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« MINOS (Main Injector Neutrino
Oscillation Search)

* High intensity NuMI Vi, beam produced at
Fermilab

« Near Detector at Fermilab

Fermilab

« Far Detector, 735 km away, in the Soudan
mine, MN

* Magnetized detectors allow unique ability to
distinguish between v, and Vv, charged-
current interactions on an event-by-event
basis

Fermilab
/_ 10 km

735 km

+ Compare Far Detector observations with
extrapolation of Near Detector measurement
to study neutrino oscillations
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Neutrino Oscillations
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UPMNS =

S, =sing,

* Three active neutrino picture

« Two mass splittings

e Large: AmZ,¢m= Am?23; ~ 103 eV?2

e Small: Am?,, = Am2,;; ~ 104 eV2

* Large atmospheric mixing
e 023~45°
* Non-maximal solar mixing

e 0,2~34°
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+ MINOS is sensitive to the larger mass splitting and the 023 mixing angle
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* Three active neutrino picture + Accelerator
« Two mass splittings
e Large: AmZiem= Am?23; ~ 103 eV?2

v, [

e Small: Am?,, = Am2,;; ~ 104 eV2

. S 2
Large atmospheric mixing Amatm

v, )
v Am

e 023~45°
* Non-maximal solar mixing
 012~34°

 What about antineutrinos?
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What about v ?

(')
» Antineutrino oscillation parameters P(VM — VM) = P(VM — VM)
known with much less precision

« MINGQOS is the only experiment that can
perform event-by-event v, identification v [,

- Allows for direct precision
measurements of antineutrino

oscillations v, I_A

* Differences in neutrino and antineutrino
oscillations could be manifest in the respective

mass-squared splittings v, v, ,
2 J—
* would be indication of new physics in Am, v, Am,

the neutrino sector!
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Phys. Rev. Lett. 107, 021801 (2011)

are consistent at the 2.0% confidence
level, assuming identical underlying
loscillation parameters.”

r — A
“The MINOS v, and Vy measurements

Antineutrino best fit parameters
|A atm = 3, 36+8 o x 107%eV?
0.11

Neutrino best fit parameters
\Amatm\ — 2321002 5 107 3eV?
sin?(26,3) > 0.90 (90% C.L.)

First MINOS antineutrino analysis,
using 1.71x10% POT showed tension
between neutrino and antineutrino
mixing parameters

Generated much discussion in
conferences and in literature
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MINOS 2010 v, Measurement

* Example: results shown in 8 different talks at Neutrino Telescopes 201 | in Venice

Y,

v Vo

I. CPT violation in three-neutrino models

M. Maltoni:

| Minos disappearance: v, Vs ¥, |

e in June 2010 Minos presented new data on
v Vs 7, disappearance [1];

e some tension appears between neutrino and
anti-neutrino results;

o Tension (our fit): x3pr — Xaps = 5.6 (2.407) = ‘\%
small but not totally negligible; %
e more data needed before speculations! =
o Still, let's speculate: IF confirmed, it could be ‘\E
— evidence of CPT violation; E
— or just “conventional” New Physics. . . N(—U
e in either case, how does this relates to other 5

neutrino experiments?

[AZl = 3367043 x 107 eV?

_ 1
sin?(2623) = 0.86 + 0.11 1

[AmZl = 2325002 x 1073 eV?

" 2]
sin“(26,3) > 0.90 (90% C.L.)

T T
— MINOS v, 90%
--- MINOS v, 68%
® Bestv, Fit
7.24 x 10%° POT

T T T
— MINOS¥, 90%
--- MINOSY, 68%

5 ® Besty, Fit

1.71x 10% POT

MINOS Preliminar ry
of [1]
05 06 07 08 09 1
sin?(26) and sin®(26)

[1] A. Himmel, talk at Fermilab Joint Experimental-Theoretical Seminar, 14/06/2010.
[2] P. Adamson et al. [MINOS collaboration], arXiv:1103.0340.

Michele Maltoni <michele.maltoni@csic.es>

NeuTeL 2011, 16/03/2011

* Possible explanations in literature:

- CPT and Lorentz Violation
L. Liu, J. Tian and Z. Zhao, Phys.Lett. B702 154 (2011)

J.S. Diaz and V.A. Kostelecky, arXiv:hep-ph/1108.1799

- Non-Standard Interactions
J. Kopp, P.A.N. Machado and S.]J. Parke,

Phys.Rev. D82 113002 (2010)
W.A. Mann, D. Cherdack, W. Musial and T. Kafka,
Phys.Rev. D82 113010 (2010)

G. Altarelli

A not yet significant hint of difference between V’s and anti-V's
is also reported by MINOS. CPT viol? Will probably go away.

] LA S L B L i LA B LN |
> ' MINOSY,90%  — MINOSV, 90% |
2 L e MINOSV, 68%  --.-. MINOSV, 68% | coruin
2. B e Bestv,Fit ® Bestv, Fit
O -
Z F
T4 O 7 T
g °F
¥ Nt
@ - MINOS Preliminary .
& | 1.71x10” POT v,-mode g
E 2| 724x10"POTv,-mode \ .
5 , o i s b s
= 05 06 07 08 09 1
. 2 . 2/nH
@ sin“(20) and sin“(20)

W& C Seminar, Fermilab, August 25, 2011

Alex Sousa - Harvard University



MINOS 2010 v, Measurement /Y

-

™

* Example: results shown in 8 different talks at Neutrino Telescopes 201 | in Venice

l. CPT violation in three-neutrino models M. Maltoni-: ° Possible eXPIanationS in Iiteratu re:

| Minos disappearance: v, Vs 7, | [AZ] = 3367945 % 1072 eV

e in June 2010 Minos presented new data on sin’(26) = 086 £ 0.1 . - C PT and Lo re ntz Vi OIati o n

v Vs 7, disappearance [1];

« some tension appears beween neutrinoand | 137Aml = 2326 X 107 eV | L. Liu, J. Tian and Z. Zhao, Phys.Lett. B702 154 (2011)

.2 10/
anti-neutrino results; sin”(26,3) > 0.90 (0% C.L.)

o J.S.Diaz and V.A. Kostelecky, arXiv:hep-ph/1108.1799

T T T T
— MINOS¥, 90% — MINOS v, 90%

o Tension (our fit): x3pr — Xaps = 5.6 (2.407) =
small but not totally negligible;

--- MINOSY, 68% --- MINOS v, 68%
5 ® Besty, Fit ® Bestv, Fit

we= ool - Non=Standard Interactions

e more data needed before speculations!

o Still, let's speculate: IF confirmed, it could be

- evidence of CPT violation; 2 3f " S~ T3

MINOS Preliminary
(1

J. Kopp, P.A.N. Machado and S.]J. Parke,
o in either case, how does this relates to other 20‘5 06 07 08 09 1 PhyS'ReV' D82 113002 (2010)
et exernens s ana D) W.A. Mann, D. Cherdack, W. Musial and T. Kafka,

[1] A. Himmel, talk at Fermilab Joint Experimental-Theoretical Seminar, 14/06/2010.

[2] P. Adamson et al. [MINOS collaboration], arXiv: 1163 .9346. Phys .Rev. D82 113010 (2010)

Michele Maltoni <michele.maltoni@csic.es> NeuTeL 2011, 16/03/2011

— or just “conventional” New Physics. . .

