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The Standard 3-neutrino Picture

Two mas splittings Vv, I
— Large: Am?_ =~ Am?,, =2x107 eV?
— Small: Am?_; ~ Am?,, = 8x10°5 eV2 Am’
Three mixing angles:
: _ Vv, BT )
— Atmospheric: 0, ~ 45° (maximal?) Am
V, sol
— Solar: 6, ~ 34° 1
— Reactor: 0,53~ 9° v, v, v,
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Why study v, and v,?

e Standard neutrino model
predicts identical oscillations

— Differences would indicate new
physics!

— Could manifest as different
apparent mass-splittings

* Antineutrino parameters are
known with much less precision.

— Only the MINOS experiment that
can identify v, event-by-event

Vv, )4 5
. Am_,
— Allows a direct measurement of v, SO

antineutrino oscillations
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The MINOS Experiment
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The MINOS Experiment

Fermilab

\r Detector

v, spectrum

Near Detector at Fermilab
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The MINOS Experiment
Soudan
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The MINOS Experiment
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Making a Neutrino Beam
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Making an Antineutrino Beam
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Ratio n* /

Antineutrino Cross-section
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 Why is the peak rate x3 lower?
— x1.3 lower m production

— x2.3 lower interaction cross-section
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Protons per week (E18)

NuMI Beam Performance
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MINQOS Detectors

J

2.54 cm Fe

. Extruded
scint. strips

uv p|anes 4.1 x 1 Cm2

+/- 45°

WLS fiber /% \
4

Alternating layers of steel and plastic scintillator

Design as similar as possible to minimize systematics

Multi-anode PMT "G

Event-by-event identification of u*/u” thanks to
1.3 T magnetic field

980 ton Near Detector, 5.4 kiloton Far Detector
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Signal

Backgrounds

v, CC Event
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Simulated Events

» Deposition < 2.0 pe
® 2.0 < Deposition < 20.0 pe
® Deposition > 20.0 pe
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Selecting Charge Currents

10q
CC/NC Selector S8 °,. 2-Variable Example
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Select CC Antineutrinos
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Near Detector Spectrum

Reconstruct the neutrino energy:

— Muon Track
* Range (contained)
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Events/Kton/1x10"® POT

N
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Near-to-Far Extrapolation

The Near Detector and
Far Detector spectra

are not identical.

Use a matrix to encode:

— beamline geometry
— decay kinematics
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FD Events/GeV

Far Detector Data
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No-oscillations hypothesis is disfavored at 6.3¢
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Neutrinos and Antineutrinos

— 2 +0.45 -3 2 2 0.11 -3 2
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New Results
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Since that time, MINOS has accumulated an additional 1.65x102% POT

New analysis incorporates
— Remove ND tracks likely to have a failed reconstruction
— Improved shower resolution
— Atmospheric neutrino samples included
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* Final MINOS results presented at Neutrino 2012 show no
tension between neutrinos and antineutrinos
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Conclusions

MINOS made the first direct, precision measurement of
antineutrino oscillations using a dedicated antineutrino run

The 1.71x1029 POT antineutrino measurement showed some
tension with neutrinos (p=2%)

With an additional 1.65x102° POT and analysis improvements,
neutrino and antineutrino parameters are no longer in tension

The I\/IINOS Collaboratlon

Thanks to all my MINOS
colleagues, my thesis advisor
Harvey Newman, and my
many unofficial advisors

_ 140 scientists
Alex Himmel 31 institutions




@ MINOS full-exposure results
BN neutrinos vs antineutrinos

Extended fit allows different oscillation parameters for neutrinos and
antineutrinos, and confidence limits are placed on the antineutrino oscillation

parameters
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The new data resolves the tension between neutrino & antineutrino parameters

Nelson, W&M, MINOS, 2012 User's Meeting 11
Alex Himmel 25



Peak vs. Tail
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Events per 1e16 POT

Target Degradation
Began during Run II and continued through Run III
The exact mechanism of the decay is not known

Missing fins at the shower max in the target model the energy-
dependent effect

Target to undergo post-mortem later this year

Cancels between the two detector

10 |~ Near Detector ot g Phg =
— %ﬁ& %&. .
8 - o %\ﬁhﬂ’#& B
%{% . %
- # —
6 [ s -
e S i
4 - —+— Run Il Data i
2 - —+— Run lll Data 7]
) MINOS Preliminary -
O ||||||||||||||||||||||||||||||||||
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
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A combined analysis
using all antineutrino
data is planned.
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Detecting Neutrinos

Hadrons

* Cannot directly observe the neutrino

* Instead, observe the charged particles after a
neutrino interacts with a nucleus in the detector

