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Overview of this talk

» The MINOS experiment: physics and layout
e The search for v, appearance in MINOS:

+ Select v, candidate events

+ Measure the background in the Near Detector
+ Extrapolate the background to the Far Detector
+ Study sidebands in Far Detector data

4+ Results from Far Detector data

* Summary
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Neutrino masses and mixing

What is the current experimental picture?

o Iwermass scales:

V;

e the atmospheric mass scale: Am?;,

e the solar mass scale: Am?,,

>Am232 o .
* Large mixing angle for atmospheric

neutrino oscillations.

v, - e Solar neutrino oscillations are
S AAM :

o subject to matter effects. Non
maximal mixing angle.

BVve BV Vy * Mass ordering known for the solar
mass scale. Not known for the
atmospheric.
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MINQOS physics goals

study “atmospheric” neutrino oscillation parameters

v Study v, disappearance as a

V3 ~ function of energy:
\ v Precision measurements of
_|_—~¥Y Am?2,, andsin2(20,,).
Am?,,
|Am2,,| = 2.43 + 0.13 x 108 €V2 (68% CL)
v, I - sin220,, > 0.90 (90% CL)
v, — Kndf=90/97
Hve BV v, Decay: disjfayored at3.70
Decoherence: disfavored at 5.7 o
PRL 101 131802 (2008) World’s best measurement:
Q/ =" 2
3.36 x102Y protons on target (POT) 5% in Am?s,.
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MINQOS physics goals

study “atmospheric” neutrino oscillation parameters

Vv,

PRL 101 221804 (2008)

24611052 RET
Mayly Sanchez - ANL

v Mixing to sterile neutrinos at
2 2
Am?y,~Am?s,:

v Fraction of neutrinos that
oscillate into the sterile state.

Assuming no electron neutrino appearance:
f;=0.28%0-25 ) g(stat.+syst.)

f,<0.68 (90% CL)
* Other MINOS Physics:

« Use magnetized detectors for CPT
tests.

» Studies of cosmic rays and

atmospheric neutrinos in the Far
Detector.

e Neutrino interactions studies in the
Near Detector.
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MINQOS physics goals

study “atmospheric” neutrino oscillation parameters

+Search for subdominant
oscillations i.e. sin2(20,,).

v, I [ A2 v First results to be shown today.
g 21
vV, N ¢ 3.14 x1020 POT
Bve BV Vi
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Searching for 03

Missing element in the PNMS neutrino mixing matrix

» The probability of v, appearance in a v, beam:

R sin? 26;3)sin® 093 sin? A

+a cos Hl@in 2015 sin 2053 sin A cos A
—a/\ cos ng@sin 2015 sin 26053 sin A sin A

no matter effects

« Searching for v, events in MINOS, we can access sin’(20,).
» Probability depends not only on 8,; but also on dcp.

A non-zero 0,; would open the door to a CP violation measurement in

the neutrino sector which could reveal the origin of the matter/anti-
matter asymmetry of the universe.
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Searching for 03

Adding matter effects

T Gnels "o sl
» The probability of v, appearance in a v, beam: i TIASe I HE )
Pty Am?2, L
: , Al A e A A = 31
PV — V) & sin? 2673 sin” Go3 (14(1 e 1)2) AE
in AA sin(4 — 1)A
+2a sin 613 cos 0 sin 2615 sin 2055 smA sm((A 5 1)) cos A
in AA sin(A4 — 1)A
— 20 sIn (913 sin 0 sin 2(912 sin 2(923 SIHA Sln((A = 1)) sin A

« Searching for v, events in MINOS, we can access sin’(20,).

» Probability depends not only on 0,5 but also on dcp.

 Probability is enhanced or suppressed due to matter effects which depend
on the mass hierarchy i.e. the sign of Am?;, ~ Am?,,.
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Relevant oscillation parameters

* The CHOOZ experiment
published a limit in sin?(20,5).

Analysis A

Lr

dm’ (eVz)

CHOOZ

* Note reactor experiments do
not have dcp or mass hierarchy
dependence.

* Since then MINQOS has ey
measured Am?;, very precisely. B

-1
10 |

e Thus for this talk: /

CHOOZ limit (90%CL)
sin?20,; =0.15

MINOS best fit
|Am?;,| = 2.43 x 103 eV?

sin%20,; = 1.00

-4
10 | ‘ | ‘ | ‘ | I ‘ | ‘ | ‘ | ‘ | ‘ I ‘ |
0 0.1 0.2 03 04 05 0.6 0.7 0.8 0.92 1
sin“(20)

There are no measurements for 0cp or the mass hierarchy.
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* Produce a high intensity beam of
muon neutrinos at Fermilab.

MINOS in a nutshell

* Measure background at the Near

e If neutrinos oscillate we will
observe a distortion in the data at
the Far Detector in Soudan, 735 km

away.

Detector and use it to predict the
-ar Detector spectrum.

. Fermilab

—long baseline—

Mayly Sanchez - ANL
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Main Injector Neutrino
Oscillation Search

r
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The MINQOS detectors

* Functionally identical: Near and Far detectors

* 1 inch thick octogonal steel planes, alternating with planes of 4.1cm x 1cm scintillator
strips, up to 8m long. Magnetized.