1Am2l and 1AM (10° eV?)
o

= ATearal physicsworld.com
A not yet significant hint of difference between V’s and anti-V's
is also’fported by MINOS. CPT viol? Will probably go away. Neutnno Su rprlse emerges from MINOS
o
L o e T T L e T B
o | — m::gg ::- 3230 ____ m::gg :: gg:; 1 comin Jun 18, 2010 © 15 comments
"-’O S5 e Bestv,Fit ® Bestv, Fit . The MINOS e.xperimt.ant was set up It would not jUSt
— - g to study neutrino oscillation by .
- s, ] making the first high precision demolish any
biE 4__ T TN . measurements of a controlled beam particular model’
< [ N of neutrinos produced within a . Id .
o 3; ........ particle accelerator environment. it wou requiré
= - e et Each experimental run begins at revision of the
NE q"'_%cg(sgar?'g"g‘?g _mode . Fermilab near Chicago where a whole wav we do
E 2 724 10|2° POT vl:,-lmode ] l - target is bombarded with energetic Yy
< : ' ' : e protons to produce a beam of particle physics.
0.5 0262 0.7 0:82 99 1 neutrinos, called the NuMI beam. David Wark. | ial
® sin (29) and sin (29) This is fired through the Earth avid Wark, Imperia
towards the Soudan mine in College

Strong case to take more v, data!
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MINQOS v, Measurement

- For tody’s results:

*+ ~70% increase in V, beam exposure from 1.71x 02 POT

to 2.95%102° POT

* Improved analysis

| PRL 107, 021801 (2011) |

* Aim to clarify 2010 analysis measurement

|8 Selected for a Viewpoint in Physics
PHYSICAL REVIEW LETTERS

IAm?| and |Am?| (102 eV?)

ARET Mn‘qés'v,: 0%  — MINOSv, 90%
L e MINOSV, 68%  ---- MINOS v, 68%
® Bestv, Fit ® Bestv, Fit
1.71x 10° POT 7.24x10° POT
L1 1 1 1 1
05 06 07 08 0.9
sin’(26) and sin’(28)
week ending
8 JULY 2011

S

First Direct Observation of Muon Antineutrino Disappearance

P. Adamson,” C. Andreopoulos,”® D.J. Auty,>* D.S. Ayres,' C. Backhouse,'® G. Barr,'® M. Bishai,® A. Blake,” G. J. Bock,’
D.J. Boehnlein,” D. Bogert,” S. Cavanaugh,® D. Cherdack,?” S. Childress,” B. C. Choudhary,’” J. A. B. Coelho,®
S.J. Coleman,”® L. Corwin,"* D. Cronin-Hennessy,ls 1. Z. Danko," J.K. de Jong,18 N.E. Devenish,”* M. V. Diwan,’
M. Dorman,'* C. O. Escobar,® J. J. Evans,'* E. Falk,”* G.J. Feldman,” M. V. Frohne,'® H.R. Gallagher,”” R. A. Gomes,®
M. C. Goodman,' P. Gouffon,” N. Graf,"' R. Gran,'® N. Grant,”® K. Grzelak,”® A. Habig,'® D. Harris,” J. Hartnell,***°
R. Hatcher,” A. Himmel,* A. Holin,'* C. Howcroft,* X. Huang,' J. Hylen,” J. Ilic,”® G. M. Irwin, > Z. Isvan," D.E. Jaffe,’
C. James,” D. Jensen,” T. Kafka,>” S. M. S. Kasahara," G. Koizumi,” S. Kopp,?® M. Kordosky,”® A. Kreymer,” K. Lang,?®
G. Lefeuvre,?* J. Ling,**? P.J. Litchfield,">*° L. Loiacono,® P. Lucas,” W. A. Mann,”” M. L. Marshak,"> N. Mayer,'
A.M. McGowan,' R. Mehdiyev,?® J. R. Meier,'> M. D. Messier,'> W. H. Miller,”” S. R. Mishra,” J. Mitchell,
C.D. Moore,” J. Morfin,” L. Mualem,* S. Mufson,'” J. Musser,'> D. Naples,'? J. K. Nelson,”® H. B. Newman,*
R.J. Nichol,'* T. C. Nicholls,?® J. A. Nowak,"® J. P. Ochoa-Ricoux,* W.P. Oliver,”” M. Orchanian,* R. Ospanov,”®
J. Paley,"'? R. B. Patterson,* G. Pawloski,” G.F. Pearce,”® D. A. Petyt,"> S. Phan-Budd,' R.K. Plunkett,” X. Qiu,*
J. Ratchford,?® T.M. Raufer,” B. Rebel,” P.A. Rodrigues,"® C. Rosenfeld,”> H. A. Rubin,'' M.C. Sanchez,'*"?

I Schneps,z7 P. Schreiner,' P. Shanahan,” A. Sousa,” P. Stamoulis,” M. Strait,'> N. Tagg,17 R.L. Talaga,'

E. Tetteh-Lartey,” J. Thomas,'* M. A. Thomson,” G. Tinti,'® R. Toner,” G. Tzanakos,? J. Urheim,'? P. Vahle,” B. Viren,?

A. Weber,'® R. C. Webb,” C. White,"" L. Whitehead,® S. G. Wojcicki,” T. Yang,”® and R. Zwaska’

W& C Seminar, Fermilab, August 25, 2011
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Alex Sousa - Harvard University




MINQOS Oscillation Measurement V

* Compare Far Detector prediction from Near Detector with Far
Detector measurement

* Neutrino oscillations deplete rate and distort the energy spectrum

L
P(v, — v,) =~ 1 — sin*(2603) sin” 1.267Am§QE

Input: sin%(20)=1.0, Am?=3.35x 103 eV?

0 14
£ |FarDet vV, Spectrum E B Monte Carlo
>300 - s 1.2-
w Unoscillated T 4
h o :
(o}
Oscillated § 0.8 Characteristic +++‘H’++
B - \\Dip" _++
[+}] 0.6_— —+—
® ++
= 04054 +
g C -
O 0.2 *

Visible energy (GeV)
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MINQOS Oscillation Measurement V

* Compare Far Detector prediction from Near Detector with Far
Detector measurement

* Neutrino oscillations deplete rate and distort the energy spectrum

L
P(v, — v,) ~ 1 — sin”(203) sin” 1.267Am§QE

Input: sin%(20)=1.0, Am?=3.35x 103 eV?

0 1.4

€ |FarDet Vv, spectrum Monte Carlo
2300 i 1.2

w Unoscillated 1

Oscillated

@,
=
S
il
—4—
+

Oscillated/unoscillated

© e o o
Ilﬁlllh
e

V-
o+
3
W N
[\

N

4 6 8 10
Visible energy (GeV)
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* Measure |Am?Z.m| and sin?(2023) via vy
disappearance

Phys. Rev. Lett. 106, 181801 (2011)

4.0 B I I 1 1 1 I 1 I T 1 I 1 1 1 1 I T ) T I |
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) i i
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o5 - =
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- i 3
Sl 20F e MINOSbest oscillation fit

T E —— MINOS 90% ~—— Super-K 90% E

1.5 [ —— Super-K E 90% |

- — = MINOS 68% .

i K2K 90% |

1 O 1 e

0.6 0.7 0.8 0.9

sin®(26)

1.0
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* Measure |AmZ.m| and sin?(2023) via vy, 20

arXiv:hep-ex/1108.0015, accepted by PRL

disappearance Am? > 0

'— MINOS Best Fit
il es% C.L.

* Look for Ve appearance to search for < {MloowcL.

1*=** CHOOZ 90% C.L.

Vu— Ve oscillations

2sin?6,, = 1 for CHOOZ-

MINOS

5 ()

8.2x10%° POT

0.1 02 03
2sin’(20,,)sin’0,,

W& C Seminar, Fermilab, August 25, 2011 Alex Sousa - Harvard University
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* Measure |Am?Zym| and sin?(2023) via vy
disappearance

* Look for Ve appearance to search for
Vu— Ve oscillations

o
o

* Search for sterile neutrinos via neutral
current disappearance 40

Events/GeV

Phys. Rev. Lett. 107, 011802 (2011)

o

llllllllll

IIIIIIIIIIIII

"

\V)

Illl

IIIIIIII ll I llllllllll'

—4— Far Detector Data

- 913 = 0°

fee B, =11.5° § =7, AME,50
v, CC Background
AmZ,| = 2.32x10° e V2
Sin“20,, = 1

IIIIIIlIIIIIlIIIIIIIII|Ill|I

-------------

R R AN A AT AP 2y e s
4 6 8 10 12 14 16 18 20
Ereco (GEV)
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MINQOS Physics

* Measure |AmZ.m| and sin?(2023) via vy,
disappearance

* Look for Ve appearance to search for
Vu— Ve oscillations

* Search for sterile neutrinos via neutral
current disappearance

» Measure |AmZm| and sin2(2023) via Vy
disappearance

Today’s Results!

