna grow

omeday. Tomorrow

It's gonna get real close and burn
us all up...

...| can't promise you tomorrow. No

one has the right to lie. Let me see a show of hands.

You can beg and steal and borrow.
It won't save you from the sky.

| can't tell you about tomorrow.

I'm as lost as yesterday. In
between your joy and sorrow,

| suggest you have your say:
Here's to the little things...




Well Bob, I'm glad you asked...

neutrinos
drive
neutrinos Supernpvae
power explosions
the sun

next to photonsin
_ the CMB, neutrinos
Bl are the most abundant

neutrinos are a _
component of Even a tiny mass can change

dark matter the way the universe works!
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A natural source of neutrinos...

@ The sun is fueled by fusion reactions
« 4'H + 2e” > *He + 2v_+ 6y

* More reaction chains follow...
@ Neutrinos are produced copiously

e Note all produce v, below ~10MeV

(Callium jChiorine puperft ST

100 — s
Bahcall
Iﬁ
100 PP s1%
10t
10
£10%
10
"Be "He

10%
io®
10*

Neutrino Flux

104
109
10%

|

I » a2 &
10%3 0.3 1 3 10

Neutrino Energy (MeV)
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Ray

L0 T
'1%"._ :"1'-..

'iu

@ Ray Davis set out to measure solarv's
@ Used a large vat of dry cleaning solution

@ Looking for inverse beta decay (CC) with
Chlorine converting to Argon

@ Deep underground at Homestake gold mine
to get away from cosmic ray background

@ First oscillation evidence came in 1968
from Davis' solar ve experiment

- found 1/3 of the expected v from sun

-= disappearance ve = vy

- Am122 ~ 8x10™ eV?, sin2(20) ~ 0.8
@ Mired in controversy, do we understand

fusion, is the experiment correct, could it
be due to neutrino oscillation?

w Chris Polly, Wayne State Colloquium, 1 Nov 2007 18
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Solar neutrino oscillations

The Sudbury Neutrino Observatory
(SNO) confirmed Ray Davis' findings

- Could also see CC and NC
e Deficit in CC channel
* Exactly right in NC channel!

KamLAND eperiment used reactor
antineutrinos

== Confirm solar result through
spectral distortion!

-+ Showed oscillations apply to ve and
anti-ve
Final solution:
e Mixing angle =32
« Am_°~8x107 eV’

KamLAND E,

B0 =
B no-oscillation
B P accidentals
sk B “Cla,n)"0
> B I spallation
s i E— pest-fit oscillation + BG
"y i —e— KamLAND data
o =
=T
= 40
E -
= B
- -
{
20—
0 . P PRI 5551 n o
0 1 2 3 4 5 6 7 k]

E_ (MeV)

prompt

hep-ex/0406035

| KamLAND Results
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Cosmic ray interactions are a natural source of vy

[primaw cosmic ray @ High energy cosmic ray (primarily
atmospheric nucleus protons) generate massive showers

. ! @ Relativistically dilated lifetime allows
/] muons to penetrate

|'1:H'?\

had ronic
shmwr

altitude (= 40 km)

@ Copious source of v

.{:\: III
TF e Iu'l
electromag nel:i1:|||I
shower

@ Cannot control the E spectrum
@ Can control the baseline, L

- By looking at the direction the v, comes

from, the distance between the detector
and the source can be varied

Atmosphere

w Chris Polly, Wayne State Colloquium, 1 Nov 2007 20



Atmospheric oscillations

Of . I W MixXi u uper-
- Seciiation @ New mixing found by Super-K through
1.6} i —— Decay atmospheric v, oscillations
1.4 —— Decoherence . .
S iy - mix of anti-v and v
“G .
T - found 1/2 as the upward v, as downward
a .
= 08 - disappearance v, » vy
< 0.6f
o f _ .
04l — Angz ~2x1073 eV?, sin2(20) ~ 1.0
0.2¢ @ Confirmed by K2K
0 [ Ll 1l Ll il
1 10 10> 10°  10* = v, from KEK accelerator to Super-K
L/IE (km/GeV
hep-ex/0404034 ( ) i - d fi th t |
KoK & K2l man-made source confirms the natura
107F = = ) .
& —  —— @ Confirmed by many other experiments SNO, IMB,
[ —
= Soudan, and most recently MINOS
< —
w0l 60_""|""|""|"":
50 f_ Beam Matrix Unoscillated _f
r - NDFit Unoscillated .
I Q > 40__ Beam Matrix Best Fit -
I 8 E NC Background :
107 2 30F —$— MINOS Data =
f § - — .
f 68% W 20 E
’ 99% 10f- ==
10-4+ L L T | T L L T | T T :—+ + +
0 0.2 0.4 0.6 0.8 sinz(Zza) OOT s é e .1|0. A .1|5. .1.8 ) -
Chris Polly, Wayne State Reconstructed E (GeV) 21




Summary of v oscillation searches

- CONSW =3 @ Can see from the plot on the left how active the
v oscillation industry has been!

{ CHORUS <+,

sy o T NOMAD 20 9 2 2 L
100 EER TN oo P(v,—v,)=sin“20sin"(1.27Am" =)
R SO i A= = E
SEEEET @ Reducing plot on left to experiments that have

found a positive oscillation...

_

< _ .
Super-KsSNO = Well-measured solar and atmospheric

+KamLAND

- One other signal, LSND, which is curiously at

(% a much higher Am?
— T R T T
(@\] _6 10 5_
5 10 E 3
& 1F
<
1071;—
10°° ;
A == ] O Atmospheric
----- 107k V“_)VX
10712 — 0 L Solar MSW
1074 10 2tan26100 10 V, Vg
http://hitoshi.berkeley.edu/neutrino 10_5 1(; ER 1(; R 1(; -1 1
sin“26
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The Liquid Scintillator Neutrino Detector at LANL

@ LSND looked for ve appearing in avy, beam
800 MeV proton beam from

LANSCE accelerator @ Signature:
- Cerenkov light from e+ (CC)

Water target - Scintillation light from nuclear recoil
wer beamstop - Delayed n-capture (2.2 MeV)
,{»\ LSND Detector

Chris Polly, Wayne State Colloquium, 1 Nov 2007 23



Picture of LSND photomutiplie | use_d_ Iat_e_r in MB)
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MiniBooNE's motivation...LSND

LSND found an excess of ve in v, beam

Signature: Cerenkov light from e+ with
delayed n-capture (2.2 MeV)

Excess: 87.9 + 22.4 + 6.0 (3.80)

