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Neutrino Oscillations

Outline
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Observed spectrum
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Summary

A quantum-mechanical interference effect

Projected Sensitivity [olElg{e};

Production & Detection: Governed by electoweak hamiltonian
Producing / detecting interaction eigenstates
(superposition of mass eigenstates)

vf‘ U—:] UEZ Ue3
Uy Up Uy p|v,
Ur] UrE Ur3

Ve Vs \\ —,
| h \ v \ i
) v )
_ PMNS (CKM-like) unitary matrix :
Vi V]
N w

w A ’T N
/\
q bar{q}

v

V =

I

|
—

Propagation: Governed by free hamiltonian
Each mass eigenstate propagates at different pace !
Relative mixture of mass eigenstates changes!
Flavour oscillations are possible

P(v,, — vg) =845 - 4 ZX U,;U, U, Ug; sin*[Am;°L/4E, ]

Phenomenon has been observed with:
solar, atmospheric, reactor & accelerator neutrinos!
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W@ Rutherford Appleton Laboratory

Goals:
 Determine the elements of the PMNS matrix
» Determine neutrino mass (splittings)

* Impressive progress over the past decade - A 'precision measurement' era for neutrinos
« Still many open questions :

—
How close to 0 is theta13? Is theta23 maximal? ( Is CP violated at the
(hidden symmetry?) ¥(hidden symmetry?) ~_leptonic sector?
"3 A My
c fi my
atmosp heric 5 aér
7 KK 3 9 KAMLand
Am® ~ 2 X107 eV A ~ 8x107° el
my v fé
mj i g
7 "Normal" hierarchy "Inverted" hierarchy
Can we measure the \/ .
absolute scale? Which one? ... or none (quasi-degenerate)?

(not accessible with oscillations)
Costas Andreopoulos




% i x Physics Goals for MINOS

MINOS: A precision oscillation experiment

Outline
v Oscillations

MINOS Goal . . .
MINOS Overview Test the vu— v+ oscillation hypothesis

Beamline — Measure precisely |[AmZ,,| and sin220,,
Detectors

Events

Search for sub-dominant vu—ve oscillations
Event Id

ND Spectra

Tuning

FD Prediction
Observed spectrum
Allowed Regions
Systematics
Projected Sensitivity

Search for/constrain exotic phenomena

Compare vyu, Ve oscillations

Atmospheric neutrino oscillations
- Phys. Rev. D73, 072002 (2006)

Summary
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% Rutherford Appleton Laboratory How the experiment is done

A 2 detector, long-baseline neutrino experiment using an intense, accelerator-made beam

beam source
(nu_mu) is here

T

Fermilab

2341 FEET BELOW THE SURFACE
689 FEET BELOW SEA LEVEL
D — S S

=

e

™~ Fermilab

measures “oscillated” flu

measures “un-oscillated” flux

# X g
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Summary

% e ooy VYAY @ 2 detector experiment?

Reducing systematic errors

- Effect of large flux & cross-section uncertainties minimized
- Detector / reconstruction effects minimized
- 'Unoscillated' FAR spectrum extrapolated from NEAR

Monte Carlo
Muon neutrino spectrum ratio
[ - 1.4,
c E C
L3001 _ 8 1.2 Measures mixing strength
L Unoscillated = -
th 1:—* """""""""""""""""""""""""""""""""""""""" '
o
200 Oscillated| £ 0.8f | +++‘H’H’
B 0.6
100 = 0.4}
g C
ErE—— 0 0.2}
----- Pm e e n b cercndmvennalba aaa L
O 2TETTETTE o A 810
Visible energy (GeV) / Visible energy (GeV)
Measures squared mass splitting
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% i x The MINOS Collaboration

4/

~

Brazil

Campinas — Sao Paulo : " MINOS Near Detector

Outline
v Oscillations

surface building

MINOS Goals I France
MINOS Overview College de France

Beamline
Detectors
Events

I

Greece

Athens

Event Id
ND Spectra
Tuning ITEP Moscow — Lebedev —
FD Prediction Protvino

Observed spectrum

Allowed Regions N A UK
Systematics N

L[ o RS-\ 1WAl | Cambridge — Oxford — RAL -
Sussex - UCL

Russia

Summary

USA

Argonne — Benedictine — Brookhaven —
Caltech — Fermilab — Harvard — IIT —
Indiana — Livermore — Minnesota, Twin
Cities — Minnesota, Duluth — Pittsburgh —
South Carolina — Stanford — Texas A&M —
Texas-Austin — Tufts — Western