W& C Seminar, Fermilab, August 25, 2011 Alex Sousa -

IAm?| and |ATT°| (10 eV?)

Harvard University

Phys. Rev. Lett. 107, 021801 (2011)

L MINOS¥V,90%  — MINOSv, 90% -
6? ----- MINOSvV, 68% ---- MINOS v, 68%
r ) BestvM Fit @ Besty, Fit i
5L 1.71x 10%° POT 7.24x10° POT
4
3
2_| T P B B R
05 06 07 08 0.9 1

sin®(26) and sin*(26)



The NuMI Beam
and the
MINQOS Detectors




The NuMI Beam R

Muon Monitors

Absorber

i
A -uilgt'!!!_,{ i E,’lh‘l“ JI!I!

|}
l n'“ ||]1””

MINOS ND =

_“-.f?"h-_‘-‘_;
120 GeV/c p from the FNAL Main Injector
Rep rate: 1 spill / 2.2 see
3.5e13 POT/spill
10 microseconds long
. Beam power: 320 kW average

\ﬁf\_r

Alex Sousa - Harvard University
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| . ' I 1 1 1 1 I I 1 1 I I 1 T T T T
O [ | —e— Low enelrgy beam =l
n‘ 25:— Near Detector —o— High energy beam (x0.5)£
2 - Fluka08 MC ’
‘C—> 20 Tuned MC .
> 151 =
& F ]
S o E
> - : T 22 s :.~ .. ~es .
m G 5 10 15 20

Reconstructed Neutrino Energy (GeV)

« The Beam spectrum can be tuned by varying
relative positions of target and magnetic horns

 Hadron production cross-sections reweighted from
fits of pt and p. to ND Vv, energy spectrum using 7
beam configurations

* NA49 data used to constrain TT+/TT— and TT/K
ratios in fits

Ratio n*/

Standard
Low Energy
Configuration

0 20 40 60 80 100 120°
P, [GeVI/c]

IS

: MINOS Pn'anmina'ry ' ' '
| —— GFLUKA
I —— FLUKAO1 '
j ........ FLUKAOS

o =~ N
O a0 O N O W O

. ;_—MINOSBestFit .
WIS NS S S A N S
0 10 20 30 40 50 60 70
pZ[GeVlc]
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Neutrino Running

L L B L B B
v, Spectrum

Monte Carlo v, spectrum
Neutrino mode
Horns focus 7", K*

Horns focus 1%, K*, which decay into v,

w
(&)

N
n
lllllllllllllllllllIlllIIIllllllll]lllllllllllll

Higher energy v, from very forward TT-

v, = 91.7% Most of MINOS beam data taken in this
?2 v, =70% configuration

x 0~~ (Arbitrary Units)
cc ry

IIIIIIIIIlIIIIIIlIIIIIIIIIlIIIIIIIIIIIIIIIIIIII

10 _

X . v,+V, =13%

E I e o | 1 1 - 1 I ! 1 e ————e L L) ]
% 5 10 15 20 25 30

Eqe (GeV)

Decay Pipe

Target Focusing Horns
T =R 2m
\)Ej * " )
120 GeV e S :
protons T
from Ml < > >

15 m 30 m 675 m
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—

o

Ratio to no oscillations

o
(6]
11 T !

Phys. Rev. Lett. 106, 181801 (2011)

T T T T T

r T 1 ]
MINOS Far Detector

—4— Fardetectordata |

—— No oscillations

Best oscillation fit ]
[_] NC background —

2
Reconstructed neutrino energy (GeV)

4 6 8 10

—h
|

R IS S S |

-

—¢— Far detector data
Best oscillation fit

Stats. only decay fit
Stats. only decoherence fit
e .

06 .

2

4 6 8 10

Reconstructed neutrino energy (GeV)

W& C Seminar, Fermilab, August 25, 2011

4.0

3.5 <
:
>3.0 -
® i
So5 ~
T :
-_ MINOS best oscillation fit
3 2.0 : _
[ —— MINOS 90% —— Super-K 90% ]
1.5 —— Super-K UE 90%
- — — MINOS 68% .
i K2K 90% .
1 O 4+ . 090041 .4 1 1. . i
0.6 0.7 0.8 0.9 1.0
sin®(26)

[Am2, | = 2.3270 53 x 107%eV?

sin(2623) > 0.90 (90% C.L.)

World’s most precise |Am?,;m| measurement!
Disfavors alternative hypotheses to oscillations

Alex Sousa - Harvard University



Events / 2 GeV

40_I 1T T T | L | T 1T |||[|||II|||||I|IIII||III|[|1_1_ 100: T T T | T T 1 | T T T T T T B
i —— MINQ§ Far DetectF)r E?ata . [ 7.1x 10 POT. v,-mode ]
[ Prediction, No Oscillations ] & 40F MINOS Preliminary ]
- Prediction, AM°=3.36x10° eV? - % S i
30 B \ . Uncertainty (oscillated) ] w  20F M
- ] Backgrounds (oscillated) . = 1
= _ ~ 0 =
§ Low Energy Beam, v ,-mode ] N -
201 I 7.4x10% POT B E -
- el L MINOS PRELIMINARY - 41 90% C.L.
R | | 1 o v, Neutrino Beam
10- [ 0 155 _ &~ 2 — v, Antineutrino Beam ]
- == - S] v, Neutrino Beam
i ] = 15_ ¥ v, Best Fit Neutrino Beam E
» i -~ e V, BestFitAntineutrino Beam ]
O L — L Ll - & : 0-4 M AT S Y SR T A S L
0 5 10 15 20 30 40 50 0 0.2 0.4 0.6 0.8 1
Reconstructed v, Energy (GeV) sin?(26) or sin?(20)
Analyze 7% antineutrino component of
neutrino beam > —
Am < 3.37 x 107 eV~ (90% C.L.
atm
Complementary information from higher _
if sin®(2023) = 1.0
energy events if sin“(260,3) = 1.

Results consistent with the other MINOS
disappearance analysis
PP y arXiv:hep-ex/1108.1509, submitted to Phys. Rev. D (RC)
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L I B B B B
v, Spectrum

Monte Carlo v, spectrum
Neutrino mode
Horns focus 7", K*

w
N

N
n
lllllllllllllllllllIlllIIIllllllll]lllllllllllll

O (Arbitrary Units)

v =91.7%
20 u
15 VM =7.0%

IIIIIIllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

X 10 _
X . v,+V, =13%
E L 1 1 1 i~ 1 I ! . . —t— e i |
% 5 10 15 20 25 _ 30
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Target Focusing Horns Decay Pipe
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from MI < > >
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Creating a v, Beam

£ o . v,Spectrum yed \ spectum
D 40F Monte Carlo v, spectrum 3 D 40F Monte Carlo v, Spectrum
2 a5 Neutrino mode 1 T Antineutrino mode
£ 30F Horns focus 7", K* 4 &£ 30 Horns focus 7, K
£ 25F 1 £ 25
< E v =91.7%|7 < ¢
3 ) 1 9%
5 15E v,=70% [§ & 15
X 10 — = X 10
s v +v, =13% 3 =
RS 8. - - =
LL Bttt L — LL el T T T T s e e e e e e i
5 10 15 20 25 _ 30 5 10 15 20 25 _ 30
% %
Elrue (Gev E(rue (GeV)
Target Focusing Horns Decay Pipe
—) ﬁ e LM
~ —p = m—m—m >
120 GeV e
protons T
from Ml < > <—> €
15 m 30m 6/5m
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- MINOS Preliminary . 1.0
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‘e . ; > 0.8
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(9V]
0.6
9 5
= 1 2 o4
i X
0.3
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C i 0.2 E
0-5; — MINOS Best Fit : 01F

P, [GeV/c]
Eur. Phys. J. C 49 897 (2007)

S LiUAL S 100 Ia AR
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N E

Lo~ <|

—— MINOS

— world cross-section 30-50 GeV
s ! | ! ! L 1
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0O 10 20 30 40 50 60 70 0.0, ——

