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Neutrinos

TP TSEWINTR Neutrinos are the oddballs
PARTICLES of the eIementary fermions

Very tiny masses
Neutral charge
Rarely interact

Only the left-handed ones interact

Still a lot we don't know about them

room for theoretical speculation

Are they related to matter dominance?
Leptogenesis?

Are they related to Dark Matter?
Heavy sterile neutrinos?
II III

Are they related to Dark Energy?

lhw. (GGenerations of Matter
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[ Probing Neufrinos

Neutrino Oscillations
Mass squared splittings (Am’, ,
Mixing Angles (0,,,0.,,0,.,9.,)

22 7237 713 TCP
2
e23’ Am 327 613’ 8CP

2 ~ 2
Am . Am 31)

New Physics Searches
Take advantage of the uniqueness of neutrinos
Unknown neutrino-matter interaction
Superluminal neutrinos
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¢ Neutrino Oscillations



Neutrino Eigenstates

Three known types of neutrinos
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Neutrino Mixing

Mass eigenstates are a linear combination of weak states

e N
/Ve\ (Ue1 Uez Ue3\(V1\
VH — Uul U/,lz Uu3 Vs

_ \VT/ \Uﬂ U, UT3) \V3/ Y,

Neutrino born in a weak flavor state is superposition of mass states
will oscillate among flavor states as it propagates

VLD = Eexpl-iL(m2E)| U, V>
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7 Neutrino Mixing Angles

3x3 Unitary Mixing Matrix

(v (Ua Un ULy
v |=lU U

u pl p2 Uu3 Vs,

N \VT) \UTI U, Uﬂ/\‘%/

e

/

Can be fully described by 3 real angles and 1 complex phase for Dirac particles

PMNS (Pontecorvo-Maki-Nakagawa-Sakata) Matrix

4 150 I

vV, 1 0 0] €13 0 sp¢ C S O0lfv,
i35
Atmospheric terms Unknown terms Solar terms

\ ¢, = cos@ij, S, = sm@ij /
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Mixing Parameters — What we know

_i%\ I

1 0 0 Ci3 0 spe cp, S Offv,
0 ¢,y Sn 0 1 0 —s1 ¢ O] v,
0 —s, Cnf|l—s, e 0 ¢ / 0O 0 1/\v,
Atmospheric terms Unknown terms Solar terms /
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9 Mixing Parameters — What we know

4 _is, )
v, 1 0 0 Ci3 0 s;e° \ c, S 0f[v,
v, = 0 ¢y sy 0 1 0 =S ¢ Of] v,

5
V_ 0 —s, cxull—s,e 0 C3 / 0 0 1/\v,

\_ Atmospheric terms Unknown terms Solar terms /
Weak Eigenstates Mass Eigenstates

V3l 1
v, V00 VB

v, T

———— T 1T
Vi
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10 Mixing Parameters — What we know

4 _is
v, 1 0 0] Ci3 0 s,5€ CP\
v 0 —s, cxnfl—s,¢€ e Q) C 3 / 0 0
\_ Atmospheric terms Unknown terms Solar terms
. . From
Weak Eigenstates Mass Eigenstates Solar and Reactor
Vsl I Experiments
V.2 v, V. sin?0 _ ~ 0.321 + 0.023

v
2
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11 Mixing Parameters — What we know

4 ' 1 0 0 C 3 0 s, e—i(SCP\ ¢ sp O\[v, )
Vil 0 0 1 0 —Sp ¢ O
V_ 0 —s,, e s / 0 0 1
\ Atmospheric terms Unknown terms Solar terms /
Weak Eigenstates From

v, v, V..

MINOS, PRL 106 181801 (2011)

. Mass Eigenstates Atmospheric and Accelerato
3 Experiments

Am,|~ 2327002 x 107 eV

AP o m— —
v, T sin?20,, > 0.9
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12 Mixing Parameters — What we know

4 is )
v, 1 0 0 C13 0 spe CP\ ¢  Sp Of[v,
v, = 0 ¢y 5y 0 N 1 0 —s;p ¢ O] v,
V_ 0 —s, cxull—s,e 0 Cs / 0 0 1/\v,
\_ Atmospheric terms Unknown terms Solar terms /
Weak Eigenstat Mass Eigenstat From
cak LIgenstates al v 455 LISCNSIALEs Atmospheric and Accelerato
é% B I Experiments
Q /
v N vV, V. Z| Am?* | = 2.32 +g'(1)§ x 107 eV?