Beam Excess

Under a 2v mixing hypothesis:
1.27 L Am®
E

0.24540.067 £ 0.045 %

PV —Ve) = sin®(20) sin® (

17.5 - ® Beam Excess
15| S P,V
: 8 pEye')n
12.5
- B8 other
10 | |
7.5
2.5
0f "’
0.4 0.6 0.8 1 1.2 1.4

Chris Polly, Wayne State Colloquium, 1 Nov 2007
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MiniBooNE's motivation...LSND

LSND found an excess of ve in v, beam % _
g 17.5 ® Beam Excess
Signature: Cerenkov light from e+ with W : BEE e v
delayed n-capture (2.2 MeV) S 15 ¢ o
) i B pwv,e')n
Excess: 87.9 + 22.4 + 6.0 (3.80) @ 125¢ S
Under a 2v mixing hypothesis: 10| |
1.27 L Any’ :
PV —Ve) = 51112(29)31112( z - ) 751
= 0.24540.067 £0.045 % o F
o [ T rrrrm TTTT T T T ITT T T TTTT 2'5
> | ] 0 g o
< KARMENZ (90% CL) . 0.4 0.6 0.8 1 1.2 1.4
. L/E, (meters/MeV)
1 E E
- e 9073 @ Other experiments, i.e. Karmen and Bugey, have
L LSND (99% CL) - . .
L LSND (90% CL) ] ruled out portions of the LSND signal
—1
U 1 @ MiniBooNE was designed to cover the entire
i LSND allowed region
10‘2_ Ll |
10* 10° 102 10" 1
sin®219
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Interpreting the LSND signal

e
V3

@ The other two measured mixings fit
_ ., conveniently into a 3-neutrino model
~2.4x10 7 eV .
@ With Am ;2 = Am,? + Am,;?, the LSND
Am? ~ 1 eV2 does not fit

@ 'Simplest' explanation...a 4™ neutrino
V__

ii|~8x10 Stay 2
Vi v \VARRY,
e L 7T

Chris Polly, Wayne State Colloquium, 1 Nov 2007
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Interpreting the LSND signal

e
V3

@ The other two measured mixings fit
_ conveniently into a 3-neutrino model
~2.4x10 73 eV?

@ With Am ;2 = Am,? + Am,;?, the LSND
Am? ~ 1 eV2 does not fit

@ 'Simplest' explanation...a 4™ neutrino

V__

~8x10 ™ eV~
v*—

1
Ve VH Ve i Ean AIRERZH |
35 — W's — 1
@ Width of the Z implies 2.994 + 0.012 light | §\ AR :
nheutrino flavors 0 s / ¥ DELPHI —

®L3
@ Requires 4™ neutrino to be 'sterile' oran 5 ¢
even more exotic solution S0

- Sterile neutrinos hep-ph/0305255 15
- Neutrino decay hep-ph/0602083 10
- Lorentz/CPT violation PRD(2006)105009 5 [
- Extra dimensions hep-ph/0504096

87 88 89 90 a1 92 93 04 a5 06
+5 = Epmy (GeY)
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The MiniBooNE design strategy

~J

oscillations

+ VM
N

Ve >
\K; & Ve >
m' v ;_.,‘,.;; A K* w
FNAL booster  target and horn A

decay region
(8 GeV protons) (174 kA) (5y0 mg) dirt detector

(~500 m)

Start with 8 GeV proton beam from FNAL Booster
Add a 174 kA pulsed horn to gain a needed x 6

Requires running v (not anti-v) to get flux

Pions decay to v with E, in the 0.8 GeV range

Place detector to preserve LSND L/E:
MiniBooNE: (0.5 km) / (0.8 GeV)
LSND: (0.03 km) / (0.05 GeV)

@ Detectv interations in 800T pure mineral oil detector
= 1280 8” PMTs provide 10% coverage of fiducial volume

=& 240 8” PMTs provide active veto in outer radial shell

w Chris Polly, Wayne State Colloquium, 1 Nov 200



Simple cuts eliminate random backgrounds

Tank hits > 200

e
e Veto hits < 6

e < 1eps

Left: trigger window, no cuts

@ Right: Simple cuts applied PMT
hits in veto < 6 and tank > 200
show clean beam window

@ Removes cosmic u and their decay
electrons

80000 - \0000
70000 |- No Cuts
F -
ol
o
3 | 4000 —
50000 |~ :
50000
o
[ e,
40000 - tam,
[FometomySebe, Suete M‘""‘-"—"’\W
30000 - 4000 =
20000 |~
2000 —
10000 |~
P S S T O R I VI AP R
S4000 -2000 O 2000 4000 6000 BOOD 10000 12000 14000 04000 -zooo

@ Subevent structure (clusters in time) can

Corrected Event Time (ns)

1]

ol L b
2000 4000 6000 8000 10000 12000 14000

Corrected Event Time (ns)

200

be used for particle identification (PID) |,

@ 2 subevent time structure expected for 190

most common v interaction in MB:
Vu CCQE (charged-current quasi-elastic) 100

)

"
L
ey
"
......
.
L
"

220

120}

100

1401 =
- 40 ]
120 > =
: ‘-{.7-“[! 4550 4600 4650 4700 4750 -1.’;l|[| :
80 - ]
i - - 1
201 | ]
: W O : 1 1 | 1 k i 1 | 1 1l | 1 ad 1 l 1 1 1 l| 1 | | L A | 1 I:
0 2000 4000 6000 8000 1000012000 14000 16000 18000
Hit Time (ns)
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Key points about the signal

Muon candidate
sharp ring, filled in
LSND oscillation probability is < 0.3% V

@ After cuts, MiniBooNE has to be able to find H T/IJ'

~300 ve CCQE interactions in a sea of iW+

~150,000 v, CCQE Vp

@ Intrinsic v background

L #]

-s Actual ve produced in the beamline from

muons and kaons Electron candidate

fuzzy ring, short track

- |rreducible at the event level
-s E spectrum differs from signal ~|W+
@ Mis-identified events i
- v, CCQE easy to identify, i.e. 2 “subevents” n p
instead of 1. However, lots of them. L g
- Neutral-current (NC) 70 and radiative A are Pmp Ca_ndfld?te L ZTR A
rarer, but harder to separate two "e-like” rings  [E
=& Can be reduced with better PID M R
@ MiniBooNE is a ratio measurement with the 7 OGO T
vy, constraining flux X cross-section | T[O | Bepits :," e
N A<D
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event displays:

Muons /
&/

Sharp, clear rings

L

Long, straight tracks

VIR
Electrons X tij
i A AL

A (P

i

Fuzzy rings

Multiple scattering

Radiative processes

Neutral Pions

i

L Double rinas



event displays:

- size: amount of light
— color: detection time

Muons
Sharp, clear rings
Long, straight track
Electrons
Fuzzy rings
Multiple scattering
Radiative processes