* Near: ~ Tkton, 282 steel squashed octagons. Partially instrumented.

e Far: 5.4 kton, 486 (8m/octagon) fully instrumented planes.
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MINQOS detector technology
- * In both detectors:

» co-extruded polysterene

)

DT A—

& o scintillator strips
5 1x10m » orthogonal orientation on
: alternate planes - U, V
WLS fiber » optical fiber readout to multi-

‘ anode PMTs (M64 for the ND,
E/Yi);ines // M1 6 fOI’ the FD)

/2/ U Vv U

=
&
c
=

Clear
Fiber cables

" Steel Rt
m Scintillator

Multi-anode PMT

Orthogonal
orientations o
strips
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Producing neutrinos

Target Hall
A ~
Target
Protons from .
N
Main Injector
Hom 1 Horn 2
10m
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Muon Monitors
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Neutrinos from the Main Injector (NuMI)
10 ps spill of 120 GeV protons every 2.2 s

Currently 275 kW ty
Guentys e e

Neutrino spectrum ¢
position.
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Beam Ve component

« Neutrino beam has 1.3% of
V, contamination from pion

and kaon decays.

e Region of interest for the v,

oscillation analysis,
1-8GeV, dominated by
events from secondary
muon decays:

T

« Near and Far beam v,

spectra are constrained by
using v, events from several
beam configurations.
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Near Detector MINOS PRELIMINARY
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" Monte Carllo Fiducial Events
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Reconstructed Energy (GeV)

40

e Uncertainties on the flux in the
region of interest are ~10%.

14
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The Beam: NuMI protons

Current results on data through Run |l
Total NuMI protons to 00:00 Monday 23 February 2009

| I | I |

2006 v CC publication
7 2008 NC publication

2008 v, CC publication
Today’s v, C I [

0
2005/05/02 2005/10/23 2006/04/15 2006/10/06 2007/03/29 2007/09/19 2008/03/11 2008/09/01 70()9/(? 2/23

i

o

=Y
Total Protons (E20)

Protons per week (E18)
=)
H

.
IITTII1I1IITIT]TIT

o
o

Date
= e —R N > - = 7 T
RUN I - 1.27x1020 pOT  Higher RUN II RN >
energy 1.87x1020 POT 5
beam >3.00x104° POT

Results shown for run I+1l - 3.14 x 1029 POT
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Search for ve appearance:

Results using Run [+l
3.14 x 1029 POT



Neutrino Event Topologies

To select v, CC we focus on finding compact showers.
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Neutrino Event Topologies

To select v, CC we focus on finding compact showers.
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Ve appearance in MINOS

« Select v, events by finding electron candidates
in the MINQOS Detectors.

* Measure the background from events passing
V. selection in the Near Detector.

* Extrapolate the number of background events
to the Far Detector taking into account v, to V

oscillations.

 Look for an excess of v, events in the Far
Detector data. Cut and count events.
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Ve appearance in MINOS

= 3000 Near Detector MINOS PRELIMINARY i Far Detector | MINOS PRELIMINARY
8 - Monte Carlo V, sgected | 8 _ Monte Carlo Ve Selected
6 === NC
2@ = NC 8@ —— v, CC
- m \, CC -~ beamv, CC
%2000 i - S ma v_ CC
— ” ~ beamv, CC - 4 == osc.v, CC
> ®
O 1000 - O
- P | - 2
I @
= Sl |
5 5 T il
> —— I T R S T > ............................ ¢ L—
w9 2 4 6 8 w9 2 4 6 8
Reconstructed Energy (GeV) Reconstructed Energy (GeV)

When selecting v, event candidates in the Near Detector we will have a mix of components
that do not extrapolate in the same way to the Far Detector.

We need to separate the main background components NC, v, CC and beam v, CC events,
in the Near Detector.

Then extrapolate the background in the Far Detector by extrapolating the components,
oscillating the v, CC component and calculating the v, CC.

Then look for the v, excess arising from v, to v, oscillations in the Far Detector.
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Selecting ve events



Selecting Ve events

» Basic cuts to ensure data quality:

e Fiducial volume cuts:

e Near Detector:
st 2 = ST (O

» Beam quality and detector quality cuts.
e LaEPere e
B A B[ |22 85 0] e 1) e a6 B )

-°
QSN = DM

» Cosmic rejection cuts based on steepness.

* V, preselection cuts to reduce background.

e V, selection cuts based on shower topology.
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Ve Preselection cuts

10° Far Detector MINOS PRELIMINARY
g T T T T | T T T T T T T T | T T T T | T T T T §

B Monte Carlo :

o I 7] vOs¢ Signal ]
O 10°¢ Selected Ve SI9 -
£ g ‘ NC =
No : —v, CC .
™ 102 ; — Vl‘;eam cC .
= - | — v, CC -
- O -
2 % :
5 - §

> 1 g; LI_I_LI_'H

w v 5
7 E_'—H ]

-1 [
105, 10 20 30 40
Number of track planes

0
o

signal at CHOOZ limit

* Preselection requirements:
 Track length < 25 planes.
* Track like length < 16 planes.
 Reconstructed energy 1-8 GeV.