0

10 | 2|O T 3|0 - 40 50
Neutrino Energy(GeV)
Phys. Rev. D 81 072002 (2010)

g Why is the vy peak lower by a factor of 37
X|.3 from lower TT" production

x2.3 from lower V, cross section

J]—= BEBC WBB

—— GGM-PS

J-¥ IHEP-ITEP

{1 I bog_ s F
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+-&- ccFrRR

5 SKAT

=¥ ANL

=+ CRS

¥ GGM-SPS
=< BNL 7ft
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Accumulated Beam Data v

12.5X 102° protons-on-target already delivered since 2005!
Total NuMI protons to 00:00 Monday 15 August 2011

> 10 S
S &
= _ Neutrino Running Dy
N . : . 12§
3 s Antineutrino Running S
S L Higher Energy Neutrino Running &
o 1073
§ S
)
Q: 6 .................................................................................. 8
6
4 ...........................
4
2 ..........................
2

III l

0
2005/05/02 2006/02/1 2 2006/11/26 200 7/09/] 0 2008/06/23 2009/04/06 2010/01 /1 7 2010/11/01 2011/08/15

Y IRy Ly Date
Run | Run I Run I Run IV Run VI
1.71x102 POT 1.24x 102 POT

This Analysis: Run IV + Run VIl (2.95x 102° POT)
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MINQOS Detectors

* Magnetized tracking sampling calorimeters

Near Detector
~| kton (980 ton) total mass

® Located | km downstream of the target at
Fermilab

® 100 m depth

Most planes are Partial, with 1in 5 Full I Full planes only, 1in 5 instrumented, bare steel between

Veto Target Hadron Shower Muon Spectrometer
planes0:20 planes 21:60 planes 61:120 planes 121:281

Far Detector

5.4 kton, 2 supermodules
Located 735 km away in Soudan mine, MN
714 m depth

M| 234/ FEET BELOW TH

689 FEET BELOW

* Functionally equivalent: same segmentation, same materials, same mean B field

W& C Seminar, Fermilab, August 25, 2011

Alex Sousa - Harvard University




Detector Technology

« Steel/Scintillator Tracking Calorimeters :
* 2.54 cm-thick steel plates (5.96 cm between

2.54 cm Fe
plates)

| cm-thick, 4.1 cm-wide extruded polystyrene
scintillator strips

Extruded
scint. strips

4.1 x 1 cm?
« Can measure muon energy from range in

detector or from curvature in B field

* Both magnetized with <B field>~1.3T

UV planes
+/- 45°
¢
& WLS fiber |
uv u ,\
Clear ‘ \
Fiber cables \

m Multi-anode PMT

* Able to distinguish p* from p-

y [m]
]

Orthogonal
, orientatio
of strips
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Analysis of 2.95X10%° POT
of Antineutrino Data




Analysis Overview

N Ml ND Measurement
u : Analyze beam flavor content,

\) neutrino flux, rates
Vi beam data Obtain ND vy-like energy spectrum

Blind to full FD sample until
freezing of analysis procedures Predict the Far Detector

Transfer ND to FD,
function of flux, cross sections,
efficiency, energy resolution

FD Measurement
Analyze beam flavor, rates
Obtain FD vy-like energy spectrum

Fit osc. prediction to data
Derive oscillation parameter
values and uncertainties

* What changed since the 2010 analysis?
* Increased antineutrino data exposure from 1.71x102° POT to 2.95x10%° POT

* New Near Detector coil hole selection

* New shower energy estimator

W&C Seminar, Fermilab, August 25, 2011 Alex Sousa - Harvard University



CC, NCSeparation

» Muons from vy, vy CC interactions are identified as tracks stisfyin a
multivariate topological ID that uses a kNN algorithm

kNN example with 2 variables
* kNearest-Neighbors Algorithm 10y

* Determine distance of “query” event q 8
to each of MC signal and bkgd. [o) ® »
events in multivariate space % 8l
* e.g. Euclidean distance 1 § PN O
NVar | 2 "5 4 O
D= (> [X"“X?] Q ©C 0 ¢o.
i—1 £ 2 O Signal
* Use the “k” MC events with 00 Blgd.
smaller distances to classify |2 '[4 6 ol 81 10
p , , nput variable
uery”’ event:
e NN — ks k=6, ks=5, ke=1 = kNNp=5/6
P ks + ki
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CC, NCSeparation

» Muons from vy, v, CC interactions are identified as tracks satisfyin a

multivariate topological ID that uses a kNN algorithm

kNN example with 2 variables
* kNearest-Neighbors Algorithm 10y

* Determine distance of “query” event q 8
to each of MC signal and bkgd. [o) ® »
events in multivariate space % 8l
* e.g. Euclidean distance 1 § PN O
NVar | 2 "5 4 O
D= (> [X"“X?] Q ©C 0 ¢o.
i—1 £ 2 O Signal
* Use the “k” MC events with 00 Bkgd.
smaller distances to classify |2 '[4 6 ol 81 10
p , , nput variable
uery”’ event:
e NN — ks k=6, ks=5, ke=1 = kNNp=5/6
P ks + ki

« MINOS kNN algorithm uses 4 input variables and k=80

W& C Seminar, Fermilab, August 25, 2011 Alex Sousa - Harvard University



CC, NCSeparation

» Muons from vy, vy CC interactions are identified as tracks stisfyin a
multivariate topological ID that uses a kNN algorithm

° 2,5_ T T T T T T T T T T T T T |_

* 4 kNN Input Variables i MINOS Preliminary -
 Track length _ 1
& — 2: ‘L MINOS Near Detector ]

e Mean dE/dx a|ong track 8 R 7 Antineutrino Running i
. © 1.5 -|_‘ 2.74x 10%° PoT ]

* Energy loss fluctuations ER —— Data¥, }
along track ~ B L # MC¥, Prediction ]
*UE) - & | === Total Background

» Energy deposition in g OF
transverse track profile 0.5\ .
O: ~— "o i

0 50 100 150

Number of active planes in track
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CC, NCSeparation

» Muons from vy, vy CC interactions are identified as tracks stisfyin a
multivariate topological ID that uses a kNN algorithm

20 I I | I I | I | | | I | | | | | | |—
MINOS Preliminary

* 4 kNN Input Variables
* Track length

MINOS Near Detector

—
)]

* Mean dE/dx along track m Antineutrino Running
. 2.74 x 10° PoT
* Energy loss fluctuations —— Data¥,

— MC vy Prediction

along track
—— Total Background

* Energy deposition in
transverse track profile

Events / 10" POT
» o
I T 1 I 1T 1 | I T 1 I I T 1

'_IIIIIIIII|IIIIII

o | A‘l“l‘J ™ L -
-------

2 4 6 8 1
Average pulse height per plane in track (MIPs)

o

o
o
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CC, NCSeparation

» Muons from vy, vy CC interactions are identified as tracks stisfyin a
multivariate topological ID that uses a kNN algorithm

° 2 I | I I | I I I | I | I | [ | | |
* 4 kNN Input Variables - MINOS Preliminary -
* Track length i -
= 1.5 MINOS Near Detector —
* Mean dE/dx along track 8 i Antineutrino Running i
, © - 2.74x 10 PoT i
* Energy fluctuations along o —— Data¥, ]
track > u # MC¥, Prediction i
b= B —— Total Background ]
o o o o Q : :
Energy deposition in T o5l -
transverse track profile - :
i — ]
‘ 04 06 08 1

T B
0 0.2
Signal fluctuation parameter
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CC, NCSeparation

» Muons from vy, vy CC interactions are identified as tracks stisfyin a
multivariate topological ID that uses a kNN algorithm

3 I I I I | I I I | I | I | [ | I | |
MINOS Preliminary 1

* 4 kNN Input Variables
* Track length

N
&)

MINOS Near Detector
Antineutrino Running

274 x 10%° PoT
—e— Data V“

—— MCY¥, Prediction
—— Total Background

« Mean dE/dx along track

N

* Energy loss fluctuations
along track

—

* Energy deposition in
transverse track profile

o
3

Events / 10" POT
.
1T 11 | 1T 1T I | | 1T 11 | | I |

OO

02 04 06 08 1
Fraction of pulse height in track
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CC,NCSeparation