Alex Himmel 31



Detecting Charged Particles

MINOS SCINTILLATOR STRIP

< ' REFLECTIVE SEAL
TiO2 LOADED POLYSTYRENE CAP

CLEAR POLYSTYRENE 10mm
SCINTILLATOR

UP TO 8m

WLS FIBER

41mm

* 4 cmx 1 cm plastic scintillator strips
 Embedded wavelength-shifting fiber
 Scintillation light amplified by multi-anode PMTs
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MINQOS Detectors

1 cm thick, 4.1 cm wide
Plastic Scintillator

I in thick Steel

Read out on
wavelength-shifting
fibre to multi-anode

PMTs

1.3 T toroidal
magnetic field can
distinguish neutrinos
and antineutrinos

E = Strips in alternating
N D directions allow 3D
x event reconstruction

Alex Himmei; R 33
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Selecting Charged Currents
10—

 Basic selection
— In-time with the spill
— In the fiducial volume

— At least 1 reconstructed track

* CC/NC separation using a

KNN algorithm

— Compare to Monte Carlo events

— Fraction of signal in k most

similar events is the
discriminant

Alex Himmel

Input variable 2
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* CC/NC separation using :
KNN algorithm

Selecting Cha

(m

N
[5)

OSI

transverse p

* 4-parameter comparison

Track length
Transverse energy profile

Energy deposited per plane

Energy fluctuations along the
track
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Selecting Chalrlgeld Currents

(m

N
[5)

tion

* CC/NC separation using :
KNN algorithm

OSI
&
2
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w
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PR R
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» Deposition < 2.0 pe
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* 4-parameter comparison

Simulated Events

— Track length MINOS Preliminary
. B Low Energy Beam
— Transverse energy profile _20F e o
. o i == MC expectation
— Energy deposited per plane & ..} @& n~cougoum
. © i
— Energy fluctuations along the = |
(2}
track S
g [
= f
o , ]
0 02 04 06 08 1
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Selecting Charged Currents

MINOS Preliminary _

15 j Low Energy Beam i
. . = I = o tation
* CC/NC separation using a g ! =l
kNN algorithm 2
2
e 5°
s 90
. Ok. el
* 4-parameter comparison 0o 05 1 15 2 25
Mean energy deposited per strip (MIPs)
— Track length MINOS Preliminary
— Transverse energy profile 20 e
— B ata . i
— Energy deposited per plane [ o 1
— Energy fluctuations along the =
track g
> -
L 5j _]
0: - . covocdodecaca
_ 0 0.2 0.4 0.6 0.8 1
Alex Himmel 37

Signal fluctuation parameter



Selecting CC Antineutrinos

* Use the CC/NC Selector
— Removes NC and high-y CC interactions

* Accept only events with positive reconstructed charge

| T T T | T T T | T T T |

MINOS Preliminary | CC/NC Selector

T Y I Y T T ¥ I T T T T | T T T T

Near Detector . MINOS Preliminary

1
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% x [ i
=~ 1 :— ~ = -
5 f 5 20 Accept B
o [ a | |
2 0”'E Near Detector Z 10 5
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[ Antineutrino Running 1
L N N | L N | N N N | N N N | L N A P S S S PR T SR S NN S S
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CC/NC Separation Parameter Track Charge Sign / Momentum (c/GeV)

Alex Himmel 38



Fitting for Oscillations

* Fit performed by minimizing a binned -log likelihood
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* For antineutrinos, a Feldman-Cousins approach is used

— Many fake experiments used create empirical y?
distributions as a function of the parameters

— Systematics included in the fake experiments
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Feldman-Cousins
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Systematics

S.Oi MINOS Preliminary: 1.71 x10°° POT i d Effe Ct Of uncertainties
,\;4.55 68% statistical sensitivity eStlmated by flttlng
L0 systematically shifted MC
sl e
E éitﬂgaﬁqk ~

30F ertainties I .

.. * Systematics are very

0.6 0.65/3.7 0.7.;“(%.(826()).85 09 095 | S . Small I‘elatlve tO the
MINOS ¥ i AN . .
ol — statistical uncertaintv
T MINOS Preliminary: 1.71 x10*° POT s NC Background
340 WS CC Background
<\; 3.38:— e Track energy
*“g - m—— Relative normalisation
N; 3.36 - == === Relative hadronic energy FD
E 334 = Relative hadronic energy ND
o 33 = m—s (Qverall hadronic energy
F m— Beam
3.30 :_. Monte Carlo w=m=m==  (Cross sections

0845 085 0855 086 0865 087 0875

Alex Himmel sin“(20) 41