L Washington — William & Mary - Wisconsin

6 countries

32 institutions

~175 physicists

J\ y
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ND Spectra
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The NuMI beamline @ Fermilab

4 a 'conventional’ neutrino beam ; )
Absorber Muon Monitors
Target D . \ = | B S
ecay Pipe 5 R |
\ Target Hall y p y+ g w | b v B v "U{Jf
120 GeV v ] ,f-__;.
protons b | \ % S -H "-’_; :
S . -l A e S
From — i e \ H & =
Main Injector 1 AE 52 | .L-. v
- 2= o 4 | ST _H I| SN
First year averages: 675 m / w . Rockl Rockl |Roek
* Intensity: 2.3E+13 POT/spill Hadron Monitor 5m 5w 18m  30m
*Cycle: 2.2 s )

* Power: 170 kW

~pure / intense muon neutrino beam

tunable energy

Tuning LE10 Near L |
FD Prediction 10° . — . . 3 - a G LE
Observed spectrum - L 5 _
. 2 —Pion —VYu 0.12 —oME
Allowed Regions & ol S L p
i o i o Oscillation
Sys_tematlcs D k> E 0.10rginimum for —pHE
Projected Sensitivity o 2 Dmp=00025eV
S10°H , 0.08
B H =& ﬂ E
Summary % i I-- e ::"
RN | g N o L 0.06
QI F = Q
2 H S 0.04
a0t i AL~ T
O H: o e — S 0.02
+* S QO
0 5 10 15 20 25 30 0 2 4 6 8 10 12 14 16 18 20

Energy (GeV) Energy (GeV)
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Detector Technology

Massive segmented iron calorimeters, with inexpensively produced plastic scintillator as active
material. The scintillation light is collected by WLS fibers read out by multianode PMTs.

7]

Oucenrtum Fificiency (%)
[
=3

PMT
quantum
efficiency

steel planes

2.54 cm thic&:——-V

(4m) WLS
emission
spectrum

——QE: tube ka0248
- ---QE: tube ka0097,

- QE: tube ka0124
-~ QE: tube ka0109| -,
——QE: tube ka0111
- ~--QE: tube ka0 114

- QE: tube ka0119
=== QE: tube ka0122
——QE: tube ka0139

Relntive Light Tntensity

T ]
700 300
Wavelength {nm)

fiber W
“caokie”

scintillator strips

4.1 cm wide
N\ 1.0 cm thick

P
@)\\
0{9\
’%é\
or ~

multianode PMT
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&- e ooy 101€ FAR Detector @ Soudan mine

a N
Purpose:
« Measure nu_mu CC, NC -- energy spectra & rates
Outline - Search for nu_e appearance
v Oscillations « Atmospheric Neutrino physics studies (upgoing muons, contained neutrino events,...)
» Cosmic Ray physics studies (mu+/mu- charge ratio, point sources, ...)
MINOS Goals
MINOS Overview \ /
Beamline oy _ __ : | —— ~
Detectors ' TG ; || - at Soudan mine, MN
Events (7'7 HZ @ i ul/deteét’or E e « ~ 735 km from NuMI target
s f e * depth: ~750 m
Event Id + ~ 5.4 kton
.Il\_l D _Spectra * 486 steel planes
uning *B~1.3T

FD Prediction
Observed spectrum
Allowed Regions
Systematics
Projected Sensitivity

* 2-ended readout
. il Al sl * 16-anode PMTs (HPK M16)
.' \steel plane 7 o \ o B e * x8 optical multiplexing

* VA electronics

Summary

\ %

¥l operational since )
June 2003

g \ /

45
X (m)
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% s oy 111€ NEAR Detector @ Fermilab

e N
Purpose:
Outline * Measure beam with high statistics before oscillations

* Tune neutrino & beam / hadron-production MC

v Oscillations « Predict Far detector spectrum

MINOS Goals - ~
MINOS Overview 4 N
B li
szen:;tlgfs ~PMTs & front-end electromcs _
peilecilors  at Fermilab R | _____H =
Events * ~1 km from NuMlI target | = ;* == 1 “”J 7

« swallow depth: ~100 m | [ Fimny scmt:llatorplane | ”Mﬂ
Event Id AR N\
ND Spectra « ~1 kton
Tuning . 282_ steel planes
FD Prediction "BField~1.2T
Observed sp_ectrum . 1-ended readout -
Allowed Regions - 64-anode PMTs (HPK M64)