Neutral Pions



event displays:
- size: amount of light
— color: detection time

Muons \ ot

Sharp, clear rings

Long, straight tracks

Electrons

Fuzzy rings

~ Neutral Pions



Cerenkov

Muons X P

Sharp, clear rings

Long, straight tracks

Electrons

Fuzzy rings

Neutral Pions

P



Cerenkov vs isotropic

Muons \

Sharp, clear rings

Long, straight tracks '/ "_’"}»
9 A
Electrons -
Fuzzy rings

Radiative processgs

Neutral Pions

P



Blind analysis in MiniBooNE

@ The MiniBooNE signal is small but relatively easy
to isolate

L #]

As data comes in it is classified into 'boxes'

@ For boxes to be opened to analysis they must be
shown to have a signal < 1o

@ In the end, 99% of the data were available prior to
unblinding...necessary to understand errors

Chris Polly, Wayne State Colloquium, 1 Nov 2007 37



Flux Prediction

Beam Flux
Prediction

Y

X-Section
Model

i

Optical
Model

PN

Point Source
Recon

f¢

Simultaneous
Fit to\fu &Ve

Chris Polly, Wayne State Colloquium, 1 Nov 2007

Track Based
Recon

f¢

Pre-Normalize
toVy;; FitVyg
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d“a/dpdL, (mb cf{GeV sr))

Pions:

Meson production at the target

HARP P, =8.9GeV
250 F T T T T T T T T LI
200 [ ' #=45 mrad 8=75 mrad .
150 -
100 |
50 _ ¥ SRR
200 | I_f_ e - 4
s b L 6=105 mrad : 6=135 mrad
100 1 ]
50 [ » N .
200 [ Y Yt b ]
150 [ =165 mrad T 6=195 mrad
100 f T _
0 . = oall N . g, — .
1 2 3 4 5 1 2 3 4 5
p.(GeV) p.(GeV) .
HARP collaboration,
hep-ex/0702024
@ MiniBooNE members joined the HARP
collaboration
- 8 GeV proton beam
- 5% A Beryllium target
@ Data were fit to Sanford-Wang

parameterization

Kaons:

K* Production Data and Fit (Scaled to Py, = 8.89 GeV)

e 3, = 0.015

D 1 1 L L 2.5 L L L 5
P. (GeV/c)

k= 0.135

1 1 L
0 2.5 =]

P« (Gev/)

K= #, = 0.225
~ 10
mb
M
N =
P (Gev/¢)
o
10-24 GeV range
o
o
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B = 0.045

L L L L | |‘ 1
0 2.5 5
P. (GeV/c)

B =0.175

L1 =i
] 2.5 5

P« (GeV,/c)

Aleshin 9.5 GeV
Allaby 19.2 GeV

* i+ 8 O

Marmer 12.3 GeV

Kaon data taken on multiple targets in

Fit to world data using Feynman scaling
30% overall uncertainty assessed

¢ Voronsov 10.1 GeV
O Abbott 14.6 GeV
Dekkers 20.9 GeV * FEichten 24.0 GeV



Flux /0.1 GeV

=

Fraction of v

Final neutrino flux estimation

v./lv. = 0.5%

e’ Vu

“Intrinsic” v, + v, sources:
u - e* v, v, (52%)
Kt - n®er v, (29%)
K mev, (14%)
Other ( 5%)

Antineutrino content: 6%

Chris Polly, Wayne State Colloquium, 1 Nov 2007
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Beam Flux
Prediction

Y

X-Section
Model

T

X-Section Model

Optical
Model

PN

Point Source
Recon

f¢

Simultaneous
Fit to\fu &Ve
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f¢

Pre-Normalize
toVy;; FitVyg
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Nuance Monte Carlo
D. Casper, NPS, 112 (2002) 161

12000

Input flux

10000

itrary PQOT)

@ Comprehensive generator, covers entire E, range -

arb

@ Predicts relative rate of specific v interactions — 8000
from input flux B
< 6000
@ Expected interaction rates in MiniBooNE (before .
cuts) shown below i 4000

@ Based on world data, v, CC shown below right 2000

@ Also tuned on internal data

0O 05 1 15 2 25 3

©
N

CC rtm25%

o
N

E, (CeV
V‘! V[ - ( )
~ - > v, CC World data
Z Vl l 3
Multi © g
NC‘Eols% m4% n P ~—
NC 7% m 4y, %
CC 0 m4% CC QE o6
039% ~
>
3
=
=
s]

B16% _<
NC EL P A Np 0
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Nuance Monte Carlo
D. Casper, NPS, 112 (2002) 161

Used to predict rate of specific v interactions
World data for various channels shown at right
Tuned on external and internal data

Expected interaction rate in MiniBooNE (before
cuts) shown below

. NC " may
P~ CC 0= 4%

'~_ " CC ntm25%

\Y .
l ! Multi =
\/ NCT[O.B% W 4%

o o o
IS o oo -

o(v,N —> uwX)/E(GeV) (107*® cm?®Gev™")
(=]
M2

.
[
|

B 16%
NC EL

W+

G.P. Zeller
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Optical Model

Beam Flux
Prediction

i

X-Section
Model

Y

Optical
Model

Point Source
Recon

¢

Simultaneous
Fit to\r'u &Ve
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Track Based
Recon

¢

Pre-Normalize
toVy;; FitVyg
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Light propagation in the detector

Extinction Rate for MiniBooNE Marcol 7 Mineral Oil

100 T T T T T T T T T T

—— JHU lcm Oil-Water
—— JHU 1 em Qil-Cyclohexane
FNALlcm
---- FNALZcm
- A T = FNAL S5 em
10 = — FNALlOem
— = MiniBooNE 1.6 m
-\'. @@ MiniBoolNE 1.6 m variable length
'\I : — — Rayleigh Scattering (Isotropic)

2l \ . . Rayleigh Scattering (measured isotropic)

Rayleigh Scattering (anisotropic)

T \ Sum of Fluorescence Rates
| b o —— Floor 4
|| 1 ~ — Floor 3

e, Fluor 2

- || \ __.Q @ —— Floor 1

T T T

Extinction or Fluorescence Rate (1/m)

0.1 hw”\hf““

0.01

T IIIr T T IIII1
i Pl
E Q
o __'\.