* At least one shower and 4 contiguous
planes with > 0.5 MIP energy units.
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Candidate Ve in the FD data

* Typical EM shower characteristics: Run: 32687 Snarl: 90343

o steel thickness: 2.54cm ~1.44Xo Reco Energy: 4.6 GeV
e strip width: 4.12cm (Moliere rad ~3.7cm)

10

«
|
I
1
Il
I

I
o

0.5

.l|IIII|IIII|IIIL

1 I 1 1 1 I
4 5
Depth in I'.'?etector in Planes along Z-Axis (m)

Transverse Strip Position U-Axis (m)

) " plane @)

i B -
o
<
D

10

1.5
[

x mm B H =
I ..

5

Transverse Strip Position V-Axis (m)

I
o

| I I stfip (V~ N 4.5
A5 . . Axis) i)
Depth in Detector in Planes along Z-Axis (m) plane (Z-AX

|
5

Mayly Sanchez - ANL 24 FNAL W&C Seminar - 02/27/09




Event Characterization
Input to Artificial Neural Network (ANN)

Candidates must contain a compact shower
and exhibit characteristic EM profile.

Hw————————7 5
u shower rise: a N
=) — i
w — i
= _ N
> 20— —
2 T }/ shower fall: b ]
Lu | —]
10— N -
0 L : N
0 5 L 10 ) 15 20
Longitudinal Energy Profile by Plane
40_ | | N L [~ T - - r T
30 . _30r ]
> =
w i
= =
R ] o N
240 2
) o
; i
uJ10— - 10 ]
| e S VE——— 1 N

=10 0 — 10 -10 0 =10 .
Trans. Energy Prof. by Strip (U-View) Trans. Enerqy Prof. by Strip (V-View)

Run: 32687 Snarl: 90343
Reco Energy: 4.6 GeV

longitudinal:

d_E o (bt)a_l — bt
bt Eb ['(a)

- fraction of energy deposited

within 2,4,6 planes

- longitudinal energy projection

transverse:

- 90% containment radius

- lateral shower spread (RMS)

- fraction of energy deposited
within 3 strips along shower axis
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Selecting Ve events with ANN

event characterization in length, width and shower shape
Far Detector MC MINOS PRELIMINARY Far Detector MC MINOS PRELIMINARY Far Detector MC MINOS PRELIMINARY
~ Preselection - | Preselecon - " Preselection |
0.1 — Signal ] 0-1j — Signal ] 0.151- — Signal
8 :;' — Background ] E - —— Background :f' — Background
= | 8 2 g o1 ]
& '§ 0.05 = '§ 0.05- '§
qv) o o o 5
X 0.05— —
X :
% o5 1 15 2 %02 04 06 08 1 G a 6 —5
Shower fall fit parameter (parameter b) Fraction of pulse height in a narrow road Lateral shower spread RMS (strips)
Far Detector MC MINOS PRELIMINARY
= 2 = [ ' ' ' ' [ ' ' ' ' [
* 11 variables chosen describing - Preselection —
length, width and shower shape. - — signal
! : 2 0.1~ __ Background N
* ANN algorithm achieves: =
: 35, s S
* signal efficiency 41% 3
- - y 0.05 -
* NC rejection >92.3% * -
e CCieealions S0y, -
* signal/background 1:4 % 0.5 1
ANN
Area Normalized

Primary selection method Am?27=0.0024 oVZ, sin26p=1.0
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Alternative selection algorithm
Library Event Matching (LEM)

What is the likelihood that two events come from the same hit
pattern at the photomultiplier level?

Good match 7‘ - Bad matchY

AR
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transverse position (strip)
transverse position (strip)

<

o N
o

b

« Compare each input event to large library of MC v, CC and NC events.

 Select 50 best matches according to the likelihood that two events
have the same hit pattern in position and energy deposition.

 Construct discriminant variables from the properties of the 50 best
matches, eg. fraction of the 50 best matches that are v, CC.
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Selecting Ve events with LEM

fraction of electron neutrino events in 50 best matches

Far I;)etectqr MC ‘IV‘III\‘IOS PFFE!_IMINARY qu Pgtecth ‘MQ | I\‘IIII‘\IOS‘PI‘:{E‘LIMI‘N‘AR‘Y Fgr I‘Je‘tect(‘)r ‘M(‘i | I\‘IIII‘\IOS‘PBE‘LIMI‘NAR‘Y
0.08: Prese_lection : 0.1 TS;:;::)" — Prese_lection 7
EO'OG :?:cnkag:round | _‘? - Packaround _‘? 0.2; :2?:;9"'0““(1 7
- 1z 3 o o O
-§ J -CS 0.05— — '§ frac Qm tched+Qunm tched
o || o a 0.1~ 7
0.027 .
0(7)‘ 02 04 06 08 - O 02 04 06 08 1 °o — 92 04 06 08 1
fraction of best 50 matches that are v, CC mean y of best 50 matches that are v, CC mean Q,  of best 50 matches that are v, CC
3 variables combined in a likelihood Far Detector MC __MINOS PRELIMINARY
as a function of energy. 03l oreseloction ;
- : I — Signal |
* LEM algorithm has better signal 2 —_ Background .
efficiency and background rejection. | 8 %% |
o [
* Sidebands may indicate an SR
unexplained Far/Near difference to -|_I_|:|_._I_i
which this method would be more O 02 02 o8 o8 1
1H1 LEM
sensitive. Area Normalized