Sys.tematics e * no multiplexing upstream
Projected Sensitivity * 4x MUX in spectrometer

Summary * Very high rates
* QIE electronics

(no deadtime during spill) | g “

operational since
~ November 2004




[ Y MINOS Calibration

W@ Rutherford Appleton Laboratory

Single particle energy resolution

Calibration detector \
» Determine overall energy scale

Outline . L 08 ¥ ce’
v OsE e E Light Injection system . o
* Determine/monitor PMT gains e 0.6 B fp
MINOS Goals Cosmic ray muons E :%ﬁ% 559/ JE -
I\B/”NOS Overview « Equalize strip to strip response g o, o °
Deam“ne  Equalize detector to detector response [ S -
etectors 0.2 Mg 239,/ JE * = &
Events [ e
L I S |
Event Id Raw R.esponse (U Planes) Raw e..sp:.r:if (V Planes) Available E (GeV)
ND Spectra A
Tuning
FD Prediction
Observed spectrum
Allowed Regions
Systematics Energy scale calibration:
Projected Sensitivity X N N — 1.9% absolute error in ND

Calibrated Response (U Planes) Calibrated Response (V Planes) _ 3_5% abSOI ute error in F D
; : _ — 3% relative

Summary
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How do neutrinos interact at few GeV?

Outline
v Oscillations

MINOS Goals
MINOS Overview

QEL CC

Beamline 3
Detectors 5 o
Events e [ -
Event Id oo -
ND Spectra g Tl
Tuning L
FD Prediction "-+‘+ + + - e
Observed spectrum L * il <
Allowed Regions ' H i x ey
Systematics L)
Projected Sensitivity o2 |: L o
[ ] g T
Summary *0 7 ; Lk, =

d u
\u u
u u

/

A++

l.I

:
| =
y

low multiplicity

inelastic CC (RES)

Vi T
3 leading quark {(x F>0)
W ii
u L hadronization
u u
P —d d—
remnant diquark {xF<O)
| \ : [ !; JIII: I
|
. \ ﬁ /=,
N
S\ L
i
J/ DIScC
o 10 &

LAr images, courtesy A.Currioni
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&- T Event topologies

e Monte Carlo Events
v Oscillations

MINOS Goals
MINOS Overview
Beamline
Detectors

Events

Event Id
ND Spectra
Tuning

FD Prediction
Observed spectrum
Allowed Regions
Systematics
Projected Sensitivity

*long p track * short event e short event
Summary  hadronic activity at vertex - often diffuse o typical EM shower profile
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Outline
v Oscillations

MINOS Goals
MINOS Overview
Beamline
Detectors

Events

Event Id
ND Spectra

D Pradiction s nu_mu CC

e S Disappearance Analysis

Allowed Regions
Systematics
Projected Sensitivity

D.G.Michael et ali PRL 97, 191801 (2006)

] ™ ."' T ‘l- _‘\ . - ‘I“h_ P ] Fr
, L . e e U : Al
‘s H L G T T
e ", et T
- 8 - x L-',' a ] I
gLt
i i

Summary
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Events in time with the beam

30

25, 1.27%x1020 POT

Number of events

Outline
v Oscillations

Neufrino candidates

20/
' are in ~10ps window

15

MINOS Goals "
MINOS Overview E - _
Beamline 5 = Z cosmic
= mu rate

Detectors R L B T B R T
Events Time relative to FD spill time prediction (us)
Event Id Vertex in fiducial volume B Ficucial Volume
ND Spectra _ NEAR DETECTOR
Tuning FAR:
ED Prediction z > 0.50 m from edge, z > 2 m from end,

within 3.7 m of detector centre -
Observed spectrum NEAR:
Allowed Regions 1m < z < 5m from upstream end,
Systematics within 1 m of the beam centre EAR DETECTOR

Projected Sensitivity

Summary

At least one good reconstructed track
» With negative charge
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Event Selection

=

2

g

8 8

|
J’fr_1

L

MNMumber of Evants

=1

1.27T=1(F? PQT

L]
t | |
T O i
Cr U

P R ——

2 8

o9 9 9

& Toned MC ‘=_i

I P —

NMumber of Events
— e el

|

02 04 06 08
Fraction of Event PH in Track

e
— Data
= Tuned MC

Efficiency, purity

: -.Ol's. .