- Muons from vy, Vu CC interactions are identified as tracks satisfying a
multivariate topological ID

Rejects neutral current backgrounds and hlgh y CC events

| |
80__ MINOS Prellmlnary |
i —e— MINOS Near Detector Data I
60+ = Tuned MC
- &= Total Background
i - _ koo
j Low Energy Beam, vV, -mode 1 kNN =
40 " | o kcc + knc

hadron-like

>

require kNNp >0.3

v, Events / 10" POT

& 02 04 06 08 11
kNN Separation Variable

Background includes
M- component
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Muon charge/momentum analyzed by track curvature

* Only accept events with positive reconstructed charge

50

W& C Seminar, Fermilab, August 25, 2011

MINOS Preliminary

Near Detector v, Running
2.74x10%°° POT Area Normalised

® —Data
—MC
B Background

require q/p>0

Alex Sousa - Harvard University




New! - Coil Hole Selection \

4—|Illlllll|IIII|IIII|IIII|I'1—

Near Detector Data imi
| v, Mode SO RISlmimany * Track fitter occasionally fails

i - . Faifed Tracks-{J# 12 :

Most failed tracks end near the coil

Reject] ..

* ND coil difficult to model in MC
¢ 4.2% failures in MC, 6.1% in data

N

e Coil Hole Selection

Track Endy/m
)
Failed Tracks

o

* Remove all tracks ending near the coil

« Selection well modeled in MC

1 + After selection, failed tracks ~1% in
both MC and Data

+ Can safely remove fitter failures

T T N Rl N T i) |-|'| :l.l L9 |--|-'| ] |. Ll
-2 -1 0 1 2 3
Track End x/ m

End positions of tracks failed by track fitter
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100 —————
MINOS Preliminary
Simulated Near Detector
80 —— Selection Efficiency
------- NC Contamination
—— NC After Selection

....... vy Contamination
— Y, After Selection

B »
o o
oyl 1 ( 1 1 1 [ 1T T 1 [ I T | ! I: LI

:: .-' -'.l:-"--II" 1':::.6:--,1!-'_::-“:::.“'-.!' --------- " "

N
o

Selector Performance (%)

OO

5 10 15 20 25
Reconstructed v, Energy (GeV)

* Broad dip in efficiency due to coil hole selection
* 53% integrated efficiency, 94% purity

« Shape and magnitude of dip are well modeled by
Monte Carlo

—_—

10* Near Detector Events
N A O O O N

Efficiency of track end cut

MINOS Preliminary
Near Detector
2.74 x 10° POT
v, Running
.': ':A: —— Old Selection Data
. —— New Selection Data
& T """ Old Selection MC

s [ ] New Selection MC

1
A b}
|
i
i

L J“
g,
AnAzAs pn,
AnA A A An gy
A,
\ ‘ vy = ST

5 10 15 20
Reconstructed Neutrino Energy

O\\\

— Data MINOS Preliminary -

— Simulation

llllllllllllll

— Near Detector

- Low energy beam, v, mode
PR I S S TSN SN SN NSNS NS S AN SO ST ST S NS RY

b 5 10 15 20 25 30

Reconstructed E, / GeV
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* Reconstructed track energy for v, CC events selected in the Near Detector

T T | T T T T | T
MINOS Preliminary
- —e— MINOS Near Detector Data

—— Tuned MC
== Total Background

40

30

Low Energy Beam, v,,-mode

20

10

v, Events / GeV /10" POT

% 5 10 15 50

Reconstructed Track Energy (GeV)

 Data and MC differences smaller than size of systematic uncertainties
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New! - kNN Shower Energy

. Use KNN with three parameter5° . Same shower energy estimator
* the shower energy within | m of the track vertex used in the 2010 v, CC
* the number of planes in the shower disappearance analysis
* the energy in the second reconstructed shower

« Estimator is the mean energy of the I\/IINOS Prellmlnary
nearest neighbors

1.5<E<2.0

0.0<E<0.5
Estimator ]
—— Calorimetric }
— kNN

0.5<E<1.04 " 1.0<E<1.5

Shower energy

resolution improved
below 2 GeV

2.0<E<25F 2.5<E<3.0F 3.0<E<3.51

Events \

iM5.0<E<5.5 } E>55]

Original Energy
New Estimator

Reconstructed / true shower energy
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* Sensitivity of 2010 antineutrino analysis improved by ~10% with adoption of the
new shower energy estimator

_—— kNN energy

—
MINOS Preliminary

—— True energy
—— Calo energy
------ 10% better
— 50% better

5_
< f
o 4
O'I) |
© I
— 3r
< i
E T
< I
21
0.6

W& C Seminar, Fermilab, August 25, 2011

0.7 0.8 0.9
Sin%20
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» Reconstructed shower energy for v, CC events selected in the Near Detector

= [ ' ' ' [ ' ' ' [
50 MINOS Preliminary

E+ —e— MINOS Near Detector Data
401 —— Tuned MC

== Total Background

v, Events / GeV / 10" POT

30 Low Energy Beam, v, ,-mode _;
20F E
10f :

S 6 8 10

Reconstructed Shower Energy (GeV)

 Data and MC differences smaller than size of systematic uncertainties
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Near Detector Energy Spectrum V

» Reconstructed antineutrino energy for v, CC events selected in the Near

Detector
— -
@) i
0 i
o 30¢
o 200
Q) i
) ]
c 10
o i
S i
LU i
> OO
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1 1 | 1 1 1 1 | 1
MINQOS Preliminary
- —e— MINOS Near Detector Data

= Tuned MC
== Total Background

Low Energy Beam, v,-mode

5 10 15 20
Reconstructed v, Energy (GeV)
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ND Data Stability

Anti-Neutrino Energy Spectrum

6
- — o Oct09 * Nov 09 = Dec 09
o 5 ne ®Jan10 7 Feb10 Mar 10
bl = *Nov10 = Dec10 e Jan 11
o A Y Feb11 - Average
™~ =
P = Near Detector Data
"dc'; 2:_ ¥ Y K g MINOS PRELIMINARY
4 =
Ll —
1— BT 4
E ial‘*.
ob=re . | . ... L O G s 0 > 0,8 @ @
0 2 4 6 8 10 12 14 16 18

Reco E, (GeV)
* Shape of the vy-selected ND energy spectrum very stable throughout the
antineutrino running period

* Feb’l | drop in the falling edge of the focusing peak tracked down to water
leak into target can, a few days before target failure occurred

* Cancels out between detectors

W&C Seminar, Fermilab, August 25, 2011 Alex Sousa - Harvard University



Data Stability

* Number of selected antineutrino events as a function of accumulated POT
very stable throughout the antineutrino running period

Anti-Neutrino Events Per POT v.s. Integrated POT (E < 6 GeV)

45
Near Detector Data MINOS PRELIMINARY

- 40
S
© 35
E !
5 e | +
'z', *
§ 25 fl—y it .;.._A ok, M :
w ZOE + +

o ————

Cumulative POT (x 10"°)
Anti-Neutrino Events Per POT v.s. Integrated POT (E > 6 GeV)

35—

305_ Oct09 =*+=Nov09 +#®Dec09 ®Jani0
5 g Feb 10 Mar 10 =+=Nov 10 Dec 10
a 25— @Jan11 *Feb11
= 20—
~ — +
(] 15—
c —
g 100 M - et %’—
1T} = +

5:— +

00_ 1 N N 1 N N 1 N N N N 1 1

Cumulative POT (x 10'°)
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Near to Far Extrapolation

Far Detector energy spectrum without oscillations is similar, but
not the same as the Near Detector spectrum

p

+
Target T

E,~ 0.43E,/ (1+y,26,?) ND

Neutrino energy depends on angle with original pion direction and
the energy of the parent pion

Near Detector covers a wider solid angle

Higher energy 1T travel further downstream the decay pipe and
decay closer to the Near Detector