Secondary selection method Am?37=0.0024 V2, sin?6=1.0
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Determining the
background for the

Ve Selection



Ve selected Near Detector data

MC tuned to external bubble chamber

data for hadronization models. Near Detector MINOS PRELIMINARY
- SR SEE A T | T T ™ ' 1 T g
 External data sparse in our 1% ANISesclet: 1)
i t' B-3000- — Total Data |
inematic range. 2 gz ]
» Strong background rejection leaves 5 : i
just tails of distributions. « 2000~ 7 ]
It is not surprising that the data/MC = el i
shows disagreement with the model. %1000; : ki
Discrepancy is within the large E i
uncertainties of the model. = [0 s T e T
o 0 2 4 6 8
We have developed two data-driven
methods to correct the model to reconstiuclod Energy (Gex)

match the data.

 The MRCC method uses muon removed v, CC to study the hadronic showers
and correct MC.

* The Horn on/off method uses the difference in background composition of the
two horn configurations.
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Studying hadronic showers using
muon removal techmque

e Remove the muon track in a
selected v, CC event and use

the rest as a hadronic shower

only event.

* We use events that pass our
v, Charged Current event

selection,

e hanayesa
well defined track.

0.5

IRY

: =

10.5—

Run 9671 Snarl 87402
Reco Event Energy: 5.3 GeV
Reco Muon Energy: 3.2 GeV

« hadrons

Y AT 4
- -P-I‘i'l'-F >

Run: 9671 Snarl: 87402 -
Reco Event Energy: 2.1 GeV -

ANN PID: 0.86

ND Data Event A

Jl-removed .,

GTIIII

2 3

» Well understood v, CC spectra, with

well known efficiency and purity from
the v, disappearance analysis.

Muon Removed Charged Current events
= MRCC events
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Hadronic shower modeling in the Ve
selected data and muon-removed data

We apply the v, selection to the

standard data and MC as well as
to the Muon Removed data and
MC.

Discrepancy with the model
shows the same trend not only
in energy but in shower
topology for both sets.

Thus modeling of the hadronic
shower is a major contribution
to the disagreement.

As the MRCC sample is
independent, we can use it to
obtain a data-driven correction
to the model.
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- 16.6% data/MC
- 13.8% MR data/MC
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Hadronic shower modeling in the Ve
selected data and muon-removed data

We apply the v, selection to the

standard data and MC as well as
to the Muon Removed data and

MC.

Discrepancy with the model
shows the same trend not only
in energy but in shower
topology for both sets.

Thus modeling of the hadronic
shower is @ major contribution
to the disagreement.

As the MRCC sample is
independent, we can use it to
obtain a data-driven correction
to the model.
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Using MRCC as a data-driven correction

* We use the data/MC ratio from MRCC
to obtain a data-driven correction that
is applied to the standard NC events as
a function of energy.

ORI it MRCCfgdata MC
NE e — ATRCCMT X NC.

e« The number of U RE@erenisis taken

from the number of events in the data
minus the corrected NC and beam v,

events.

» Differences between NC and MRCC
showers introduces a systematic error

that is difficult to quantify.

Secondary separation method
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Estimating the background using
horn on and horn off data

* When beam horns are turned off, the parent pions do not get focused,
resulting in the disappearance of the low energy peak in the neutrino energy
spectrum.

- Near Detector MC MINOS PRELIMINARY
e B
8 50003_ n Reconstructed in Fiducial -
© —— Horn-On MC -
> 4000 e
Ay - — Horn-0Off MC .
3 3000} -
O - -
5- 20005_ _f
£ 1000} 1
S - -
Lﬁ ; AR S TN SN NSNS TN ST SN MM S S .
% 10 20 30 40
Neutrino Energy (GeV)

« The consequence is a spectrum dominated by NC arising from the long tail in
true neutrino energy that gets measured in our region of interest in visible
energy.
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Estimating the background using
horn on and horn off data

o After applying the v, selection cuts to the ND data, the composition of the

selected events is thus very different with the NuMI horns on or off.
Near Detector PRELIMINARY Near Detector PRELIMINARY
5 3000————————————— 51000 - R
a Horn On Monte Carlo - o : Horn Off Monte Carlo
= ANN Selected o , ANN Selected
- o 800
= ~NC T —_— —NC
2000 Bv, CC 3 | Mv, cC
. | —beamv, CC = 600; —beamv, CC
% ® !
o ! (¢ 400
« 1000 i |
P @ 200~ :
& S | :
> . g { 0 LR Ry ] e — S —— > __.-—-n—-:- 8 ey e £ ey ERESTENN, A
w9 2 4 6 8 w9 2 4 6 8
Reconstructed Energy (GeV) Reconstructed Energy (GeV)

 Using the horn off spectrum which is dominated by NC, we can measure that
component with better precision than in the horn on beam.
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Estimating the background using
horn on and horn off data

o The beam v, flux is obtained from the v, CC flux which is constrained by data
in the different beam configurations.