Event Classification Parameter

500 1000 1500 2000 2500
Track PH Per Plane (ADC Counts)

Using a maximum likelihood technique with 3 input PDFs:

A0’

g.

-

S

S,
TN

-

Number of Events
E

-

0 50 100 150 200 230

Event Length (planes)

1.21
C Monte Carlo
1_ -~
0.8}
'I:I.E:
0.4} — Efficiency
X 87%)
0.2f urlty
:|.|.|. L T T g?oﬁ)
Og 89012 14 16 18 20

Visible energy (GeV)
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NEAR detector energy spectrum

Error envelopes indicates size of beam modelling,

\Wraction modelling and calibration uncertainties (combined).

n_ca T —Mean 7 \éj\ ' BNE BEAM T Mean 7.059 ;E ohE BE Mean 9421
g 000 D POF sl 0. RMS 5564 ‘i \ ¥ [l POF 01 RMS 4353 E ® Dwa 0P il 01 RMS 40
= 8 M POF a4 % 2000 el 5 6000 ' " Araiad
I .
E . . N o E L . HE cor E .‘ |.. W cont
g E 15007. b E .
Zao0o- | # e P Z 4000 y N
| =B ' % pHE
LE.10 000~ § # pME g -. p
i
2000—# 0. E 1‘ 2000 : "
1 ".‘““"hm T = t' " e e "i
R B " |
% R TR N S 5 w© © 2 S 5 w5 2 %
Energy (GeV) Energy (GeV) Energy (GeV)
g 2 IFHI'MJ ™ Mean 1269 E 2 o PIME BEAM “ T Mean 1273 % 2_ PHE BEAM Mean 12.78
g g [
i RMS 6066 E RMS 7179 a [ RMS 7225
8 151 ’ 8 15 } 8 15
5 % ' I 1
g } 2 } l : g | i
5 T N
4 4 i
i WHHW}{HH‘H MHH i WH\H(“MHWWHH W |
05k LE 10 ] 05f- } 05 1
: Rt pME pH
TR T . SRy e T % e e T
0 T caagy (G Energy (Ge)

Good Data / MC agreement
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% . Hadron production tuning

mm_g LE-10MTOKA | sl ] LE-10/185KA | I LE-10/200kA d * Hadro-production
Outline . i L ] (Fluka05 based beam
v Oscillations o | B simulation) tuning
o mnn_‘ tuning 1
MINOS Goals g 0 i‘q—%&_ ] « Even better data / MC
MINOS Overview % ;1 e “”Lrﬂ;ﬂ% F'H[ W agreement is obtained
Beamline ) e N « Applied weights as
Eete(t:tors D T TR T I s ey I s nac ks 7 | function of xF and pT
Venis .g ‘l pME/200kA 1 s ! pHE/200kA ] mﬂ Horns off |
Event Id E‘jm 1 E b Y. HH,L ]
ND Spectra ¥ . 1 F | i mfif Hi“’*%
Tunin muun;—j L - 100000]- _I; L -—’ H_HI‘ ; :
FD Prediction ¥ : 15": , , I Ll
Observed spectrum i, ben_ s m { }W:%mﬁwﬁg { Pl U[,fﬂf“ ay m
Allowed Reglons ;Isll 10 20 !0 ;50 Oin 10 20 30
Systematics Reconstructed E {GeV)
Projected Sensitivity 3 - —
0o ; e = II:: i
Summary '”‘EE osf LE-10/185kA ’
07 o.7TH
g 08 z 0.6
g8 05 . @f N
o4 . Distribution of
03

5 ions producing

02
o7 B TMINOS neutrinos
o L -
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Q e e horatory Prediction of FAR spectrum

The 'Matrix' method:

Outline * The un-oscillated FAR spectrum is determined by the NEAR spectrum

Yl EleE * No dead-reckoning based on MC. The MC is used only for providing corrections

MINOS Goals » Measured NEAR spectrum is extrapolated based only on knowledge of pion decay

MINOS Overview K tics & the beamli {

Beamline inematics e beamline geometry

Detectors g - O43E,

Events ND Y 1+ %07
to far

Event Id target %tifﬂ __________ L _________Ref‘ijf"_"___

ND Spectra N \BJ\ 0,
Tuning \ﬂ&.ﬂ) n —~
FD Prediction

Decay Pipe Fhlux oo _( 1 ]