22 /
/ .I'!
I
I
|'I !
@
)
I

=

250 300 350 400 450

Wavelength (nm)
@ Optical model is very complex
-+ Cerenkov, scintillation, fluorescence
== PMT Q/t response
-s Scattering, reflection, prepulses

@ Overall, about 40 parameters

Timing Distribution for Laser Events

Hprompt light

late-pulsing

dark noise reflections

10 F

scattering (tail)

probability/(0.31 ns)
|

o

Lo v v v
—40 —Z0 o 20 44 G0 80 100

corrected time (ns)

Michel electron t distribution

75% 25%

Unit Normalized

IIIII|T|'| IIIIIIII| IIIII|T|'| T

-
o,
T

-40 20 0 20 40 60 80 100 120 140 160
Time of PMT Hit (Vertex corrected) [ns]
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Beam Flux
Prediction

i

X-Section
Model

i

Track-Based Likelihood (TBL)

Optical
Model

Reconstruction and Particle ID /

Point Source
Recon

f¢

Simultaneous
Fit to\fu &Ve
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Track Based

Recon

_¢

Pre-Normalize
toVy;; FitVyg
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TBL Analysis: Separating e from

v, CCQE events (2 subevent)

@ Analysis pre-cuts 5
== Only 1 subevent mo; _ = Monte Garo i5 60000 - * data )ZZ
= Veto hits < 6 7t I
. : & MC 100
== Tank hits > 200 oo ;ZZZZ 500 |
- Radius < 500 cm - Lk R S B
O etos ey R R R SR S R AN 080 20 4% 6o b0 1000 1200
Veto Hits Tank Hits
0.3 T
@ Eventis a collection of PMT-level info (q,t,x) P :
@ Form sophisticated Q and T pdfs, and fit for 7 o
track parameters under 2 hypotheses 0.1k
=& The track is due to an electron 5
~& The track is coming from a muon g.:
o
0.1 o
oz Hv.CCQE o
"~ [v.CCQE
-u.al_ 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1

]
=

0 400 600 800 1000 1200 1400
fitted E (MeV)
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Separating e from n0

@ Extend fit to include two e-like tracks

@ Very tenacious fit...5 minutes per event
@ Nearly 500k CPU hours used

2

:

1500

Events/5 MeV/c?

:

500

blind

¢

— Monte Carlo Simulationz
—— NC7°
® Data

150

250

300 350

400
Reconstructed Mass (MeV/cz)

Chris Polly, Wayne State Colloquium, 1 Nov 2007

450

500

fitted mass (MeV/c?)

300

250

]
o
=

.IIIIII!I.III"-T

[IIIII

. |:|"'p NC =0
. CCQE

| | 11 1 | 1 | 1 | 1 1 1 | 1 1 1 | 1 | 1 | 1

28]

400

600 800 1000 1200 1400
fitted E (MeV)

600
fitted E (MeV)
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TBL Analysis: Expected event totals

Stacked backgrounds: 475 MeV - 1250 MeV
K
= :ﬁ v 94
; vH 132
T e
> 145 dirt events L 62
= 120 B A Ny dirt 17
2 1= B other A=N 20
= £ ---- LSND best-fit signal Y
0.8 AmP=1.2 eV? other 33
0.6 sin%(26)=0.003
= total 358

LSND best-fit V.oV, 126

400 600 800 1000 1200 1400
reconstructed E  (MeV)
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Beam Flux
Prediction

i

X-Section
Model

i

Boosted Decision Tree (BDT)

Optical
Model

Reconstruction and Particle ID

Point Source

Recon

'

Simultaneous
Fit to\fu &Ve
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Track Based
Recon

f¢

Pre-Normalize
toVy;; FitVyg
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BDT Reconstruction

BDT Resolution:

vertex: 24 cm
@ Different reconstruction: direction: 3.8°

e

Same pre-cuts as TBL (taking R from different reconstruction)

= Treats particles more like point sources, i.e. not as careful about dE/dx  energy 14%
- Not as tenacious about getting out of local minima, particularly with

pion fit TBL Resolution:
—s Reconstruction runs nearly 10 times faster vertex: 22 cm
@ To make up for the simple fit, the BDT analysis relies on a form of ~ direction: 2.8°
machine learning, the boosted decision tree. Byron P. Roe, et al., energy 11%
NIM A543 (2005) 577.
@ Boosting Input Variables: Moo
- Low-level (# tank hits, early light fraction, etc.) :::::: IH.. W ore
- High-level (Q2, U,, fit likelihoods, etc.) : vy, CCQE
-+ Topology (charge in anuli, isotropic light, etc.) j:::: " Evisible Examples
@ A total of 172 variables were used -
@ All 172 were checked for agreement within ", CCQE muon kinetic energy (GeV) '1
errors in 5 important ‘boxes’ (v, CCQE, NC 70, o0l .
_ . . o enoo? --
NC-elastic, Michel decay e, 10% closed) -t UZ — CQ_S‘HZ
@ Boosting Output: Single 'score’, + is signal-like o

T b b b b Lo b Lo Lo
9-1 08 -06 -04 -02 -0 02 04 06 038 1
v“CCQEcoseu
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Boosting PID score

BDT

Analysis: Signal/background regions

"IIIIl‘II‘IIlIIIIlIIII|IIII

[ non-oscillation events ) . .
I+~ oscilation events @ Signal prediction (red) versus all bkgs (gray)
signal selection cuts

. '_ sideband selection cuts

0.5 1

1.5 2 2.5 3
E9E (GeV)
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Boosting PID score

BDT Analysis: Signal/background regions

[ non-oscillation events
Il .- oscillation events

signal selection cuts

. sideband selection cuts

1.5 2 2N

2500

@ Signal prediction (red) versus all bkgs (gray)

@ Start by looking at data in 'sideband'...region

immediately adjacent to signal region

7}
2900 oot T 0 B, PID sideband
% 450, ¢+ Dala z ot
w C - = 2 « Data
400E. Monte Carlo mf ¥idof=76/8 B . o
m sideband region (300-1600 MeV) L Prob. = 47.4% W ve from K*
350% statistical errors only F v, from K®
E F =®misid
300 1500~ dela
E L | GO
2502_ - other
200; “xn: Const Syst. Emor
1505 C —4
100= 5002
50- -
ezu\\..\IH.\\uuu\‘m.\umluu 0',,|,,,,|,".|.H.|....|..H
-10 0 5 10 15 20 0.5
Boosting PID Score ECSE (GeV)