? AP s m— —
= ) F—— —
o

Cp o

led Vsl I
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What is the mass hierarchy?

sin22923 > (0.9




13 Mixing Parameters — What we know

4 s )
' 1 0 0 Ci3 0 s,5¢ CP\ c, Sp 0)fv,
Vu = O O .6 1 O —S1p Cp O V2
v_[ \0 —s5,€ 7 0 C / 0 0 1/\v,
\_ Atmospheric terms Unknown terms Solar terms /
. From
Weak Eigenstates

v, v, V..

MINOS, PRL 106 181801 (2011)

v Mass Eigenstates Atmospheric and Accelerato
3 Experiments

Am,| =~ 2327002 x 107 eV

AP o m— —
v, T sin?20,, > 0.9

Is 023 non-maximal?
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14 Mixing Parameters — What we know

4 is )
v, 1 0 0 Ci3 0 s;e° \ c, S 0f[v,
v, = 0 ¢y sy 0 1 0 =S ¢ Of] v,
)
V_ 0 —s, cxull—s,e 0 Cs / 0 0 1/\v,
\_ Atmospheric terms Unknown terms Solar terms /
. . Remaining Questions
Weak Eigenstates Mass Eigenstates g Q
V3l 1
v v, V.
AP F— — —
——— T 1T
Vi
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15 Mixing Parameters — What we know

4 is )
Vv, 1 0 0 @ 0 @6 CP\ Cpy S12 0 Vi
v, |& e 1 0 —Spn ¢ Of] v,
V_ 0 —s5y5 Cn @Z Y @ / 0 0 1/\v,
\_ Atmospheric terms Unknown terms Solar terms /
. . Remaining Questions
Weak Eigenstates Mass Eigenstates gQ
v@ 1 What's the value of 6 .?
v v, V.
\F) I ——
) F—— —
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16 Mixing Parameters — What we know

/ V. 1 0 0] @ 0 @e—i5cp\ Cio S12 0 vV \
v, |& 0 ¢y 5n 1 0 —Spn ¢ Of] v,
V_ 0 —s5y5 Cn @i% 0 @ / 0 0 1/\v,
\_ Atmospheric terms Unknown terms Solar terms /
Weak Eigenstates Mass Eigenstates Remaining Questions
v@ mmmmy  What's the value of 6,7
sin*(26,,) < O(10 1)
v v, V.
AP F— — —
) F—— —
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17 Mixing Parameters — What we know

4 i )
v, 1 0 0 Ci3 0 s,5¢ \ c, S 0f[v,
V. 0 —Sy3 Cox —S 3 el 0 C 13 / 0 0 1 V3
\_ Atmospheric terms Unknown terms Solar terms /
. . Remaining Questions
Weak Eigenstates Mass Eigenstates 8 Q

\N 1 What's the value of 613?
sin?(26,,) < O(10 )

_:_ What's the value of 6 ‘7
vEEEEET @ (oknown

v, v, V..
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18 Mixing Parameters — What we know

4 N
o 1 0 0 Ci3 0 @ Cir S 0) \ &

A%
v, = 0 ¢y 5n 0 1 0 =S ¢ O v,
V. 0 —S8,; Coxps 0 C 3 0 0 1 V3
\_ Atmospheric terms Unknown terms Solar terms /
. . Remaining Questions
Weak Eigenstates Mass Eigenstates g8 Q

\N 1 What's the value of 613?
sin?(26,,) < O(10 )

v, v, V..

V, T What's the value of 8cp?
A2 I - — Unknown

Is there CP violation in the lepton sector?
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19 The Remaining Questions

1) Is there a non-maximal mixing between the v, and v_states?
Is 6, #45°?

2) What's the mass hierarchy?
Is Am> > 0?

3) Is there an v_component to the v, mass state?
Is6 ,#0?

4) Is there CP violation in the lepton sector?
Iso.,#0?(Is0  #0?)
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20 The Remaining Questions

1) Is there a non-maximal mixing between the v, and v_states?
Is 6, #45°?

2) What's the mass hierarchy?
Is Am> > 0?

3) Is there an v_component to the v, mass state?
Is6 ,#0?