W&C Seminar, Fermilab, August 25, 2011 Alex Sousa - Harvard University



» Start with measured Near Detector neutrino energy spectrum

+ Use Monte Carlo to provide corrections due to energy smearing
and acceptance

 Obtain Far Detector spectrum from Near Detector using a beam
transfer matrix

 Matrix encodes knowledge of meson decay kinematics and
beamline geometry

«10°
2 03+
= e [
- -
>
? 200_ =2 8 - Far
© S 2 s
? o " 0.2+
] £ g
° L _—
™ 3 2
g 100 z £ |
< + % c 0.1
& e s
8 w
- ©
S I N <R L e
% Tose E (GeV) 10 o 5 10 15 20 25 30 0 & < 10
v Near Detector Neutrino Energy (GeV) True E_(GeV)
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Far Detector Selection

« Antineutrinos in the Far Detector are selected in the same way as in
the Near Detector, but no coil cut is applied

< 1 OO: :
® [ MINOS Preliminary _
8 80 . Simulated Far Detector - Eff. Pur.
© : —— Selection Efficiency

£ {10-6Gev| 969 989
£ e60gf =000 e NC Contamination ] P e
O I —— NC After Selection |  6-20GeV ~ 98% 91%
o ol v, Contamination 1 . .
0 I v, After Selection 20-50 GeV|  98% /8%
[ - e 1]0-50GeV | 97% 95%
o 20K e e e =
Q - gt -
() T i
N i

OO

5 10 15 20 25
Reconstructed v, Energy (GeV)

* Integrated selection efficiency in Far Detector is 97%, with 94% sample
purity

+ Contamination at higher antineutrino energies does not affect
oscillation measurement
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0.10

L L L
— MINOS Preliminary: 2.95x10%° PoT

= -0.05

/(1
|IIII|IIII|IIII|III

-0.10

.0.015 -0.01 -0005 O 0005 001 O
8(sin®(29))

o

* Plot on the right shows a comparison of statistical

sensitivity contours for current antineutrino

15

exposure with size of systematic uncertainties

Relative Normalisation

NC Background

WS CC Background

Overall Hadronic Energy

« Effect of uncertainties
estimated by fitting

Relative Hadronic Energy FD Systematical I)I Sh |fted MC

Relative Hadronic Energy ND

Track Energy
Beam
Acceptance

Cross sections

5

__ 45

N

>

O 4

@

o

= 35

N

S

1 3
2.5

 Current measurement still very statistically-limited

samples

|IIII|I\II\IIII|I|II|IIII‘I

L

—— 7, 68%C.L. .
—— v,90% C.L.

MINOS Preliminary B
2.95 x 10%° POT, v,-mode Monte Carlo Simulation |
PRI R SR

| T T T T | T T T T T T T T T T ]

I TR
0.6 0.7 0.8 0.9 1
sin’(26)
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Analysis Results
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* Track end positions in Far Detector show antineutrinos are focused
towards the magnetic coil, while neutrinos are defocused outwards

MINOS PRELIMINARY: Selectedv, Events MINOS PRELIMINARY: SelectedvM Events

Track End Y Position (m)
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* Vy event selection rate in the Far Detector as a function of accumulated POT

18
MINOS Preliminary

16 -
14 Far Detector Data =
12 T =
—— ]

10 —- —— - - 3
8 —— -— -o— _f
— —— ]

v, observed at far detector/1 0'°POT

(@} LRI RRRNRpuununrinnunny) RARE LA LAY
t
——
t
t
t

o

0.5 1.0 1.5 2.0 2.5 3.0
cumulative POT/10%

o

 Accounting for statistical uncertainties, event rates in Run IV and Run VIl are
consistent
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N

Far Detector Energy Spectrum

,V‘

' L LALL) LA LA LLAL) LA LA R LA g LA LAY ALK LA LA LR LR Lk L
60 — B Low Energy Beam, v, -mode 7
—+— MINOS Far Detector Data B 95 x10%° POT ]
i | % i MINZOQSSPIJ{ELIMINARY 1
= i Prediction, No Oscillations i E 2_— 7
& 40 - 3| + _
~ - Low Energy Beam, v -mode - O B __L 7
24 20 i i ]
= : 2.95 x10%° POT 1 3 1 _+_ T T + 1
Lﬁ 20 MINOS PRELIMINARY 9 i _+_ + *

B ] S 4y l .
- + - T of- -
i 1 B —+— MINQOS Far Detector Data 7
o PR TT T [ A T A O AR A

0 5 10 20 30 40 50 0 5 10 20 30 40 50

Reconstructed v, Energy (GeV) Reconstructed v, Energy (GeV)
3 N

Prediction, No Oscillations: 273 events

Observed: 193 events

Null-oscillations excluded at 7.30
I\ y
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Far Detector Energy Spectrum \A

"N

T T T L N L R R e A A R R RN RN} 3 T T T T T T T L L L L e e
60 —+— MINOS Far Deltecltor IDa’lta o - i Low Enlergly Blean|1, vL-mlodé o
i Prediction, No Oscillations n i 2.95x10%° POT 1
i J_ Prediction, Best-Fit Parameters | S i MINOS PRELIMINARY i
Uncertainty (oscillated) "c_B' o —]
?5 40; [ Backgrounds (oscillated) ; § i + ]
~ = Low Energy Beam, v -mode « O : __l__ e :

*g - 2.95 x10%° POT y 3 1 - | _+
Q - MINOS PRELIMINARY 1 o - ﬁ:‘:J-:F' ]

Ll | + | ——
9 i i
H | 2 .
- i x 0 i —+4— MINOS Far Detector Data B
] B Prediction Best-Fit Parameters |
4 4 I““ Il Il Il Il I Il Il Il IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
5 10 20 30 40 50 0 5 10 20 30 40 50
Reconstructed v, Energy (GeV) Reconstructed v, Energy (GeV)
(- ™
Prediction, No Oscillations: 273 events Vu Oscillations Best Fit Parameters
Observed: 193 events |AmZ,, | = [2.6250 35 (stat) £ 0.09(syst)] x 107%eV?

- 1+0.10
Null-oscillations excluded at 7.30 sin (2923) 0.957 11 (stat) £ 0.01(syst)

L V.
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Good data/MC agreement in charge/momentum and inelasticity distributions

0.5
Reconstructed Inelasticity

W& C Seminar, Fermilab, August 25, 2011

L R AL L L
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2010 Analysis, [.71x102POT 2011 Analysis, 2.95x10° POT

171x1020 POT MINOS#, running, Far Detector

ok [ +MII\IIOIS U 60  —+— MINOS Far Defecior Data |
B — No oscillations . B Prediction, No Oscillations
- S g . i J_ Prediction, Best-Fit Parameters |
> 3 — Best oscillation fit . Uncertainty (oscillated)
§ 20‘_ B [C)Background ] E 40; [ Backgrounds (oscillated) ;
..g - ~ - Low Energy Beam, v, -mode .
0 I | % - 2.95x10°° POT T
g 10__ # MINOS Preliminary __ L%) - MINOS PRELIMINARY ;
% 5 10 20 30 40 50 5 10 20 30 40 50
Reco. Energy (GeV) Reconstructed v, Energy (GeV)
Prediction, No Oscillations: 1 55 events Prediction, No Oscillations: 273 events
Observed: 97 events Observed: 193 events
Null-oscillations excluded at 6.30 \Null-oscillations excluded at 7.30
_ +0.46 —3 172 o +0.31 —3 ~x72
|Am atm\ 3.3670-95 x 1073V |Amy,,, | = 2.627)5¢ x 10~ %eV
+0.11 1
sin®(2023) = 0.867 15 sin®(26023) = 0.957 013
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Run IV-Only Contours 2011 vs. 2010 4 Y-