Observed spectrum
Allowed Regions
Systematics

(]
=]
T

Projected Sensitivity 5 0t 5ol
it =~ | @ F
s % I 5 0.12
Summar 3 - l:
y E 9 20 - E 0.1F
- g r " — B
ﬂ r _z 008_
3 | —
F 10 0'06:
S 10° 0.04F
m -
0.02
0 . : PR T TN T NN NN NN TN TN N NN N TR W |
: : Neutrino EllgrgtheVJ :ﬁear Datectgg Dn 10 20 30 0{] 5 10 15 — 2|0
Near True Ev (GBV) Neutrino Energy (GeV) : Far Detector
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MINOS Goals
MINOS Overview
Beamline
Detectors

Events

Event Id

ND Spectra

Tuning

FD Prediction
Observed spectrum
Allowed Regions
Systematics
Projected Sensitivity

Summary

Q e e horatory Prediction of FAR spectrum

* Alternative extrapolation methods give nearly identical results
» Confidence in out ability to predict the un-oscillated FAR spectrum

* Having a 2-detector experiment pays off!

- B0
o
= 50
@
;— Beam Matrix
40 :
E} MNDFit | -
W 30 | F/N Ratio 3
=] 20D Grid Fit 1
20 5
10 3
1.2T=10" POT -
i | [l [l I '] L g [l I i 'l i | E 1 1 '] [ N
& 5 10 15

Reconstructed Neutrino Energy (GeV)
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Systematics
Projected Sensitivity

Summary
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Observed rates & best-fit spectrum

Data sample observed | expected ratio significance
v, only (<30 GeV) 215 336.0£14.4 | 0.64+0.05 5.2c
v, only (>10 GeV) 93 97.3+4.2 | 0.96+0.04 0.4c
v, only (<10 GeV) | 122 238.7i10.7‘/0.51i0.06i>
nbins nsys
7 =Y]%e—0)+20lo/e) ]+ZA§2/0'2
1=l

See energy dependent suppression

Events/GeV
(%] B
'DI | B | IOII LB

)
=]
|

Beam Matrix Unoscillated
NDFit Unoscillated
Beam Matrix Best Fit
NC Background
—$— MINOS Data

Data/MC Ratio

!IlllIIIIIIIIIIIIIIII.IIIIIII

-

bt

Beam Matrix Best Fit
NDFit Best Fit
—— MINOS Data

IIIIIIIIIIIIIIIIIIIII

- . -
o 1L

L I I L 1 ' L I
5 10

i | i 1
15

Reconstructed E (GeV)

L 1 1 L I | L 1 1
5 10

Reconstructed E, (GeV)
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Scinc & Tochnoogy FacitisConc Allowed regions & Best fit parameters
W@ Rutherford Appleton Laboratory

X

] —
o
W

MINOS Best Fit
—— MINOS 90% C.L.
----------- MINOS 68% C.L.

Outline 4.0
v Oscillations

MINOS Goals 3.5
MINOS Overview

Beamline

Detectors 30
Events i

Event Id

ND Spectra — 2.5
Tuning

FD Prediction

Observed spectrum 2.0
Allowed Regions

Systematics

Projected Sensitivity 1.5

— K2K 90% C.L.

SK 90% C.L.
SK (L/E) 90% C.L.

2l | o
T I P R VI B

1 ] 1 1 1 ] 1 1 ] 1
0.2 0.4 0.6 0.8 1.0
sin®(20..)

Summary

Best fit parameters. ‘ﬁmgi‘ = 2744—%4;5 (Stat -+ SySt) X 10'3 eV2
sin”20,, =1.00 _, ,(stat + syst)
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Systematic errors

W@ Rutherford Appleton Laboratory

Computed with fake (mc) data at Am?=0.0027eV?, sin?20=1.0
QOutline

v Oscillations » _ Shiftin Am? | Shift in
Preliminary Uncertainty

MINOS Goals (102 eV?) sin220
MINOS Overview

Beamline Near/Far normalization +/—4% 0.050 0.005
Detectors

Events Absolute hadronic energy scale +/—-11% 0.060 0.048
Event Id NC contamination +/-50% 0.090 0.050
ND Spect

Tuninzec © All other systematic uncertainties 0.044 0.011
(F)Dbsgf’,gﬁt;%gdrum Total systematic (summed in quadrature) 0.13 0.07
Allowed Regions Statistical error (data) 0.36 0.12

Systematics
Projected Sensitivity

3 largest uncertainties included in oscillation fit as nuisance parameters
Summary

e Size of uncertainties are obtained by doing MC studies

* Table shows shift in the oscillation parameters by fitting fake data

Costas Andreopoulos



S e oy CUrTENt Status / Projected Sensitivity

An updated analysis is coming soon (~2.6E+20 POT)

Outline
v Oscillations MINOS Sensitivity as a function of Integrated POT

MINOS Goals

MINOS Overview 0.004—
Beamline
Detectors
Events

Event Id 0.003
ND Spectra

Tuning

FD Prediction 0.0025
Observed spectrum

Allowed Regions

Systematics 0.002
Projected Sensitivity|

2 (eV?)