4) Is there CP violation in the lepton sector?
Iso.,#0?(Is0  #0?)

MINOS can potentially address these questions

Gregory Pawloski — University of Minnesota



21 The Remaining Questions

7

1) Is there a non-maximal mixing between the v, and v_states?
Is 6, #45°?

\

J

2) What's the mass hierarchy?
Is Am> > 0?

3) Is there an v_component to the v, mass state?
Is6 ,#0?

4) Is there CP violation in the lepton sector?
Iso.,#0?(Is0  #0?)

MINOS can potentially address these questions
v, disappearance analysis can potentially address this
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22 The Remaining Questions

1) Is there a non-maximal mixing between the v, and v_states?
Is 6, #45°?

ﬁ) What's the mass hierarchy? \
Is Am> > 0?

3) Is there an v_component to the v, mass state?
Is6 ,#0?

4) Is there CP violation in the lepton sector?

\ Iso.,#0?(Is0  #0?) /

MINOS can potentially address these questions
v_appearance analysis can potentially address this
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S0 how does MINOS
study oscillations?



24 Long Baseline Accelerator Neufrinos

v beam produced at Fermilab

Far Detector in Soudan Mine &
Search for evidence of
oscillations

Near Detector at Fermilab

Measures unoscillated
beam composition

Measures energy spectrum £

Near to Far Extrapolation
Minimize uncertainties from:
Cross section

Flux Fermilab Setidsn
Event detection }/ ]-.o km

. 735.340 km —-T
Event selection 12 km
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25 Neutrino Production

Proton collision produces hadrons
Magnetic horns focus charged hadrons
Decays produce neutrinos

Target Focusing Horns A
/\ —
120 Gev "\, < = g f 2m 5
EEEE———— - Benererenrsrenresnes S

p n Kﬂ k M .................... \;




26 NuMI Beam Composition

Control v energy spectrum oo Near Detector MINOS PRELIMINARY
Target and horn positions - " Fducel
Horn current ‘ — Low Energy MC 1
- —— Horn Off MC
400 —— High Energy MC ]

Default configuration is
Low Energy

Optimizes L/E for
atmospheric Am? i

200

Events/1x 10'"POT/GeV

% 0 20
True Energy (GeV)
CC interactions in the Near Detector are:
93% v,
6% v,

1% v +7
(& c
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27 Two Detectors

Near Detector
1 kton mass (larger v flux)
1 km from neutrino source
100 m underground
Measures beam before oscillations

Far Detector
5.4 kton (smaller v flux)
735 km from neutrino source
/7/05m underground

Measures changes in beam
relative to Near Detector
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28 Functionally Identical Detectors

U MV U V- Y

Steel

. Extruded PS scintillator

\
Scmtlllator\
strips 4.1 x 1 cm Beam >

Orthogonal
orientations
of strips

UV planes +/- 45°

Tracking calorimeters

Clear Fibre cables Y##
&7 1

Alternating steel-scintillator layers
Magnetized steel planes
Scintillator planes segmented into strips

Light read out by PMTs

Multi-anode PMT
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Transverse Position (m)

29

—

o

]
—

v, CC Event

Depth in Detector (m)

Long muon track
Hadronic activity at vertex

30

20

10

Event Topologies

NC Event

AV .V
Z
Hadrons
N
i T T T | T
0.5 Monte Carlo *l
E L 4
c | - - 7
:‘g - - I [ -
2| ma B
& o W 7
) ]
20 B i
g | - ]
= |
0.5
L L L |
0 0.5 1
Depth in Detector (m)
Short event

Often diffuse
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Transverse Position (m)
(=]
=) (X

o
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v, CC Event

Hadrons

O
a II. ]

Monte Carlo jl

0.5 1
Depth in Detector (m)

Compact event
EM shower profile




MINOS Oscillation
Results



v, Charged Current Disappearance




32 v, CC Disappearance

Looking for a deficit of v _events in the Far Detector

Precision measurements of atmospheric Am? and sin?(20)
Test the neutrino oscillation hypothesis

