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Neutrinos Exhibit Quantum-Mechanical Oscillations FNAL MINOS EXPERIMENT

Fermilab: Home to Physics Beyond the Standard Model? Director PierOddone Charts New Course

Japan and Europe Catching
up with their own facilities

1ty ADAM NAGOURNEY

Scnators John McCain and
Barack Obama debated for %0
mtales on Tucsday sigtht efore
O DA S COONOMK CfTsis, Cach

Experiment still pushing for
CP Violation in Neutrinos

By ERICSCHUMITY
Mr, Obama placed 1the blame 1he rand, aad the Amencan mil
for the Hinancial cresis on Sorcgu
lation aod the bk of fiscal dis-

apline under Prosdont Baxh,

WASHINGTON
gation by the mifitary has con
uded that Aserican airstskes
o Aus. 3 pa s wdines in westerm

McRicrnan, the top Amcrican

il sew cvumircanibes e Aok,

POSTS NEW RESULTS ON
NEUTRINO OSCILLATIONS

Mixing like quarks, implications
beyond Standard Model

By FDMUND L ANDRREWS and MICHAEL MLGRYNBALNM

WASHINGTON The proes
o of Jower interest rates and
eow foderal efforts to stom the B
sancl onsis 1aied o dispel the
foar gnppmg Wall Stroct on
Tersday,

Stcks ose ot the soswons
opcessg nn soan bogan 1o fall,
and the scllexg intensifood dunng
the altermoon, even alter Ben S,
Bornaske, the cdairman of the
Fedoral Reserve, all but ploadged
10 out interest rates by the ond of
the month, Tho Dow Jones indus-
il average plunged 508 poents,
or 51 porcent, extending a side
of months that Bas craned a third
of 31 valuc i & yoar Is ke last
five trading days akoe, the Dow
Bas bost 1400 points,

With the flow of aredit sl
M, invoMors have lixatod on
the threat of a serious reoesson
dospite the aincroasingly urgont
atcmpes by podicy makers 1o but -
tress the markets. Doecponing
probloms in the Eurcpoean bank-
g2 industry have compoundoed
fours of a workiwide downturn

“The Fod 15 Just plugging hoks
i 1B dam and the waler kogps
sl ovee,” sald Mickael T,
Dasda, chied cconomist at the re
scurch firm MEM Partoers,

In 0 wwmbher wcech M Mer

stroegest indicaition 1o date that
e Fod will et ratcs.

Fod polxcy makers arc sched
uhed 10 mect on O, 28 and 29,
and investors had alrcady boen
betling that the contral hank
would raduce the evcrssght &ad-
cral funds race by as mach as
onehall of a pereent, o 15 e
conit. Bul many analysts prodict
e Fod may ot before 1he mex!
mecting. given the spracving ma
Lare of 1the coodil Crisis,

in its latest toct, the Fed an
pounced on Teouday mormng a
now program o buy up parts of
e short-rerms fimancuygd markel
W undck the Dow of ceedit o
husinesses. The program, which
B oapxiod 10 bogan soon, was
e latest and potentially begzgest
in a sencs of unprocedentod of.

Continued on Page AZ3

‘ Dow Industrials

Neutrinos Dont
Decay or Decohere
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C. Amanassopoulosetal Phys. Rev. Lett. 75, 2650 (1995)
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ATMOSPHERIC NU ‘“‘ANOMALY”’

EXPERIMENTAL STUDY OF THE ATMOSPHERIC
NEUTRINO FLUX.

KAMIOKANDE-II Collaboration (K.S. Hirata et al.),
Phys.Lett.B205:416,1988
“At present this is highly speculative — there is no
experimental evidence for neutrino oscillations...”
— D.J. Griffiths (1995), Introduction to Quantum Mechanics
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v Mixing In the Precision Era
« PMNS: a 3x3 unitary transformation to mass states:

Is this non-zero???

sSinB,,, <0.62
(Smirnov, hep/0309299)

Large enough to measure

CPinv, — v,

( CPISE

— 815Cy3 = C58738)3

i
\Sl C17Cr3813€

\@B 5?1},-5\

i
C1yCh3 = 81587355€ §73C3

i
— C1p853 = 81,C355€ Cy3C3 )

Cij = COS@U S” = Slnﬁu

(V)

Vs

\V3)

Is the mixing angle |« | the quarks, matrix has phase

truly maximal???

(
P(v, —v,)=sin’20sin’| 1.27

0=0 responsible for CP.