Am

0.0035

statistical errors only

1.27x10*° POT : -
— 2.5x10° POT —
—— 7.4x10%° POT .
— 16x10°° POT T, 5

0.0015

Summary

------- Super-K (zenith angle)
ETETE EFETETErE ENEPETETE BT ATET TS APETEErE ETETEETE BT AT A

0.0015 65 0.7 0.75 0.8 0.85 0.9 0.95 1

sin%20

IvTiuto; Am?=0.00274¢eV?2, sin?26=1.0
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& Science & Technology Facilities Council
- Rutherfordippletnn Laboratory Sum mar y

Outline

v Oscillations MINOS has completed / published a numu CC disappearance analysis

of the first year's beam exposure (1.27E+20 POT)

MINOS Goals

MINOS Overview Exclude no-oscillations at 6.2c (rate only)
Beamline
Detectors
svents Am?2,| =2.74"5% (stat + syst) <10V
Event Id .

ND Spectra sin®20,, =1.00 _, ., (stat + syst)

Tuning

FD Prediction
Observed spectrum
Allowed Regions
Systematics
Projected Sensitivity

Analysis of the second year's data in progress

Summary

More analyses under way (numu->nue, search for sterile nus,...)

Costas Andreopoulos



Science & Technology Facilities Council

W@ Rutherford Appleton Laboratory

Back-up Slides
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% e ooy H1AAION Production Uncertainty
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& e oy NYSICS reach: nu_e appearance
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% e errord Aanleton Laboratory Physics Distributions
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% Rutherford Appleton Laboratory Atmospheric Neutrinos

8 Mpren
8 * Dais MINOS 418 days exposure
- b= MC ml] eeciBations - :
m n ......HIE.’llg}=ﬂDﬂI-I'I'\"
ok M€ Comike ray R S ]
ok PRD 73, 072002 (2006)
150 3
Q
o amm 01 0% 06 04 02 © 03 04 06 08 1
pro— . cos 0, Selection Data| Expected Expected
107 contained events no oscillations | Am3,; = 0.0024 eV?
i AETET A AN E G A G B % Nlead a8 Low Res. 30 Y 28+3
I - 68 % C.L.  MINOS Atmospheric v - Ambig, v, /v, | 25 26+ 3 20£2
Q N al - leii}; 418 days exposure | vy 34 42+ 4 31+3
B amm 1 7, 18 | 232 172
. ll} = ﬁ _m T T T E .il] ) T T
[=| [ ] =} s Data 1
x g 25 F MINOS o g 5E :Mf.t' oo oselllations -
3 Moo ] B |- MCAR = Am*= 0004 eV’ ]
- 2 = o WG (AT = L eV, Am® = 00024 &V
0 " =0 e m__DMCL:.:Eru:uﬂ. ]
15} £
© 4 F
0 [ 10F : ]
m : 55_ ] ;f"\.n"hrth+‘uh+hh+.h":“-“
10 < JSST IR (Ut SRS NN TR CHN T SN TS TS M (N THNEY TN Wl [N S WY N [I: | . s i ] ok ) R W
0 0.2 0.4 0.6 0.8 1 -1 £.5 0 0.5 1 -1 0.5 0 0.5 1
sin"20 cos 8, . cos 8,

Costas Andreopoulos



™ Neutrino Time Of Flight

W@ Rutherford Appleton Laboratory

GPS synchronises two detectors
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Science & Technology Facilities Council

W@ Rutherford Appleton Laboratory

NEAR Detector data events

High rates, Multiple neutrino interactions per beam spill.

©
=
7
Q
7
x
O
©
0

Run: 6823 Snarl: 95980 All 5 Slices

Reconstruction Summary
# Tracks: 4 # Showers: 4

Costas Andreopoulos




% i x FAR Detector data events
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