: . LA1.270 m°L
P(v, - v )=1- sin” 20 sz% , L=735km
Example MC
Parameters set to: sin?(20)=1, Am?*=3.35x107eV?>
Vv, Spectrum 14 Spectrum Ratio
ﬂ Monte Carlo E B Monte Carlo
S ®1.2F
5300 B Unoscillated S -
| .
o N
200 Oscillated E 0_3;_ + ++++‘H’+
Tost
8 N +
100 .E 0.4:— + ++
----- B e B R N . | | | |
o2 TTATTTETTE T o =23 ¢ 8 10
Visible energy (GeV) Visible energy (GeV)
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33 v, CC Disappearance

Looking for a deficit of v _events in the Far Detector

Precision measurements of atmospheric Am? and sin?(20)
Test the neutrino oscillation hypothesis

: . LH1.27Am L
P(v, - v )=1- sin” 20 sz% , L=735km
)
Example MC
Parameters set to: sin?(20)=1, Am?=3.35x10~e¢V?
Vv, Spectrum 14 Spectrum Ratio
ﬂ Monte Carlo E ) B Monte Carlo
S ® 1.20
5300 B Unoscillated S -
A | S .
(] B
200 Oscillated E 0_3;_ + ++++‘H’+
Tost
L N
100 5 04 4 ¥
==AR e 0.25Ami W
o2 TETTETTE o =2 a3 ¢ ® 1o
Visible energy (GeV) Visible energy (GeV)

Gregory Pawloski — University of Minnesota




34 v, CC Disappearance

Looking for a deficit of v _events in the Far Detector

Precision measurements of atmospheric Am? and sin?(20)
Test the neutrino oscillation hypothesis

sin” 28

P(Vll - VU):I_

. o0 1.271 m’L
SIn . L=735 km

Example MC
Parameters set to: sin?(20)=1, Am?=3.35x10~e¢V?

Vv, Spectrum

Spectrum Ratio

1.4
-'E Monte Carlo E - Monte Carlo
S ® 1.2F
5300~ Unoscillated S af
s 1:+u """""""""""""""""""""""""""""""""
Oscillated £ 08" +‘HH
sci 8-
200 3T sin?(20) +++
£ 0-6$ 4t
L N +
100 r i SR ol B
e o O.Z:Ami,;*
B R bmmr=a deemmn I B
O 2 TTETTETTE T o =2 a3 & @& 10

Visible energy (GeV)

Visible energy (GeV)
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35 v, CC Disappearance

Selected v, CC events in the Far Detector

' | ' ' ! | ' ' ] (D 1 . 5 ' ' j ' j j
i MINOS Far Detector CC) § 1
>3OO - —— Fardetectordata ..C—B. i j
D | No oscillations i — - + ]
O i —— Best oscillation fit | Cw) s + :
C\DZOO B |:| NC background . @) 5 T ™
- ®) B
- i ] - B
O | + 0.5 _|
>-I 00 _9 ~l —4— Far detector data
L i 4 o Best oscillation fit
: “— Stats. only decay fit
i &U Stats. only decoherence fit
O L L | | L | | | L

b 2 4 6 8 10 Y24 %6 8 70
Reconstructed neutrino energy (GeV)  Reconstructed neutrino energy (GeV)
Data consistent with oscillations

Pure decoherence' disfavored at more than 9c
Pure decay? disfavored at more than 7c

!G.L. Fogli et al., PRD 67:093006 (2003)
V. Barger et al.,PRL 82:2640 (1999)
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56

3.5

v, CC Disappearance

Fitting Oscillation Parameters

I | I | | |
[ e MINOS best fit

[ —— MINOS 90%

— — = MINOS 68%

Super-K 90%

| | | I I
MINOS 2008 90%

—— Super-K L/E 90%

0.80  0.85

0.90
sin“(20)

095 1.00

Am?| = 2327065 x 1073 eV?

sin’(20) > 0.90 (90% C.L.)

Dominant Systematics
Normalization

NC Background
Shower Energy
Track Energy
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37

v, CC Disappearance

Fitting Oscillation Parameters

357

® MINOS best fit

[ —— MINOS 90%

— — = MINOS 68%

MINOS 2008 90%

Super-K 90% ]

—— Super-K L/E 90% ]

) —
K/\

| |Am2| =2.32 —0.08

+0.12 x 107 eV?2

sin’(20) > 0.90 (90% C.L.)