Am*L

\ E
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Interpretation of Oscillation Results

E,/5 E,/3 2nd max Eo 1st max
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P(v, —v,)=sin’26 sin2(1.27 A LJ S 160 £ o e SiMUlAAGote
EV magnitude of E 2%52251 gotg.e\?? ta
suppresion from ! '
. . ] sin%(26) 7 | location of dip from
Oscillations into oo | ! Ay
80 .
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causes dip In 40 |
obvserved spectrum. 20 |




Two Detector v Experiments

FNAL CCFR experiment, 1982-83

400 Gev 340m SERM 15"

EVACUATED
l DECAT REGION- Fo SHIELD (EARTH SHIELD} BUBBLE
TARGET | /

o7

IIIIII

g oy ;/':' 4'_/.’.
// L J /r'/; P} 1’1’/’/|' ]
-3 — ECONGARY LABE LABC
\\ FRONT DETECTOR som e Do v EMULSION VEXP ¥ EXP
(130m) BEAM CHANNEL EXP. :
PS / BEAM MON MOR STATION

BACK DETECTOR
(~885m)

S|

CERN CHARM/CDHS experiments, 1982-83

*Near detector predicts v energy spectrum and rate at far
detector (asssuming an absence of oscillations)

*Greatly reduces systematic uncertainties due to calculating beam flux.

6/56



P(v, = v,)}

Alternatives for v, Disappearance?

“Neutrinos actually decay to

lighter states”

7421

., Bargeretal., he|p.'p.h(9.99

0.6

|

0.4

oscillations
Neutrino deca

0.2

0'0 i 1 1 1 1 | 1 1 1 1 | 1 1

)

0 1 2 I 3
x = Logo[L/E (km/GeV)]

‘Neutrinos propagating
in Extra Dimensions”

Barbieri et al., hep-ph/9907421

107t 10% 10! 10% 10° 10* 10°

L/Ein ey’

 All of these models modify expected L/E, shape.
e Other models will surely come along in coming years?
« Reasonable to consider hybrid osc+NP scenarios?

“SuperK effect is combination

Barenboim et al., hep-ph/0009247
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Moore’s Law for Neutrinos?

el AN
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S. Kopp, “Accelerator Neutrino Beams,” Year

Phys.Rept. 439: 101-159 (2007)



NuMI: “Neutrinos at the Main Injector”

Target Service MINOS To Soudan-
Building 7 Service

~Main Injector Building

m V4 'Qe%'_ll'_J! —_ L
Carrler_\ 7/ ——— \_1
Tunnel Pion beam Decay Pipe ; o ———— i
Target Hall — Beam Absorber / e Mlnos HaII

100 m Muon Detectors —  Minos Near
Detector

* Neutrinos produced from zt*, K* —ut*v, (or =, K" =uv )
e NuMI beam aimed at Soudan Underground Lab. (Minn, USA).
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NuI\/II Neutrlnos at the I\/Ialn Injector
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March 3 2008




Angllng down

Final Focus to

NuMI Target Hall '

—




Target Hall
after

: Contractor

| completion

Horn 2 suspended
from shielding module
being lowered into
shielding pit




Normalized Charge (pC/E12 ppp)

Beam Commissioning Runs
Dec., 2004 -- Mar., 2005

« Sequenced commissioning of primary (proton), secondary (meson), and
tertiary (muon-+neutrino) beams.

Target Service MINOS To Soudan
Building 7 Service
~Main Injector Building
N =l S |
— s e Y

Carrier

l*aleutrinos

Tunnel / Pion b —— b
Target Hall %%mn Absorber —/ Minos Hall |
Muon Detectors Minos Near
' - Detector
[ - Mon 1 r - Mon 1
. LEBEAM | © sMen 2 - HE BEAM " eMon 2
L v uMon 3 L

RPN TN Y Y Y Yoo : s x 1 . ' ' f .
—100 —75 -50 —-25 o© 25 50 75 100 -—100 —75 -50 -25 © 25 50 75 1
Vertical Position (cm) Vertical Position (cm)
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ough Minnesota’s
t unspoiled trove
lakes and wilderness

By Beth Gauper

SAINT PAUL PIONERR PRESS

Along Minnesota’s northern bor-
der with Canada, more than 200,000
people a year find an increasingly
rare commodity — absclute
wilderness,