* The two main background components can be estimated using the number of
data events in the horn on and horn off configurations: N°" and Neff.

Neon = NN o N cet Ne (1) ,_wooNear Detector PRELIMINARY
O™ " " Hom Off Monte Carlo -
NOff 3 I’NC*NNC =i I‘CC*NCC-I—re*Ne (2) : 800£~ ANN Selected
o 800 —_— —NC
S f Ev, CC
\ from MC: « 600 ‘
et Off/N o r - beamv, CC
rNC(CC,e)_NNC(CC,e) NC(CC,e) > |
(¢ 400
he key | h ff/on rati g 2
8 200 .
The key is to use the Horn oft/on ratios s o =
for each component to solve. w % 2 4 6 8
Reconstructed Energy (GeV)

» Producing data-driven predictions for NC and v, CC background for the horn

on configuration.
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Estimating the background using
horn on and horn off data

e Horn off/on ratios for v, . CC and NC selected events match well

between data and MC after fiducial volume cuts.

e Similar ratios are used to solve the horn on/off equations.

..g Near Detector MINOS PRELIMINARY n Near Detector MINOS PRELIMINARY
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Q c
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= —— Data ‘ -T-T - —— Data ' -
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o 0.5 "% 0.5 ==
5 T g -
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@) 0 2 il 6 8 ~ 0 2 4 6 8

Reconstructed Energy (GeV) Reconstructed Energy (GeV)

MC error statistical plus systematic.
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ND data-driven background

Results from the Horn on/off method

Near Detector MINOS PRELIMINARY

h 2500 | I | | 1 | 1 1 | ] T
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o a = ND Data ]
@ 2000 e — HomomoffNe. ]
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S 1500 =

-

21000

o e

»

= 500

Q

>

m - 1 i< 1 ! 1

0 2 4 6 8

Reconstructed Energy (GeV)

 The NC and v,, CC components for the the standard beam configuration are

simultaneously solved in the horn on/off method and are by definition equal to the
data after beam v, subtraction.
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ND data-driven background

Results from the both methods

Near Detector MINOS PRELIMINARY
F2500 T T T | T T T | T T T | T T T | T
(@) ANN Selected
mﬂ. B == Horn On/Off NC B
‘62000: —s— Horn On/Off v, CC -
T - —e— MRCC NC .
o . ]
1_.1500_ —— MRCC v, CC i
T T —
21000f |
> [ ]
'S | — i
g ]
7 — _
£ 500 ?E_E—i—:o_ -
I ]
E L |=F 1 1 1 m
0 2 4. 6 8
Reconstructed Energy (GeV)

* The two data-driven methods, Horn on/off and MRCC, are in good agreement in the
Near Detector NC and v, CC background for the v, analysis.

 Each background is then extrapolated to the Far Detector.
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Predicting the Far
Detector background
and signal



Predicting the FD background

Use Near Detector data to predict Far Detector spectrum.

We expect the Far Detector spectrum to be similar to 1/R?
scaled Near Detector spectrum, but not identical.

_ 0.43E,

P Target m™ oY B T £
—_—> \ v
Decay Pipe > e 1+770°

Predict the event rate at each energy bin by correcting the
expected Monte Carlo rate using the ratio of data to Monte
Carlo in the Near Detector:
. BB
DicdiciCas s i Data
D i ND,
The Monte Carlo provides necessary corrections due to
energy smearing and acceptance.

Mayly Sanchez - ANL 42 FNAL W&C Seminar - 02/27/09



Other Far/Near differences

MINOS detectors are very similar, however there are small differences:

 Far/Near spectrum different due to beamline geometry and oscillations in the Far.

Readout patterns:
« Light level differences due to differences in fiber length.
« Multiplexing in the Far (8 fibers per PMT pixel).

e Partial (one-sided) readout in the Near.

Photomultipliers (M64 in Near Detector, M16 in Far):
 Different gains/front end electronics.

« Different crosstalk patterns (also related to readout patterns).

Neutrino intensity:

« higher rates in the Near Detector thus faster readout.

Relative energy calibration.

These considerations affect the Far/Near ratio

and are considered in the extrapolation uncertainties
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Predicting the FD background

» The Near Detector v, selected NC and v, CC background
components are corrected by the Far/Near MC ratios:

107 MINOS PRELIMINARY x10°3 MINOS PRELIMINARY
> ANN Selected NC > ANN Selectedv, K CC
@ 94 Monte carlo 2 @ 94 Mmonte carlo 2
O O
- i ] i
P 0.3~ = P 0.3 —
At -
T E T E
X 9.2 . X 9.2
- - 1 R - L
5 | man I
£ 01" | & < o4k e . _
5 "l 8 —r seas
L L i

v [ I LR | — BTSN B ML W S | .
00 2 4 6 8 00 2 4 6 8
Reconstructed Energy (GeV) Reconstructed Energy (GeV)

 Far/Near ratio accounts for geometry, fiducial volume ratio, intensity,
other detector effects and oscillations.