Chris Polly, Wayne State Colloquium, 1 Nov 2007

53



BDT Analysis: Signal/background regions

® 20
o - [ non-oscillation events ) . .
S 15C I+~ oscilation events @ Signal prediction (red) versus all bkgs (gray)
o E signal selection cuts . . . .
a 10 Sdeband selcton cuts @ Start by looking at data in 'sideband'...region
: — " = - " "
3 immediately adjacent to signal region
@ @ Satisfied with agreement? Finalize background
prediction
n S00C
T = Monte Carlo Prediction - v,
3 4501
- v, fromp
" 1 1 1 1 11 4| | | 1 1 1 1 | 1 1 1 1 1 1 1 4005_ . VE from K+
0.5 1.5 2 2N 3 3501 v, from K°
- 0 misid
1500 2% BOW, PID sideband . :e“a
g450; +« Data I% L L
“ a0k — Monte Carlo 2000 1Fdof=76/8 o - I cirt
e P e o - other
3005— 1500:— 3:\::5“
250- —.
200; Const Syst. Error
150" —4
100? 50.
50— =
95 covn b b g by gy O-IIIIIIIII\\Ill\\IIIIIIIII\\ o IIIIIII||||:|||!|||!
-0 5 0 5 10 15 20 0.5 1 1.5 2 25 3 0.4 0.6 0.8 1 1.2 1.4 1.6
Boosting PID Score ECSE (GeV) EQE (GeV)
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Systematic Error Analysis and Results

Chris Polly, Wayne State Colloquium, 1 Nov 2007
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Final error budget (diagonals only...greatly simplified)

Source of uncertainty TBL/BDT Constrained Reduced by Beam
on v background  errorin% by MBdata tying v, tov, |
Flux from n*/u* decay 6.2 / 4.3 v Vv Hosecton
Flux from K+ decay 3.3/ 1.0 v v )
Flux from K° decay 1.5/ 0.4 v v i
Target/beam models 2.8 / 1.3 v | O\
V-Cross section 12.3/ 10.5 v v R hecon
NC n° yield 1.8/ 1.5 v i’ 'L
Dirt interactions 0.8/3.4 v
Optical model 6.1/ 10.5 v v _1__ ¥ _
DAQ electronics model 7.5/ 10.8 v et ot e
@ Every checkmark in this table could @ Errors arise from common uncertainties
easily consume a 30 minute talk in flux, xsec, and optical model
- All error sources had some in situ @ Reconstruction and PID unique

constraint - BDT had higher signal-to-background

- Some reduced by combined fit to v,
and ve

=& TBL more impervious to systematics
== About 50% event overlap

w Chris Polly, Wayne State Colloquium, 1 Nov 2007 56



10%F

—h
o
TTT

IAm?l (eV¥/c?)
-

—
S

102

-~ || LsNDg0% CLL.
- | ] LSND99% C.L.

BDT/TBL sensitivity comparison

— MiniBooNE 90% C.L. sensitivity
---- BOT analysis 90% C.L. sensitivity

107

Sensitivity is determined from
simulation only (no data yet!)

Decided before unblinding that
the analysis with higher sensitivity
would be the final analysis

TBL (solid) is better at high Am?2
90% CL defined by Ay2 = 1.64
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After many man-years and CPU-hours...
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Finally we see the data in the signal region...

normalization error
interpretation

complicates

1 Sayesthieshod  * MiniBooNE data
2'5_ —> -+ expected background
- .-- BG + best-fit oscillation
> 20ty — v, background

2 B i 5 v, background

w 1.5 :

'E L k-l..

E - |

© 1.0 _I_

0.5\~
R o |
300 600 900 1200 1500 3
reconstructed E, (MeV)

@ BDT has a good fit and no sign of an
excess, in fact the data is low relative to
the prediction

@ Also sees an excess at low E, but larger

@ TBL shows no sign of an excess in the

analysis region (where the LSND signal is
expected for the 2v mixing hypothesis)

@ Visible excess at low E

Events

Neither analysis shows an evidence forv — v,
appearance in the analysis region

)

Chris Polly, Wayne State Colloquium, 1 Nov 2007

- bast fit sy : (001000, 0.0000) —
[ bestflt M_: 1.22 + 0.000 -
- best it M 1.00 +- 0.000 fa S Lkl
g bastflt N :1.00+-0.000 7 Bl
E_ :{:“: 10E8, dof: 13, Prob: 06206 | - Conshizined Sysl Eing
- s T . .. i
= e S I
- [
= ——l
P Lo L Y T RN T S T T T Y TR '
0.4 0.6 0.3 1 1.2 T4 15
E; (GaV)
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10

IAm?l (eV3/c?)
-

—
=

1072

Fit results mapped into sin2(26) AmZ plane

- : a
. ;- sin(20) upper limit
i P — MiniBooNE 90% C.L
- - ---- BDT analysis 90% C.L.
- o
i o
- o
— o
~ | ] LsND90% C.L.
- || LSND 99% C.L.
| (I | | | | | | | L1 | | | L1 11011
=3 N .
10 102 10 1

sin?(26)

Energy-fit analysis:
= solid: TBL
- dashed: BDT

Independent analyses in good
agreement

Looks similar to sensitivity because of
the lack of a signal

Had there been a signal, these curves
would have curled around and closed
into contours

Possible outs for LSND?
- CP violation, v not the same as
anti-v?

= LSND signal is not due to physics
that scales as L/E?

< |s the excess at low E in MB
telling us something?
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Future work for MiniBooNE

@ Papers in support of this analysis @ Lots of work on cross-sections

== NC 70 background measurement @ MB has more v, interactions than

- v, CCQE analysis prior experiments in an energy

' i ran ful to futur Xpts.
@ Continued improvements of the v ange usetul to Tuture v expts

oscillation analysis @ Event counts before cuts:
- Combined BDT and TBL v channel events| | v channel ovents
all channels 810k| [all channels 54k
== More work on reducing systematics CC quasielastic 340k |CC quasielastic 24K
. NC elastic 150k| |NC elastic 10K
@ Re-examine low E backgrounds and o0 1t sk lcc e 8.0
significance of low E excess cC 1 ok fcc e 17K
: NC ¢ 48K [NC TP 4.9K

1 i TBL Analysis . .

- 5 y ¢ data - expected background NC 274 NC 1.8
> 0.8 5 CC/NC DIS, multi-mi|  35k| [CC/NC DIS, multi-it| 1.9k
g e E ---- best-fit to full range
W 06[ : — §in?(20)=0 004, Amf=1 0 eV? 6x1020 POT 2x1020 POT
8 ! ] — Sin?(28)=0 2, Am=01 eV? v mode v mode
= o
A S [ | m— @ Currently running in anti-v

D2 teeeni f . .
s F ! # _____ . mode for anti-v cross sections
D.0[- i ] * "“"f’“’u}m—]\—
. L : II l | L L L L f | T T T TR 1 |
300 600 200 1200 1500 3000

reconstructed E, (MeV)
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Backup Slides

Chris Polly, Wayne State Colloquium, 1 Nov 2007
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Update on the low E excess...