The million-acre Boumdary Wa-
ters Canoe Area Wilderness is
barely changed since voyageurs
used its chain of lakes and rivers to
push deep into the continent's inte-
rior. Today, the foot trails over
which they carried canoes and 1§p
pound packs are used by vacaybn-
ers, who wind their way fromJfke to
lake in search of the perfef combi-
nation of woods, water gfd solitude.
As they paddle algfig the glassy
waters of more thapfl,000lakes, they
may see moosgf lynx, ofters and
beaver, who fave rebounded from
near-extingflon at the hands of
trapperg the evening, at nearly
2,200 géimpsites, they listen for the
triJfbf loons and the howl of wolves,

hose numbers aiso have

ounded.
To people who consider the Mid-
west flyover land, the BWCA Wil-
derness puts Minnesota on the map.
National Geographic Traveler list-
ed it as one of 50 Places of a
Lifetime/The World's Greatest
Destinations, along with the Grand
Canyon and Big Sur, In the book
1,000 Places to See Before You Die

o only Minnesota entry,

Whene® avel outside the
Midwest, people IT alwayvs scan
their brains for whatever the Qi
.about Minnesota, then ask Have
you been to the Boundar:

Last August, I finally took a wopk
and went. And I was surprised. The

See CANOE, back page

Rangers, outfitters
help you dip your
toe in the waters
The easiest way for a beginner to
go to the Boundary Waters is witha

KLY, MINN, CLAMBER OF COMM (g grouporafriend who has good gear
rou can cance all day without seeing another person in  more than 1,500 miles of water trails. The area is the to share - lightweight tent, stove

e RUSti American-Statesman Newspaper =
Sunday, April 18, 2004

Raison d’Etre for a
Northern Minnesota
Experiment!

To people who consider the Mid-
west flyover land, the BWCA Wil-
derness puts Minnesota on the map.
National Geographic Traveler list-
ed it as one of 50 Places of a
Lifetime/The World’s Greatest
Destinations, along with the Grand
Canyon and Big Sur. In the book
1,000 Places to See Before You Die,”
it’s the only Minnesota entry. /
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MINOS Experiment:

T AR M1 CHCALD Twmuss

A B IR B R
B0 \INOS Far Detector

+  Far detector data
----- No oscillations
~— Best oscillation fit

[ NC background

_‘
o
8

Events / GeV

o
=

| | |
10 16 203050
Reconstructed neutrino energy (GeV)
Toture phots by A Gavoa
“We all thought we were going
10 be rich,” Fernando Chavann
ays of the agave craze.

Energy-
dependent
deficit of
neutrinos
observed

“Where did they
g0?” — Pier Oddone

By Oscar Avila

Tridune fo0eign cotrenpondect

AHUALULCO, Mexico — To-
quiky could be the ruin of Fer

hicaao @ribune

Far breaking news and moce, o 10 chicagotribune.com

Wednesday
June 15, 2008

O AGO

Other theoretical
neutrino models

Neutrinos do Oscillate disfavored at 4sigma

By Phil Rosenthal

Tribure meda codamnine

In the parlance of the Cold
War era that sposwned the feder
ally marsdated Essergoncey Alert
Systems, aunch codes were is

suod througheet Nlinois on ng =an Spike O'Dell
Tuesdyy morning, astomati. weling to Mgarve ot what
cally preompting Socens of - had happened

dio and television statbons as of
the reglon fced nuclearannihi

Imtéon.

Ratio to unoscillated prediction

1.5

0.5

roassuring  citioons  aflor

by the voice

Rather than Prosident Bush
an
asomic blast or some other ca-
lamity the audienoe of many
Chicago outlets was treated to
1he sound of dead air followed
of WGN.AM 720

It turns out O'Dedl’s palr of
brief surprise appearances be
tweens 720 am. and 8 am. on

rr 1t rrrr]rrrrprrr 7

i | MINOS data

Best oscillation fit i
—— Best decay fit 1

m Best decoherence fit |

5 10 15 20 30 50
Reconstructed neutrino energy (GeV)

L

ovorything from local puBlic advestently picked up a closod-

broadeasting

o mussic sty clrewsit tost Betwoes rvevivers in

tions—an “unintentional dis-  Richmond, Va., and Cleveland.
ruption.” a Fedoral Emergoncy While the interrupted mormn-
Management Agency spokes: ing  drivetime  broadcasts
woenan  aalled  Bostermmed  pooaed  the  IHisols  systes
from o FEMA costmctor’s i worked, the fact that what's

stallation of the stale's Ezer-
proney Akt Systom satellite ro
colver in Springlield as part of a
mathonwide upgrade.

FEMA

The

a8 the new Tllinols recoiver in.

lAm?| (107°eV?)