L L L R A IR I
| —7,68%,2011-style  --¥,68%, 2010-style ]
- —V,90%, 2011-style --v, 90%, 2010-style i
5 |- @ Best Fit, 2011-style A Best Fit, 2010-style —
> :
® i ]
o Ar :
SUm I
S 3f
2 L MINOS Preliminary |
[ 1.71x 102°|POT,VM-mo|de | | ]
0.5 0.6 0.7 0.8 0.9 1
sin®(26)
2010 Analysis, 1.71x10%° POT 201 | Analysis, 1.71x10%° POT
—2 | _ +0.46 —3, 172 _ _
AT, | = 3.365070 x 107 %eV Am2,,, | = 3.467047 x 1073eV?
. Y . - 2790 _ +0.10
sin®(26023) = 0.8610 15 sin”(2023) = 0.827 1
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(" N

|Am?,, | = [2.62F0 55 (stat) & 0.09(syst)] x 10~%eV?
sin”(20,3) = 0.951017 (stat) £ 0.01(syst)

.. Wy,

68%

u
« Contours are Feldman- 5 __ v, 90% i
u
Cousins corrected I Y v 99%
Al
- Systematics included S 4 * VuBestPl .
o L
() R
= |
E S
h
2 [ MINOS Preliminary
- 2.95 x 10°° POT,v,-mode
[ ! | |

! | ! ! ! ! ! ! ! ! T
04 0.6 0.8 1
sin®(20)
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Run IV + RunVII

Run IV Only 20IOAnaIyS|s

atm

sin®(2023) = 0.9570 1%

| Am;

= 2.627058 x 10~ e

« Comparison with MINOS
90% C.L. contour for
Run IV antineutrino data

W& C Seminar, Fermilab, August 25, 2011

+0.46
‘A atm = 3.36 —0.40
—|—O 11
1 I I I | I 1 1 1 | I 1 1 I | I I 1 I | 1 I I 1

[ 90% C.L. ]
B —MINOSVM 2011 * v, Best Fit 2011 i
5 -_—MINOSVM 2010 e Vv, Best Fit 2010 N
<S> L il
> B i
(D) | i
(ap] | |
o 4r ]
N|'_E | i
S 30 =
o ~ MINOS Preliminary —|
- 2.95 x 10°° POT,v,-mode —
[ T R R ]
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Contour Comparlsons

Antlneutrmos Neutrlnos

_ 2 0.12 )

AT, | = 2.627035 x 107 %eV? | Amgy, | = 2.32T0755 x 1077eV

- 2

sin®(2023) > 0.75 (90% C.L.) sin”(2623) > 0.90 (90% C.L.)
- %ol
[ —MINOS¥,2011  « ¥, Best Fit 2011 ]
. Comparison with MINOS N> 5 - —MINOS¥V,2010 e v, Best F!t 2010 N
90% C.L. contour for mz r —MINOSw, * Vu BestFi :
Run IV antineutrino data - A _ _
= ]

<t

« Comparison with MINOS & 3| _
90% C.L. contour for E Ot —
neutrino mode = o [ MINOS Preliminary \_-W
- 2.95 x 10°° POT,v,-mode .

| L L L L | L L L L | L L L L | L L L
0.5 0.6 0.7 0.8 0.9 1
sin®(26) or sin“(26)
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Compatibility with Neutrino Results ;Y-

60  —4— MINOS Far Defecior Data - [ ML MINOS Far Detector
L Prediction, No Oscillations i - .
L [ Prediction, AM’=2.32x10° eV? | <300 —H- Far detectordata
> i Prediction, Best-Fit Parameters | () | —— No oscillations 1
8 40 — gncsﬂaintz(oscillﬁretd ) q - Q) | —— Best oscillation fit ]
- . il al_%m?ré)#enrg;s/ (B%Sa%,avﬁrr?ode . ;200'_— [ ] NC background ]
% - 2.95x10%° POT 1 e s i
C|>_) B MINOS PRELIMINARY 1 () : :
I | > nnk EE l | |
+ 1 LL|100: + :
. %Illa O_ ' ]
5 10 20 30 40 50 0 2 4 6 8 10
Reconstructed v, Energy (GeV) Reconstructed neutrino energy (GeV)
vy Oscillation Best Fit Parameters Vu Oscillation Best Fit Parameters
_ 2 0.12 -3 2
|AmZ,, | = 2.6270 5% x 107 %eV? [AmZ,, | = 2.32700% x 107%eV
. 2
sin2(2043) > 0.75 (90% C.L.) sin”(2623) > 0.90 (90% C.L.)

» Assuming identical underlying oscillation parameters, the v, and v, oscillation
measurements are consistent at the 42% C.L. (was 2.0% C.L.for 2010 analysis)
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Run IV Only - 201 | Analysis

|Am2, | = 3.46775% x 10~ %eV?

sin”(2043) = 0.821019

“RunVIl Only 20I I AnaIyS|s o
|AmZ,, | = 2.261535) x 107 eV?

SiIl (2(923) > 0.79 (90% CL)

—r 1 T T 1 T
90% C.L.
Vv, Antineutrino Beam 2011
Run Y
Run VI

* Best Fit Antineutrino Beam 2011

':

':

';
A AT BN A B AN

MINOS Preliminary
2.95 x 1020 POT,V, mode

« Comparison with MINOS
90% C.L. contour for 6
Run IV antineutrino data <\T>"
obtained with the new D 5
analysis 'g:_>
)4 S
I
= 3
Run IV+Run VI
A2, | = 2.627038 x 1073%ev?| 2
sin®(2023) = 0.95701] 0

[
O 2 0 4 0.6
sin®(20)
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Antlneutrlnos Antlneutrlnos 1 Neutrlno Runnlng

‘ = 2627031 x 1073 V? |Aﬁatm‘ < 3.37 x 10~ %eV? (90% C.L.)

sin?(2023) > 0.75 (90% C.L.) | (if sin®(26023) = 1.0

| Am;,

atm

P I | I I I I | I I I I | I I I I | I I I I
7/ -
&, 2.95 x 10%° POT,¥,-mode-
MINOS Preliminary

« Comparison with MINOS
90% C.L. exclusion from 5

: : : , < [ ]
selecting antineutrinos in > I ]
neutrino running 2 a4l .

N|'_E | |
S 30 =
L 90% C.L _ ]

2 |- —MINGSv, 2011« ¥, Best Fit 2011 =

B v Neutrlﬁo Beam 2011
| I 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1
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sin®(26)

—
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Contour Comparisons

(" N

|Am?,, | = [2.62F0 55 (stat) & 0.09(syst)] x 10~%eV?
. %) 1
sin”(20,3) = 0.951017 (stat) £ 0.01(syst)
. y,
L L L B LB

| 90% C.L. :
. . —~ F —MINOS v, 2011 » v, Best Fit 2011 -
. Comparlson with MINOS °'> 5 ‘_—MINOSvi % "i Best Fit B
90% C.L. contour for o [ --SuperKv~ —SuperKv, L/E™ 1
neutrino mode o [ -.- T2K v, w/ Syst. Error Fitting” ]
C\l: 4 :_ ,~""-I_E
= 5 A il
ﬂ | Ko .
» Comparison withT2K vy 5 3| <
- N~ [~ * Preliminary (EPS 2011) 7]
a'nd Super-K VIJ’ VU reSUIts g : ** Preliminary (Neutrino 2010) +*
~ 0 ~ MINOS Preliminary g =
- 2.95 x 10°° POT,v,-mode ]
’ H o/ I R S S N SR S SR S S TP R R S N
World's most precise 05 06 07 08 09 1

IR a
measurement of |[Am?Z,m| ! sin?(20) or sin®(20)
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-

|Am?,, | = [2.62F0 55 (stat) & 0.09(syst)] x 10~%eV?
sin”(20,3) = 0.951017 (stat) £ 0.01(syst)
'\ Y,

N\

Stat. sensitivity at new best fit
L B e

v, 68% C.L.
v, 90% C.L.