D
0.80

B S~ Far Detector MC
i - - 0.1 0_ T T _
i ™ e B Fiducial+RAF events |
> r 7.2x10°° POT
5 0.05- .
) B _| = Overall hadronic energy
| () - _| ——— Track energy
~ - o - — Relative normalisation
- | ~ 0.00— E— = —| ——— NC background
—~ - T Cross sections
0’4“" B | —— Relative hadronic energy
- -1 c B | =—— Beam
0 05 - ] Charge mis-1D
B ] S, gy - —— Rock & Anti-Fiducial
| | | | | 1 l l | | | | l 1 | l | | | 12 : ]
_ 1 L T S TN T ) |
0.85 0.90 0.95 1.00 010602 001 0 001 002
. 2
o(sin“(20))

sin“(20)
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v_Charged Current Appearance
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v_CC Appearance

Searching for subdominant v, — v, oscillations

P(v —v,) = sin’(6,,)sin*(20, ,)sin*(1.27Am’L/E) + ...

Constrain 6,, by looking for an excess of v_-like events

/" v CCEvent )

v, e

/ Hadrons
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v_CC Appearance

Searching for subdominant v, — v, oscillations

P(v —v,) = sin’(6,,)sin*(20, ,)sin*(1.27Am’L/E) + ...

Constrain 6,, by looking for an excess of v_-like events

Need to distinguish between hadronic showers and electrons

/ NC Event \ / v, CC Event \

Vv \Y V., e
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v_CC Appearance

Searching for subdominant v, — v, oscillations

P(v —v,) = sin’(6,,)sin*(20, ,)sin*(1.27Am’L/E) + ...

Constrain 6,, by looking for an excess of v_-like events

Need to distinguish between hadronic showers and electrons

Transverse Position (m)
(=]

(=]
3]

a

o
(2}
T

:

-
-
el
N |
* m =

m = Short event

Monte Carlo 7'

Often diffus
I

0

| | | |
0.5 1

Depth in Detector (m)

a

Transverse Position (m)
=

e
(X

e
N
T I T

I I|EM showelr profile |

v, CC Event l\

Monte Carlo ™ 10

N |
i II. i

Compact event

0 0.5 1
Depth in Detector (m
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transverse position (strip)
£ 8 8 § &

Y

v_CC Appearance

Select electromagnetic shower topologies

Library Event Matching (LEM)

Good match _
a0 .
% 103 :g Library
5 o | ! 05 M N
s ‘ Engg _ “ [ SelectN
a g I e - best matches /
g ] 0 | ;35 Event # 1 < 4
S =
o : 20
' 1130 165 0 Best match # 1
. InPUt E\fen:t !100 z position (plane) \ Event # 3 )
Sao e
I - “80 ./// n x\
| I ook féa;n_p;r“éa..__ | Event # 4 / Compute value ",
_ﬁ 3 Input Event —* .;’ it ,:' Best match #2 | {fuf discriminant fram‘|
| | | s = Event #5 . | information of
. | 4
I .Ifg . . “N best matches ~
oo s g Bad match : Bestmatch #N | ~__
Z position (plane) LI ] 100 .
- 90 »
B |0 1 ~ a0 .
& T
g o ' 60%= | Event# 30x10°
g. |5 I | 5“ E ",
E g - 40 2
s 30 ¢
E L I I 20
E i B0
AL Pl ;.I'rl 0

z position (plane)

Gregory Pawloski — University of Minnesota



43

v_CC Appearance

Select electromagnetic shower topologies

Feed 3 variables from the 50 best
matches and event energy into a
neural network

Background:
T”’s generated via NC or deep-
inelastic v -CC interactions

T in FD from oscillations
Non-oscillation beam v,

Measure background rate at Near

Extrapolate to Far by background
component in bins of energy and
LEM discriminant

Fit prediction in bins of LEM and
energy to Far Data

Events / 8.2 x 10%° POT

80

60

40

20

MINOS Far Detector
sin’(20,,) = 0.1

Am3, > 0,8:5 = 0,8, =

BE

[

—— Background

Signal x 10

///////Z/

o

.1 02 03 04 05 06 07 08 0.9
LEM Discriminant
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44 v_CC Appearance

L rrrrprr e T T r
180 - MINOS Far Detector

= - Preselection ]

O 160 Analysis

o - >
S 140 + Region
S

\Y: 120 ___Background
N 100 + Prediction

- Data

- .