» The signal v, and the v, CC from v, oscillations are corrected using
the extrapolation of the v, CC spectrum.

e The beam v, in the Far Detector are taken from the MC.
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FD background systematic errors

Extrapolation errors

MINOS PRELIMINARY
T : T T T T | T T T T
EEEEE}:-}:-:-:-:-:'}:-}:-:-»:-»:-}‘ A N N S e I e ct e d

All Others
Hadron Energy
Beam Model NC and v, CC
Hadron Mult.
Intensity

Preselection
Absolute Energy
lLow Pulseheight
Hadronic Model

Normalization
Crosstalk
Gains

Relative Energy

Extrap Total

0 5 0 5

-
o

Systematic Uncertainty (%)

* For most systematic errors, we generated special MC with the
modified parameter in Near and Far. Used this modified MC for
extrapolation and calculated the difference with the standard results.

* For the main background components the larger systematics are

relative energy, gains, crosstalk and relative normalization.
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FD background systematic errors

Total errors

Preliminary Uncertainties Horn On/Off
(1) Extrapolation 6.4%
(2) Systematic (separation method) Tl
(3) Statistical (separation method) 2eah
Total (sum in quadrature) 7.3%
Statistical error (data) 19%

Systematic uncertainties are dominated by error in the extrapolation.
Statistical uncertainties dominate.
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Data-driven

FD data-driven background

Total NC MACEs V@@ sy e

Horn on/

off 27 18.2 5.1

1.1 252

Methods

MRCC 23 2= )50

scaled to 3.14 x10%0 POT

The two data-driven methods, Horn on/off and MRCC, are in excellent
agreement in the Far Detector.

~1 event difference is well within errors.

The horn on/off is the primary separation method.

The background prediction at 3.14 x10%° POT is:
27 +5(stat)=2(sys)
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Estimating the signal efficiency

= T T T T | L | T T T | T T T T g—

* After removing the muon : 1 _
track in selected v, CC 051 1 ;

hadrons

events, we replace the v s IV 1.1 electron-added ]

: e - T
lepton with a MC electron. I \

JL-removed .

: =

10.5—

* This simulates a DIS signal
event using the hadronic

‘ 1 | 1 1 1 1 | 1 1 1 1 | 1 1
1 2 2

°f
-‘_
3
€

shower from the data.

0.2

e Simulation of electrons
benchmarked against test
beam data.

PS (0)
Agreed better than 3%. 02 Shower Remnars

w/ electron
. . . L ] . . . .
) 0.5 1

Muon Removed w/ electron added
= MRE events
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Estimating the signal efficiency

« The v, selection is applied to the MRE data and MC.

 The ratio of data/MC is applied as a correction to the signal efficiency.

 Expected signal depends on dcp and the mass hierarchy.

The signal prediction at the CHOOZ limit (3.14 x102° POT)
ranges from: 6 to 12 events.

Efficiency/ GeV

Near Detector

MINOS PRELIMINARY

I T I I
ANN Selection i
i — MRE Data _
0.6 — MRE MC
I~ e O
]
0.4 —
——
0.2 o —
0_ 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1
0 2 4 6 8

Reconstructed Energy (GeV)

Data/MC

. 2Near Detector MINOS PRELIMINARY
- T T T | T T T | T T T | T T T | T
- ANN Selection _
1.1 .
D S
0.9_— —
L l l . l l
0.8, 2 4 6 8

Reconstructed Energy (GeV)
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Blind Analysis

* We have performed a blind analysis.

 Before using any Far Detector data in the
signal region all background and signal
predictions were finalized.

* including systematic errors

 We also studied 3 sidebands available:

e Far Detector Muon Removed events.

e Far Detector Muon Removed w/ electron events.

« V, selection region below the signal cut.
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Far Detector

Sidebands
3.14 x 1020 POT



Muon removed sideband

Far Detector MINOS PRELIMINARY
- 30 —u u - Removed Predlctlon Selected -
@) | ——u - Removed Data > @)
o i Preselection | a 80
v 20 g + ” =< 60
< _ i <
- | _L _ -
0 R i D 40
S S
8 1o—+1 + + . IL
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> I * ] >
i Ty |
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Far Detector MINOS PRELIMINARY

—u- Removed Predlctlon
—o— 1 - Removed Data

Preselection

Selected

Events/3.14x10°POT

oA T T

Primary selection method

« We observe a total of 39 events.

* We expect 29+5(stat)=2(sys) events.

 \We observe a total of 25 events.

* We expect 17+4(stat)£2(sys) events.

e Results are consistent within 2 o for both selections.

e It is possible this is a statistical fluctuation or it might hint to an
unexplained Far/Near difference.
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Muon removed w/electron sideband

* Adding the electron to the muon removed events,
present good agreement in PID.

Far Detector MINOS PRELIMINARY
- ' ' I ' ' ' ' [
40 : —
5 - Preselection -
X [ - i
8° 30/ MRE Data : .
> - — MRE MC | )
q -
- 20 ]
() [
3 | _
= I :
ot _
s -+ :
i i ]
0 ! ! I
0 0.5 1
ANN

Primary selection method

« We observe a total of 159 events.