No Detector anomalies found

- Example: rate of electron candidate events is

constant (within errors) over course of run

80

70

60

50

40

30

20

POT corrected v, candidate events

+

10

event/POT vs day, 300<Enu<475 MeV

300<E(MeV)<475

OD

! | ! ! | |x2,d9f=1 ‘|| '3I9|

100 200 300 400 500 600 700 8O0 900 1000

Time (days)

No Reconstruction problems found

— All low-E electron candidate events have
been examined via event displays,
consistent with 1-ring events

example signal-candidate
o ssgvent display

- L]

_/ﬁl, LU * - " e M\'-\__
AL g AT e o
/"‘ ) P Im;m@ 2 Iim:l z ll'IIETU!‘;'II ﬂi © \-I\\

1 '|__§-|3"f = . il . &

h o . oy "
j..' .'.-:[*F“Mf’dmn e g :ﬂbwi . \\n

Signal candidate events are consistent with single-ring neutrino interactions
— But could be either electrons or photons

)
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New low

l energy bin

Update on the low E excess...

Excess persists below 300 MeV but background is also rising

reconstructed neutrino energy, 200<E <3000 MeV

4.0__1 !
-1 e MiniBooNE data (stat. error)
.55 -+ expected background (syst. error)
3.0F i
= 0 5§|_ * — v, background
= 7 v, background
220 H
c — '
g & L{t
) 1.5:_ : !
— |
1.06 {
0.5 I_|_,H |
- P T R

| L | p——
/ 300 500 70 900 1100 1300 1500 3000
reconstructed E, (MeV)
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Update on the low E excess...

E °° MeV] 200300 300475 475-1250
totalbackground 28425 274+21 358t35 (syst.emnror)
vV, intrinsic 26 67 229
V“ induced 258 207 129
NC TC 115 76 62
NC A>NY 20 51 20
D it 99 50 17
other 24 30 30
Data 37519 36919 380+19 (stat.error)
Data-MC 91131 95128 22140 (stattsyst)
e NC T largest « Three main:  « |Intrinsic v,
Dirt background - NCmw largest
significant — Dirt bkgnd « NC 10 significant
« NC A-Ny falling off — NCA->Ny « Others small
e Intrinsic v, negligible * Intrinsic v,
small

* Systematics/backgrounds at low E still under study...

)

Chris Polly, Wayne State Colloquium, 1 Nov 2007
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NuMI neutrinos in the MB detector...

NuMI event composition:
v,~81%, v,-5%, v,-13%, v.-1%

| NuMI v Flux at MiniBooNE |

~ Target Hall
I MiniBooNE

MINO S near
ata vs MC Agreement for NuMI Vv, events in MiniBooNE

3000 ——————— T

- ('é'
—=— Data

Monte Carlo

O

2500

2000

Events per bin

- N Detector Model Syst. Error

1500
- Cross Section Syst. Error

III|1III|'IIII|IIII—

O
9,
<
Q
(=]
+

0
&
0]
[0y
(1]
[¥]
1)}
g
G

1000

[

p

500

é’

]
=

| | s
0.6 0.8 1 1 2 1.4 1.6 1.8

Q

@ [arb.units]

s
E,[GeV]

The beam at MiniBooNE from
NuMl is significantly enhanced
in v, from K decay because of

the off-axis position.

Reconstructed E [GeV]
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Events per bin

Analysis of T events from NuMI| beam
- | ] T T T 9
400} 0 e Data _;
320 i_ j‘G ------ Monte Carlo _i
3005— —f
- — 0 -
250 -
- — V4V, u
200— j, : -
- —Vlu+vIJL -
150;— ++ ‘}+ _E
100}~ aal .. —
4 e b -
wb 1 E
N — A SR =S
50 100 150 200 250 300
M_[MeV/c’]

Good data/MC agreement for 1° events
Ready to finalize background predictions/systematics
Final step: Look for ve oscillation or excess

Chris Polly, Wayne State Colloquium, 1 Nov 2007
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- HARP (CERN)
5% A Beryllium target
8.9 GeV proton beam momentum

HARP P, =8.89GeV

peam

T -
Szl e=45 mrad + R B 6=75 mrad .
% L 1 Crgee D

T ]
T T, L

. TN ]

TR
RS '.._,'s_:-._ .
| 1 ] ] 1 ] ] 1 l l =2,

200:‘_ f T T I 1 T —, 1 ] I I ) —

150 f  EEig o=t05mrad 1 Tl 6=135 mrad

e

100 | T B3 .

Data are fit to
a Sanford-Wang
parameterization.

50 TR T R B
.'Eb‘\i'-\.- . 1 't-?-::‘_- . 1
PP U R B .'."'Il'ﬁ’én-ﬁ:". P T N |'.“‘."=ﬂ-=1-...._,.-'

200 -__ = T T T T T T T -
p=165 mrad I . 6=195 mrad

d“ofdpdQ, (mb c/(GeV sr))

150 |

100 e g - R -

HARP collaboration, e e ~___
hep-ex/0702024 3 4 5 it 2 3 4 5

p,(GeV) p,(GeV)

—
ra
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Modeling kaon production

K* Production Data and Fit {Scaled to P, = 8.82 GeV)

o 8 =0.015

K+ Data from 10 - 24 Gey, ‘° = 3

P, (Gev/c)

uses a Feynman scaling

B = 0.075

parameterization. NI

data -- points
dash —-total error

(fit O parameterization)

K° data are also
parameterized.

Pr (Gev/c)

1 1 1 1 1 L 1 1 1
0 25 5

? = 0.045
O 1 1 1 1 | 1 1 1
8] 2.5 o
P (GeV/c)
T T T T | T T T T | T T T
-4
®, = 0.105

O Aleshin 9.5 GeV ¢ Voronsov 10,1 GeV
® Allaby 192.2 GeV O Abbott 14.¢ GeV

# Dekkers 20.9 GeV * FEichten 24.0 GeV
* Marmer 12.3 GeV
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Tuning Nuance on internal v, CCQE data

% data with statistic error @ From Q? fits to MB v, CCQE data:
) e MC before fitting = M, —— effective axial mass
10000 — MC after fitting - E5F —- Pauli Blocking parameter
8000 - systematic error @ From electron scattering data:

- E_—- binding energy

6000
4000 - p, —— Fermi momentum
»0001 @ Model describes CCQE v, data well
0704 0263 04 05 06 07 0.8 08 1
Q? (GeV?)

across all
" angle vs.energy
after fit

1 12 14 16 18 2
Chris Polly, Wayne Stat: Kinetic Energy of muon (GeV)




Tuning Nuance on internal NC n° data

@ 90%+ pure 1% sample (mainly

R EsssEEmImEEEEe e RN mERERERNEER RS
{000, Q0] Geve | - {010 2] Geve |

dﬁt‘? 'g‘ E’“m IR
A—NTTO) < Sprrem ] 2" Dol 2, D e |
| | = == e
@ Measure rate as function ° E R E
of momentum : : E . . ]
@ Default MC underpredicts rate 1 I B P ]
at IOW momentum I BT S0 20 20 T e 60 £0 100 120 140 160 180 200 220 2
M, (MeVic?) M,, (MeVic?) M,, (MeVic?)

analysis reaches 1.5 GeV

El-w?l' T T T e E 7 .E‘ T T T e
] L 8 Do ] u = )| i Daa
@ A-Ny also constrained et Ol 2 i g = i
(though to a lesser extent) set Eﬁ 1L R ML
um:_ _: il 15| H

: ; E] ] i i

Invariant mass - B3 | < M,
distributions in ] i o e

“&0 B0 LOO L20 140 160 180 200 220 240 80 50 100 120 140 L60 180 200 220 240 80 B0 100 120 140 L60 LEQ 200 220 240

momentum b ins M,, (MeVic?) M,, (MeVic?) M,, (MeV/c?)