W
IIII|IIII|IIII|IIII

2[MINOS Preliminary
- 2.95 x 10°° POT, ¥,-mode

Monte Carlo Simulation
- 1 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1

0.7 0.8
sin®(26)

0.5 0.6 0.9

Contours from fit to data

] 4.4F L B B
: L v, 90% (FC Syst)

- 4

i _ v, 90% (FC Stat)

1 < 36}

B % - v, 68%

| ‘23 3.2 i

1 Z 28}

1 E I

1 =2 247

_ o

] L MINOS Preliminary

- | 2.95x 1020I POT,v,-mode | |
1 0.5 0.6 0.7 0.8 0.9

sin®(26)

« Measurement is statistically-limited
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Future Sensitivities

* Sensitivities for current and further antineutrino running assuming:

Antineutrino best fit parameters Neutrino best fit parameters
N
_ 0.31 -3 2 2 o +0.12 -3 2
AT, | = 2.627535% x 1073eV |Am7 | =2.327 505 x 107°eV
- 2
sin?(2053) > 0.75 (90% C.L. )J sin“(2653) > 0.90 (90% C.L.)
SF l I T SpF o T T T T T T
5 90%CL MC Sensmwty i . 90% C.L. MC Sensitivity ]
I 2.9 x 10°° POT . I 2.9 x 10°° POT .
Y [ —35x102POT - Y, ——35x102POT -
D L —— 4.0x 10°° POT . () - —— 4.0x 10®° POT )
© 41— 50x10°POT — » 4 —— 50x10°POT —
© [ ——8.0x10?°POT . © [ ——8.0x10°POT 1
— | [C—1v.2010 Data . — | C—1v.2010Data .
E | 1 E t -
< 3F <| < 3F <
s | G [
Tl Tl —
T er 4 T2 =
i MINOS Prellmlnary | | | i MINOS Prellmlnary | | |
0.5 O 6 0 7 0.8 0.9 1 0.5 O 6 0 7 0.8 0.9 1
sin®(20) or sin®(20) sin®(26) or sin®(20)

More antineutrino data being collected right now!
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Conclusions

"« MINOS has an 2.95x 1020 POT of dedicated
antineutrino beam running

* MINOS makes the world’s most precise measurement of the
antineutrino atmospheric mass-squared splitting:

( N
|Am?,, | = [2.62F0 55 (stat) £ 0.09(syst)] x 10~%eV?
sin”(20,3) = 0.951017 (stat) £ 0.01(syst)

. J

* Result from 2010 analysis was a fluctuation due to low-statistics

» Antineutrino oscillation parameters consistent with neutrino
counterparts with p=42%

* Further antineutrino running underway. Should provide significant
improvements in measurement precision
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Thank You!
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We thank the crew at the Soudan Underground Laboratory for their tireless
work in keeping the Far Detector running
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Comparison with Run IV-2011 /Y

"N
20I I AnaIyS|s | 7Ix|020 POT 20I I AnaIyS|s 2 95x|020 POT
6o —4— MINOS Far Detector Data 60 —+— MINOS Far Detector Data -
B Prediction, No Oscillations i B Prediction, No Oscillations
i Prediction, Best-Fit Parameters | i J_ Prediction, Best-Fit Parameters |
Uncertainty (oscillated) Uncertainty (oscillated)
% i [ Backgrounds (oscillated) i % i [ Backgrounds (oscillated) i
& 40F : G 401 -
-~ = Low Energy Beam, vV -mode g ~ = Low Energy Beam, v, -mode «
*2 - 1.71x10% POT: Sept 09— Mar 10 *2 - 2.95x10%° POT .
g-) B MINOS PRELIMINARY N g-) - MINOS PRELIMINARY 1
W 20 : L s
O . | . . . " . | L
0 5 10 20 30 40 50 5 10 20 30 40 50
Reconstructed v, Energy (GeV) Reconstructed v, Energy (GeV)
Prediction, No Oscillations: 157 events Prediction, No Oscillations: 273 events
Observed: 97 events Observed: 193 events
+0.47 -3 2 — +0.31 —3 2
|AT, | = 3.461 045 x 107 %eV |Am,,, | = 2.62F)5¢ x 107%eV
+0.10 +0.10
sin®(2623) = 0.8277( 17 sin”(26,3) = 0.9577 1%
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20I I AnaIyS|s I 7Ix|02° POT

60 —+— MINOS Far Detector Data —
| Prediction, No Oscillations i

Prediction, Best-Fit Parameters |
Uncertainty (oscillated)

% i [ Backgrounds (oscillated) 1
o 401 B
-~ - Low Energy Beam, Vv -mode -
5 I

= - 1.71x10%° POT: Sept 09— Mar 10
g-) - MINOS PRELIMINARY 1
W 20 B

0 5 10 20 30 40 50
Reconstructed v, Energy (GeV)

Prediction, No Oscillations: 1 57 events
Observed: 97 events

|AmZ, | | = 3.4610 5% x 107 %eV?
sin®(20,3) = 0.8279 1%

20I I Analy5|s I 24x|02° POT

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
60 —+— MINOS Far Detector Data —
B Prediction, No Oscillations
i Prediction, Best-Fit Parameters |
i Uncertainty (oscillated) |
% [ Backgrounds (oscillated)
¢ 40 -
~ - Low Energy Beam, vV, -mode .
P .
= - 1.24 x10%° POT: Nov 10— Feb 11
CI>3 - MINOS PRELIMINARY N
w 20f |
0 ' = . . L . L | P Y i
0 5 10 20 30 40 50

Reconstructed v, Energy (GeV)

Prediction, No Oscillations: 1 1 6 events
Observed: 96 events

|AmZ, | = 2.261535) x 107 °eV?
sin®(2623) > 0.79 (90% C.L.)
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Hadron Production Tuning

1 1 1 1 1 1 I 1 | 1 1 i 1 ] T 1 1 T
—— Low energy beam

Near Detector —o— High energy beam (x0.
Fluka08 MC
Tuned MC

%)

N N
o

—_
. O

IllIIllIIIIIlllllllllll$lll

Events / GeV / 10" POT |
"'I""l""zl,’""'l""l"' |

o

5 '1|0' - '1|5' ~ 20
Reconstructed Neutrino Energy (GeV)

« Hadron production cross-sections reweighted in fit
to ND vy, energy spectrum from 7 beam
configurations

 NA49 data used to constrain TT+/TT— and TT/K
ratios in fit
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Fit improves Far/Near ratio
and verifies robustness of
Near — Far extrapolation
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N Shower Energy Input Variables V

| MINOS' Prellmmary o

_MINOS Prellmmary .

—— MC Near Detector

—+— Data Near Detector

IIlI|IIII|IIII[IlIl|II
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Shower Energy Near Track Vertex
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Area Normalization

MINOS Preliminary
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Run IV NSI Results

. o-Sdr Inacins e iopati in ae‘ a -
MSW matter effects

dv  [Am3, (—cos26,; sin26a; g g .
—— = + V2GgN, p pr | g 7= (v,.v.
l dt | 4EV ( sin 2023 CcoSs 2623] ‘/_ FN(r) (86* <€ ] vV (V# vV )

Ut T

* Using neutrino and antineutrino data, MINOS can measure €+

* Eut switches sign between neutrinos and antineutrinos

3-2_ T T T I T T T T I T T T T I T T T T I T T T T I T T T T T] 1.00_' T T T I T T :' "‘ I T T T T I_
- MINOS Preliminary i P ]
3.0 - i 1
o 28 ([ TR = 0.95- .
> C ] B i
m‘D 2.6 — . L ) i
o 2 4:_ S Dl CE _: (\Cl\l 0_90__ sl ]
= 240 7.09x 10% POT v-moge==iiiiiizzss..oinae’ ] % B ]
T o 21_ 1.71x 10%° POT v-mode B B 1
E “°r ] I 68% Stat onl ]
S 68% Stat only . y 20 i

< - ] - . 7.09x 10° POT v-mode ~ _|
— 2.0 —90% Statonly - 085 — 900/ > Stat only 1.71x 10° POTv-mode -
1.8 S 68% Stat + syst E - 68°/° Stat+syst  MINOS Preliminary -
"I ——90% Stat + syst . T — ?0 % Stat I+ syst | | | ]

C v b b b by 11 08 —— PE— —— ~SE— PEE— A
195 04 03 02 01 0 ot 05 04 03 02 01 0 01

€ Spvc

e Am? = 2.57+0.15 x 10~ 3eV?
sin?(26) = 0.98 £ 0.08
€ur = —0.163 £ 0.16
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