Events / 8
8

'c_III|II|||I||||||||||||I|||I|| I||

L 11 | L1 11 | I | I | L 111 | L 111 L1 11 | L1 11 | I | I
01 02 03 04 05 06 0.7 0.8 09 1.0
LEM PID

Signal Enhanced Region of LEM > (.7
Far Detector background expectation: 49.6 + 7.0(stat.) + 2.7(syst.) events

3

Far Detector observation: 62 events
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O (m)

3 ()

v_CC Appearance

Assuming;:

Am322>0

: — MINOS Best Fit
il 68% C.L.

: [l 90% c.L.

e CHOOZ 90% C.L.

2sin’0,, = 1 for CHOOZ

00,0 =m/4
normal (inverted) hierarchy

sin®(20,,)<0.12(0.20)
90% CL

sin’(260,,)=0.04(0.08)

Am322<0

MINOS

Best Fit
Exclude sin22613=0 at 89% CL

8.2x10%° POT Tightest constraints on 0

. for a normal hierarchy

0.1 02 03
2sin’(20,,)sin0,,

0.4
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v_CC Appearance

Comparison with T2K and Double Chooz

Normal Hierarchy Inverted

68% CL Allowed

68% CL Allowed

MINOS
erlPRier |

T2K
(PRL107.041801)

Doubl'f'jl.I

Hierarchy

MINOS/T2K: 3,=0, 8,,=n/4, Am*>0

MINOS

(PRL107.181802) _
T2K

_ (PRL107.041801)

Double Choo

LY 5F I

0.2 0.25 0 0.05

MINOS/T2K: 3,=0, 6,,=1/4, Am’<0
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47 Probing Neufrinos

Neutrino Oscillations
Mass squared splittings (Am’, ,
Mixing Angles (0,,,0.,,0,.,9.,)

22 7237 713 TCP
2
e23’ Am 327 613’ 8CP

2 ~ 2
Am . Am 31)

New Physics Searches
Take advantage of the uniqueness of neutrinos
Unknown neutrino-matter interaction
Superluminal neutrinos
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¢ New Physics Searches



v, Charged Current Disappearance

Search for new neutrino-matter interactions
CPT Violation




50 v, CC Disappearance

Looking for a deficit of v events in the Far Detector
Same as v, disappearance analysis but with antineutrinos

_ oo . 2H1.270 WL
Py, - Vv, )=1- sin” 20 smzﬁ , L=735km
E
V, Spectrum 14 Spectrum Ratio
£ Monte Carlo ® F Monte Carlo
3 ®1.20
5300 B Unoscillated — -
S | RN -
. n B
200 Oscillated E 0_3;_ + ++++‘H'+
Tos 4
8 N +
100 3 0.4:— + ++
e O 0.2- +++
----- B ey RS PNy B . l l l l
o2 TSR o =246 8 10
Visible energy (GeV) Visible energy (GeV)
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51 v, CC Disappearance

Looking for a deficit of v events in the Far Detector
Same as v, disappearance analysis but with antineutrinos

1.270 L
E

P, - V,)=1-sin’ 29_sin2E H , L=735km
CPT conservation: P(V“—WM) — P(VM—WH)

V, Spectrum Spectrum Ratio

7] © 1'4_
- Monte Carlo o B Monte Carlo
@ E 1.2—
5300 B Unoscillated G -
tn 1-_'+ """"""""""""""""""""""""""""""""""""""""""""" '
. n N
200 Oscillated E 0_3;_ + ++++‘H'+
Tos 4
8 N +
100 .E 0.4:— + ++
_‘_. . o 0-2:_ +++
%- o TP a- . | Sy [ P [ %‘ l l l l
2 4 6 8 10 2 4 6 8 10
Visible energy (GeV) Visible energy (GeV)
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52 v, CC Disappearance

Why is this study interesting — old results

8i—| | | | | | | | | | | | | | | | | | | | | | | | I —
. — MINOS Vv, 90% C.L. MINOS v, 90% C.L. _
- ---- MINOS Vv, 68% C.L. MINOS v, 68% C.L. -
r\g‘ - e Bestv, fit Best v, fit -
O 6~  171x10®POT 7.25x10% POT .+
S [ o Prior limits 90% C.L. [17] T
N_ — .\' —
E- |
© 4_
- -
@©
— |
E L
<
2_ |
| oy .||.':'| """"" il
0.5 0.6 0.7 0.8 0.9 1

sin?(20) and sin®(26)
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Selected Vu CC events in the Far Detector