NC =0 T e § g g
+ e ?
NC n [} 4% g _mf és:awsy:. @ g ™ i 50 5?:1\.\-3]:.9«5:
g e — I Background . E
CC nma% CCQE £ af g g
, 039% & of HE &
\ Ln;_ 2 10|
: Lof-
ol .
A

WL @

CC rtm25%

ot YT 1 I [ I I | T
ad B0 100 L20 140 16d 181 200 220 240 60 BO 103 120 140 Lo0 L8O 200 220 240 60 B0 100 120 140 Lol L83 200 220 240

M., (MeVic?) M,, (MeVic?) M,, (MeV/c?)

B16%
NC EL
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Light propagation in the detector

o i . ; Timing Distribution for L E
Extinction Rate for MiniBooNE Marcol 7 Mineral Oil e iming Distribution for Laser Events ,

100 T T T T T T T T T T

—— JHU lcm Oil-Water
—— JHU 1 em Qil-Cyclohexane
FNALlcm
---- FNALZcm
. e s | =zmme FNALS5 cm 10 B
10 = — FNALlOem u
— = MiniBooNE 1.6 m
-\'. @@ MiniBoolNE 1.6 m variable length
'\I : — — Rayleigh Scattering (Isotropic)

2l \ . . Rayleigh Scattering (measured isotropic)

Hprompt light

late-pulsing

dark noise reflections
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0 o o T8 T5n -40 -20 O 20 40 80 BO 100
corrected time (ns)

=

Wavelength (nm)

Michel electron t distribution

@ Optical model is very complex gmﬂg - -
- Cerenkov, scintillation, fluorescence %10{575 & eo%
~& PMT Q/t response §1O_3§_
=s Scattering, reflection, prepulses %10_5

@ Overall, about 40 non-trivial parameters :’wf

-40 20 0 20 40 60 80 100 120 140 160
Time of PMT Hit (Vertex corrected) [ns]
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Using Michel electrons...

Tuning the optical model

Using NC elastic v interactions...

N N ' A
. UI . I\JI . . U
- N4 % 0.44r—— Data
T f % Mar05 ] T 0.42F . ]
5 r o £ 7 7°g — Nov05 (extinction) |
g 1157 * Nov05 (e)ft"..'d'(_m) = 0.45 —=— Apr06 (scintillation) ——
s - = Apr06 (scintillation) > 0.38H —— May06 (fluorescence) | _+_
c 40 v MayO06 (fluorescence) g - = ——
g - ; e 0.36:— T
s - Inward (U er < -0.5) i Outward (U er >0.5) o 0.34C L
% 1.05 %::% 6 3 032" e ——
s F . | g ET —4—
s A iy +++i | i— 4 - = 03- =
LT | e A = " i g = i S n
s b > = L Tt et D 0.28- ——
[a'% R B -+ : I —r — —3— ——
0.95- o i o 0.26p —— N
C | | | l \ c Fo——= .
-400 200 0 200 400 = 0-24:_ —
ReconstructedR(XS|gn0fU.r)[cm] "5' B v b b b b o bvv v by by v Ly
@ 40 60 80 100 120 140 160 180 200 220
L

Number of PMT Hits (< Energy)

@ |Initial optical model defined through many benchtop measurements

@ Subsequently tuned with in situ sources, examples

- Left: Michel e populate entire tank, useful for tuning extinction

- Right: NC elastic n interactions below Cerenkov threshold useful
for distinguishing scintillation from fluorescence

)
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Calibration sources span various energies

Calibration Sources

Trackerlsystem P M 5% j

E resulutiou“; r T }
at S3MeV ji
§

oo 7 8o | §

[ i
B I 40 H -1} 1ot

— i Michel electron distribition (absolute calibration)
Cosmic Muon Energy E—
e I ~° photon energies

¢ Monte Carlo

-~ —+ Tracker & Cubes

* :3:5 Through-going cosmies | |

Visible Tank Energy (MeV)
= ¥ £ =2 % = %

. > | Visible energy range of oscillation signal |
o - ] [ | ! | | - | |

b ToD 200 0D 400 SO0 600 70D SDB ; ' ' : i
Cube Range Energy (MeV) 100 300 500 700 900 ][,;x
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Checking signal sidebands

— Monte Carlo Simulation
® Data
— Monte Carlo 1 only
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Checking signal sidebands

@ Region at low log(L./L)

w*/ndf= 5.7/8
p=0.69

5 g 8 B
:III|IIII|III|III|III|

events/bin
3
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40 50 60 70 80 90
mass (MeV/c?)

— Monte Carlo Simulation
® Data
— Monte Carlo 1 only

invariant mass




events/bin

@ Region at low log(L./L)

@ Region at low invariant mass

120

100

Checking signal sidebands

w*/ndf= 5.7/8
p=0.69

8

events/bin
8 3 3 8

% 50 80 70 80 %0
mass (MeV/c?)

— Monte Carlo Simulation
® Data
— Monte Carlo 1 only

invariant mass

¥2/ndf= 10.8/8

I -

ey Lo Lo 1oy 1y s
-0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02

log(L /L)
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¥ /ndf= 57/8
p=0.69

Checking signal sidebands o

100

@ Region at low log(L./L)

@ Region at low invariant mass

events/bin

=
s_
Nl
W

@ Region in signal, but at high E,

Prediction and data for high energy electron-like events

4lnsloslu?lu 80 90
mass (MeV/c?)

— Monte Carlo Simulation
® Data
— Monte Carlo 1 only

events / bin / (5.6E20 POT)

P I IR
2600 2800 3000

signal

P I
2400
ESF (MeV)

L Loy Ly
1800 2000 2200

invariant mass

¥2/ndf= 10.8/8

I -

ey Levw o Lo by e Ly b L s s s 1
-0.05 -0.04 -0.03 -0.02 -0.01 0

log(L /L) . .
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MB cross-section analyses from NulntO7...