* We expect 152+13(stat)+12(sys) events.

Far Detector MINOS PRELIMINARY
[ | T T T T | T T T T | _]
go- Preselection + |
- —— MRE Data
60 -
-~ MRE MC

Events/3.14x10%° POT

 \We observe a total of 180 events.

* We expect 176+13(stat)£16(sys) events.

Results are consistent within 0.5 o for both selections.
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Lower PID region

* We also looked in the lower PID region. Finding no

obvious disagreement.

Far Detector MINOS PRELIMINARY

Far Detector

MINOS PRELIMINARY
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% 0.2 0.4 0.6 0.8 1 % 0.2 0.4 0.6 0.8 1
ANN LEM

Primary selection method

« We observe a total of 146 events.  We observe a total of 176 events.

* We expect 132+12(stat)+8(sys) events. * We expect 157+13(stat)£3(sys) events.

Note results are ~10 above expectation for both selections.
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Ve appearance result:

MINOS PRELIMINARY



Observation 35 events

Expected Background 27+5(stat)+2(sys)
for 3.14 x 10°° POT

MINOS PRELIMINARY



Ve Selected Far Detector Data

Primary selection method

 Preselected data in the FD as a function of PID compared to the corrected MC.

Far Detector MINOS PRELIMINARY
30— ~ Preselection Sellecteld
—Prediction >
=-Data

@

mﬁ;ﬁ“%ﬂ%

0 05 T
ANN

Events/3.14x10%° POT
¢
|

« We observe a total of 35 events.

* We expect 27+5(stat)+2(sys) background events.

Results are 1.5 0 above expected background.
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Far Data Ve selected distributions

Far Detector MINOS PRELIMINARY
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Ve Selected Far Detector Data

Primary selection method

* We observe a total of 35 events in this sample.

* We expect 27+5(stat)£2(sys) background events.

Far Detector MINOS PRELIMINARY Far Detector MINOS PRELIMINARY
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* If we fit the oscillation hypothesis to data, we can obtain the signal prediction for the
best fit point.
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Ve Selected Far Detector

Secondary selection method

* We observe a total of 28 events in this sample.

* We expect 22+5(stat)£3(sys) background events.
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* If we fit the oscillation hypothesis to data, we can obtain the signal prediction for the

best fit point.
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MINOS 90% CL in sin?2013

Fitting the oscillation hypothesis to our data

e Plot shows 90% limits in

Ocp Vs. sin?2013

* shown at the MINOS best fit
value for Am?3, and sin?20,s.

e for both mass hierarchies

A Feldman-Cousins method was

used.

* Results are for primary selection
and primary separation method.

Mayly Sanchez - ANL
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MINOS 90% CL in sin?2013

Fitting the oscillation hypothesis to our data

e Plot shows 90% limits in
Ocp Vs. sin220+3

* shown at the MINOS best fit
value for Am?3, and sin?20,s.

e for both mass hierarchies

A Feldman-Cousins method was

used.

* Results are for primary selection
and primary separation method.
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Future 90% CL contours
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Potential Feldman-Cousins C.L. contours for ANN
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Future measurement if data

excess persists.

Future limit if excess cancels
with more data.

We are close to doubling the data in current running!
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Summary

« We have completed an initial search for v, appearance
in the MINOS data.

« We developed two v, selections that have a rejection of

>92% for NC and >99% for v, CC, the main background
components for this analysis.

» We used two data-driven techniques to estimate the
background in the Far Detector.

 We studied sideband Far Detector data to check the
extrapolation techniques:

» Sidebands show adequate agreement, with an excess of 1-2 ©.

 Observed excess could be a statistical fluctuation or a hint of a
Far/Near difference.

More data will clarity these issues.
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Summary

» We observe a total of 35 events and expect
27 +5(stat)£2(sys) background events for
3 0RO

» If fitted to a oscillation hypothesis we obtain the
limits at the MINOS best fit for Am?2;, and sin2(20,5):

 normal hierarchy, 0cp = 0: sin?(20,3) < 0.29 (90% CL)

« inverted hierarchy, dcp = 0: sin?(20,;) < 0.42 (90% CL)

We are close to doubling these data in current running!
Expect next result with > 7 x 1027 POT
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MC tuned to external bubble

MINOS Monte Carlo

Good agreement in W? for forward and backward hemispheres

chamber data for hadronization (or

fragmentation) models.

Region of interest in mass of

hadronic system: 1 - 15 GeV? in W-?
or1-4GeVinW.

However, data available is for

relatively higher energy than the
region of interest for this analysis.
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MINOS Monte Carlo
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* Tuning focused in the following
quantities:

» Charged/neutral pion
multiplicity and dispersion.

e Forward/backward
fragments.

 Fragmentation functions.

* [ransverse momentum.

i
e Transverse momentum still too

low in forward hemisphere,
and model at lower W2 is an
extrapolation.

We need to use more information from our own data in the Near Detector.