Vu CC Disappearance

60~

40

Events / GeV

| | | | ||||||||||||||||||||||||||||||||||||||||
—— MINOS Far Detector Data

Prediction, No Oscillations

"""" Prediction, AmM°=2.32x107° eV? |
Prediction, Best-Fit Parameters |

Uncertainty (oscillated)

| [[__] Backgrounds (oscillated)
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Observed Events = 193
Expectation (No Osc.) = 273

No oscillations ruled out at 7.3c
Am?| = 2.6270 3 (stat) + 0.09(sys) x 10° eV?

sin*(20) = 0.86 o | (stat) = 0.01 (sys)



54 v, CC Disappearance
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Superluminal Neutrinos????




56 Neutrino Velocity Measurements

Fermilab ~500m baseline experiment (1979)
Muon Neutrinos
E > 30 GeV
lv-c|/c <4x107

Supernova 1987a
Electron Antineutrino Detection
E ~ 10-40 MeV
Arrived hours earlier than the light (light held by dense matter)
lv-c|/c <2x107°

Opera (2011)
Muon Neutrinos
E~ 17 GeV
(v-¢c)/c =[2.48 £ 0.28 (stat) £ 0.30 (sys)] x 10
Greater than 56 measurement of superluminal velocity

Theory says...
Can't be flavor effect — Energy effect
High-E superluminal would radiate electron-positron pairs

Gregory Pawloski — University of Minnesota



57 What does MINOS have to say about that

Performed measurement in 2007

Measured the difference in the time
distribution between the Far and
Near detector

To measure velocity you need to
know distance and time

If neutrinos travel the speed of light it
would take 2.45 ms to travel from
ND to FD

Baseline:
Distance® ND to FD, L 734 298.6 £0.7 m
Nominal time of flight, 7 2449356 + 2 ns
MINOS Timing System:
GPS Receivers TrueTime model XL-AK
Antenna fiber delay 1115 ns ND. 5140 ns FD
Single Event Time Resolution <40 ns
Random Clock Jitter 100 ns (typical), each site
Main Injector Parameters:
Main Injector Cycle Time 2.2 seconds/spill (typical)
Main Injector Batches/Spill 5 or 6
Spill Duration 9.7 ps (6 batches)
Batch Duration 1582 ns
Gap Between Batches 38 ns

IDistance between front face of the ND and the center of the FD.

Description Uncertainty (68% C.L.)
A Distance between detectors 2 ns
B ND Antenna fiber length 27 ns
C ND electronics latencies 32 ns
D FD Antenna fiber length 46 ns
E FD electronics latencies 3 ns
F GPS and transceivers 12 ns
» Detector readout differences 9 ns

Total (Sum in quadrature) 64 ns

TABLE II: Sources of uncertainty in v relative time measure-
ment.

Gregory Pawloski — University of Minnesota




58 What does MINOS have to say about that

Difference in the time distribution between the Far and Near
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59 MINOS Plans

Short-term (6-9 months):

Analyze data sample increased by a factor of 9 with respect to the 2007 result.
Reduce major systematics.

Medium-term (1 year):
Upgrade the timing system to take all new data from now on with better timing.
(Collaborate with experts from NIST)
Analyze data taken before the NuMI shutdown. Lower statistics but more precise.

Long-term (MINOS+):

MINOS+ running in the NOvVA era with upgraded timing system
Higher energy neutrinos (peak ~7 GeV)
Goal to achieve O(1ns) total systematic error.

Gregory Pawloski — University of Minnesota




60 Conclusions

These questions still remain unanswered
Is there a non-maximal mixing between the v, and v_states?

Is 0,, #45°7
What's the mass hierarchy?
Is Am* > 07?
Is there an v_ component to the v, mass state?
Is 0, #07
|s there CP violation in the lepton sector?
Is 5., 707 (Is 0, #07?)
But we are constraining the possible solutions
MINQOS sets the tightest limits on 0,, assuming normal hierarchy

MINQOS sets tightest constraints on the magnitude of Am*,

Search for new physics
Less compelling motivation for new neutrino-matter interaction
But we are compatible with superluminal neutrinos
Confirmation or refutation to come soon...

Gregory Pawloski — University of Minnesota
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