Y10 7y

p__,.r-v-‘\\‘p

@ NC elastic

'\Fu\/ W
Z0

w Chris Polly, Wayne State Colloquium, 1 Nov 2007
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MB cross-section analyses from NulntO7...

@ v, CC;QE - v, CCQE Q2 distribution (hep-ex/0706.0926)
'." ‘E 14000
\/ > E 12000
W+
n "—'A\\ P 8000
a NC TEO 6000
V vi 4000

\ 0 '
p-""<EP s Q* (GeV?)
@ 198,000 events allows for detailed 1
and 2d kinematic views

@ Agreement between data (points) and
Vu ~_— " MC (solid) after fitting for modified
Fermi gas parameters

P——p @ 'Golden channel’ for normalizing flux X

xsec in oscillation analysis _
T. Katori, Nulnt07
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MB cross-section analyses from NulntO7...

@ v, CCQE
\ft, I
W+
n P
@ NCn0
v V;
Z
" rt; > 1Y
@ NC elastic
v, v,
70
P p

NC =0 fits to resonant/coherent fractions

1

+ Data

— Full MC Fit
Resonant

— Coherent

— Background

)

0.1 0.2 0.3 0.4

Yy Mass

E

7° 19.5% Coherent
Fit CL.=5.97%

E (1-cos 0)

@ 28,600 events, largest sample to date

@ For MB flux and Nuance model we find
that (19.5+1.1)% of exclusive NC =0
production is coherent

@ Very important background for

oscillation analysis

J. Link, Nulnt07
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MB cross-section analyses from NulntO7...

@ v, CCQE ) NC elastic absolute cross section
Vg [ -39
>’<|10| LA T N N N N B L B R L B B ]
+ NC Elastic Data
+ 5 '
W e BNLvp— vp Data
n p 4 ; Detector Errors
. " Xsection Errors
@ NCn0 % 3# - Beam/Flux Errors
Vl v, % g éT Lle_fif.?“:-?“;:
o[ —— i
7 B I i
™ vy —
P P 1~ ' z —
Il
@ NC elastic R e - s - R T
v KE Estimator [GeV] (= Q%/2)
v .
2 . @ Data shown is 10% of total sample
ﬂ I .
V4 @ Comparison to BNL E734
P p @ First differential cross section from MB
D. Cox, Nulnt07
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Decision tree example ..Variable 1

(sequential series of cuts (Ngignai/ Npiga) %mw
based on MC StUdY) y@[ jable.2. i g/—lv\e/ i
2 bkgd-like

o 9755/23695 .

“Wmfﬂfii;/////kagd—er ]
Sig_“ke 30,245/16,30‘% ﬁ

1906/11828 7849/11867

Stancu_gtmre2

sig-like pkgd-like

_ _ 20455/3417
Optimal cuts on each variable are 9790/12888

determined etc.

An event gets aweightof lifsignal J 1 3 3333833388

-1 it background This tree is one of many possibilities...
Hard to identify backgrounds are

iteratively given more weight
Many trees built
PID 'score' established from ensernble
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Handling uncertainties in the analysis

What we begin with... ... what we need

For a given source
of uncertainty,

Errors on a wide range
of parameters
in the underlying model

Chris Polly, Wayne State Colloquium, 1 Nov 2007
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Incorporating the v, constraint into the errors

Two Approaches

TBL: Reweight MC prediction to match measured v, result
(accounting for systematic error correlations)

BDT: include the correlations of v, to v, in the error matrix:

TE€ TE M —1 Ve
N NN ( Mg~ M ) ( A; )
L v JH-€ s Vu
where AY¢ = Datal® — Pred’(Am?, sin® 20) and AJ* = Data,” — Pred}*

Systematic (and statistical) errors are included in (M),

where J, j are bins of E @

w Chris Polly, Wayne State Colloquium, 1 Nov 2007
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Example: Underlying X-section parameter errors

(Many are common to v, and v, and cancel in the fit)

M,QE e, sf 6%, 2% (stat + bkg only) determined from

QE 6 norm 10% MiniBooNE

QE o shape function of E, v, QE data
v./v,QE o function of E,

NC 7m0 rate function of t° mom determined from
M,ch coh o +25% MiniBooNE

A — Nyrate  function of y mom + 7% BF v, NC =’ data

E., P; 9 MeV, 30 MeV

AS 10% determined

M, Ix 259 from other
experiments

M N 40%

DIS & 25%

w Chris Polly, Wayne State Colloquium, 1 Nov 2007
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Extracting the OM systematic error

e external measurements essential

e finish with p decay events (low-energy electrons)
(~unlimited supply and fast to simulate)

o Vstart, 600 Michels per MS 0 constraints from all plots, S000 Michels per MS
£ . = : _ ."\\l
> use a Monte Carlo method i : e a
to reduce uncertainty: 22 £ 3 4 \
‘;-1 08 06 04 02 0 02 04 0B 08 ;1 :[)_g -D_B:‘_d -D.;?I_-_D -IH0.2 ‘()?4.0.8”10_8“1
> compare data/MC events i
in relevant distributions R
for many allowed models Fos
> de-weight disallowed v B S
regions of model space Vstar, 600 Michels per MS e e e
> NC elastic events help out ¢ $hel
with scintillation i
Seracd Yue i s % 40 S0 ® T %0 80 00 110 120

, starting uncertainties in énear) ending uncertainties
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“*Multisim” approach to assessing systematics

@ A multisim is defined as a random draw from the underlying parameter that
is considered allowed

@ Allowed means the draw does not violate internal or external constraints

@ Draws are taken from covariance matrices that dictate how parameters are
allowed to change in combination, imagine Cerenkov and scintillation as
independent sources of light but requiring the Michel energy to be
conserved

@ For flux and X-section multisims can be done via reweighting, optical model
requires running hit level simulation

1000 multisims for 70 multisims
50 K+ production Optical Model
- 6 V,
60 i
B 4 |- .
numl_oe_:r of a0 I - red line:
multisims - , [ standard MC
20
= 0
700 750 60 80

Number of events passing cuts in bin 500<E ®<600 MeV
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Optical model error matrix

Correlations between

* N is number of events passing cuts E,% bins from

« MC is standard monte carlo the optical model:

e 0 represents a given multisim
« M is the total number of multisims 4
«i,j are E,%F bins v

e

Total error matrix is 1
calculated from the sum
of 9 independent sources V

L

TB: v_—-only total error matrix

BDT: v, -v, total error matrix - >

1|._!

=
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