Mayly Sanchez - ANL

64

FNAL W&C Seminar - 02/27/09



Shower Topology

Near Detector MINOS PRELIMINARY
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Near Detector

MINOS PRELIMINARY
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w

Shower Topology
Longitudinal shape

* Fraction of pulse height in
a 4-plane window for the

standard Ve selected data

and the MRCC Ve selected
data and MC.

* The ratios of data/MC
show the same trends
particularly at the peak of
the distributions.

* The double ratio shows
the level of agreement.
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Shower Topology

Near Detector MINOS PRELIMINARY
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Fraction of PulseHeight in a 6-Plane Window
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Near Detector

MINOS PRELIMINARY
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Shower Topology
Longitudinal shape

Fraction of pulse height in
the 8 hottest hit strips for

the standard Ve selected

data and the MRCC Ve
selected data and MC.

The ratios of data/MC
show the same trends
particularly at the peak of
the distributions.

The double ratio shows
the level of agreement.
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Near Detector

MINOS PRELIMINARY

g 0000 —— 1 - Removed Data —

T B ﬁf — u - Removed MC
g i - Std. Data il

Z - — Std. MC

8 — — = —
= 5000 —

< — —
' Preselection

7)) - i

wjed

C —o—

o = _
>

LLl - _

|
| | 2]
2 - ; ‘I‘ | -
« 1.5 = T, , —t—e— 1T
s — —0—0—:3:—5—-°-='€$= -E
2 e :
T 0.5 :_ -o- u - Removed Events _:
() " E -»- Standard Events .
o —
— 1.5 —
© N ’
P : L B
B o e e LB e =
e B —e——e——t—mé—_, - |-
- | —e—
@ B | 7
= 0.5 | | | | ~
0 1 1.5 2

0.5
Shower Fall Fit Parameter (Parameter b)

Mayly Sanchez - ANL 7

Shower Topology

Longitudinal shape
e Parameter b from the
longitudinal shower fit
standard Ve selected data

and the MRCC Ve selected
datacanecME

* The ratios of data/MC
show the same trends
particularly at the peak of
the distributions.

* The double ratio shows
the level of agreement.
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Near Detector

MINOS PRELIMINARY
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Shower Topology

Longitudinal shape
e Parameter a from the
longitudinal shower fit
standard Ve selected data

and the MRCC Ve selected
datacanecME

* The ratios of data/MC
show the same trends
particularly at the peak of
the distributions.

* The double ratio shows
the level of agreement.
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Shower Topology
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Near Detector MINOS PRELIMINARY
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Shower Topology

Transverse shape
 Radius of 90% energy
containment in number of

strips for the standard Ve
selected data and the

MRCC Ve selected data
and MC.

* The ratios of data/MC
show the same trends
particularly at the peak of
the distributions.

e The double ratio shows
the level of agreement.
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Near Detector

MINOS PRELIMINARY
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Lateral Shower Spread (RMS)
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Shower Topology

Transverse shape

e RMS in the U andV views
combined for the standard

Ve selected data and the

MRCC Ve selected data
and MC.

* The ratios of data/MC
show the same trends
particularly at the peak of
the distributions.

* The double ratio shows
the level of agreement.
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Shower Topology

Near Detector MINOS PRELIMINARY
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Near Detector

MINOS PRELIMINARY
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Shower Topology
Overall shape/energy

e Sum of the minimum

distances of larger than
average hits for the

standard Ve selected data

and the MRCC Ve selected
data and MC.

The ratios of data/MC
show the same trends
particularly at the peak of
the distributions.

The double ratio shows
the level of agreement.
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Near Detector MINOS PRELIMINARY
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Shower Topology
LEM input variable

* Fraction of the best 50 Ve-
CC matches with y<0.9 for

the standard Ve selected

data and the MRCC Ve
selected data and MC.

* The ratios of data/MC
show the same trends
particularly at the peak of
the distributions.

* The double ratio shows
the level of agreement.
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Shower Topology
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Mean Fract. Charge of Best 50 v_-CC Matches

Shower Topology
LEM input variable

* Mean fractional charge of

the best 50 Ve-CC matches
with y<0.9 for the

standard Ve selected data

and the MRCC Ve selected
cdar-andEN@E

The ratios of data/MC
show the same trends
particularly at the peak of
the distributions.

The double ratio shows
the level of agreement.
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Muon removed w/electron sideband

* Adding the electron to the muon removed events,

present good agreement in PID, within 10.
Far Detector MINOS PRELIMINARY Far Detector MINOS PRELIMINARY
R R Jr T 5 sl Momeoen Lo
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0L 0- 1
data pred. stat Sy'S o Diff
ANN>0.7 s 151 13 12 g5
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Mayly Sanchez - ANL 82 FNAL W&C Seminar - 02/27/09



Region below signal cut

data pred. stat Sy o Dift
ANN<0.55 146 1557 1= 8 18,
0.55<ANN<0.7 46 38 6 2 1.4
LEM<0.55 176 15557 13 5 ]
0.55<LEM<0.65 T2 7 3 0 155te]

MC scaled to 3.14 x104° POT

* Predictions are shown using the Horn on/off method.
Results from MRCC very similar.

* Both PIDs are consistent within 10 for the low PID
region, and within 20 for the intermediate PID region.
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