4.0

3.5

3.0

25

2.0

known asan Emorponcy Action
Notifkeation, or EAN - the high:
st lovel of EAS alort, indicating
AN CMErRency message s com,
ing from the White Nouse

could be relgod ssistakendy to

spokoswoman

llllllllllllllllllll

— MINOS 90% ---- Super-K 90% .,

NETENE i

.
\

1.5 —— MINOS68% Super-K L/E 90% |
~——— MINOS 2006 90% -~ K2K 90% -
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e N7 nNQ = NnNa__ . |

cnvrride stations was a bit of o
joll, sending cnginoors scram.
bling at the affocted outlets
throughout Iisods and i adja.
cent medin markets such as 81,
Lowis,

Compeunding 1he orror, an
actual prvsidential code, minus
any audioexplanation. was sent
rather than a lessor alest or o
notilkcation of o systems test of

FLEASE SIL ENERGENCY, PALE 18

World’s
most precise
oscillation
parameters

Neutrino Physics
transitions from
discovery to precision
measurements.

By Tom Hundley
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Step 1: Look at ND Data

* Hope no gross disagreements with beam MC
 See If neutrino identification i1s OK



Coping with High Intensity

» 10-20 events/spill in the ND (cf 10-4/spill in the FD!)

| Snarl 95980 Strip times in microseconds

lIIllIlIIII]lIIIIIIIIIIIIIIIIIlllllllllllll

000000000000000



CC Events / 0.5 GeV /10" P.O.T.

N
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o
(=

200

100

ND Compared to Beam MC

“High” Energy

Beam Setting

2

1 “Low” Energy
. Beam Setting

. TMINOS Data
1 PCalculated v f

piii

ol K%

/leam Setting
“Medium” Energy

lux

30

figure courtesy P. Vahle

These plots show the
beam spectrum as “dead
reckoned” by Fluka2005
+ our tracking MC
through the beam line.

Errors bars from the
beam systematics
(dominated by /K
production in the target).

Some real apparent
contradictions? MC is
low in the LE beam, but
high in the ME beam.



Step 2. Decide How to Extrapolate
ND — FD

* FD Spectrum = (F/N ratio) x ND Spectrum
=R, xN,
E JFD FN L ,ND

Ne = Number of events at given energy of neutrino in ND or FD

Vv

| = particular energy bin
« Tests on “mock data” to ensure no biases, understand systematics



Neutrino Beams from Meson Decay

7-[+ to far
target (stiff) S - _ __________ D e_te_j:_tczr_ N
\3 Usoft) . \

Decay Pipe ND
» ND and FD spectra 000 |
similar, but not identical " Beam MC

4000_—

© 0.43FE s [ oM e
v 212 :
1+ )/ H 2000 —

, _
1 1 1000 |-
Flux < : J

0 0 0.2 0.4 0.6 08 1 1.2 I1.4
figure courtesy M. Kostin E,(Near) /E (Far)




“Matrix Method”
Point Spread Function
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Step 3. Peek atthe Far Detector Data
( “Box is still closed”)

In 2006 analysis, question was “Do v’s disappear?”
“*unknown “blinding function” to hide most of the data
+*»Collaborators given free access to “open” data set
“+Only got to see full data set once “box was open”

In 2007-2008 analysis, wanted unbiased Am?, sin?(26) measurement
+*»Access to all the data, but complete blinding of all rates
<Did not look at energy spectrum, so couldn’t bias Am?



Calibration

2.3
225 *
~§ - « Bethe-Bloch
£ 22 A  FullMC
o _
® 2150 1
s <vF ¢ ?i
g o * ?é ? ﬁg{»
- liéi
o _
22,05 ; L “?éé
s 2 3 . zgﬁ' '*
o — ;
D 1.95— Q"‘ region used for calibration
951 ig’f;“g
1_9:|||||||||||||||||||||||||||||||||||||||||
0 02 04 06 0.8 1 1.2 14 16 1.8 2

Muon momentum (GeV/c) figure courtesy N. Tagg

« Calibratrions based on stopping cosmic ray u’s.
« Study ionization for 20-plane window upstream of stopping wu location.



_Checksonthe FD Data
[ Ll | @
+_q+ |_j+_- Jr_ 4 1 ||H

| | J + H Jm

: | TR T— | & & A | L 1 L L | | R | L L L | I L A A : : - -—| A | n Fa— A |

42 0 2 ) 2 0 2 40 10 20 30
Track Vertex in X(m)Track Vertex in Y (m) Track Vertex in Z(m)

 These are all CC neutrino events
» Rates blinded — we don’t know the normalization
« MC has been scaled to agree with data




Example Events

| Transverse vs Z view - U Planes | | Transverse vs Z view - V Planes |
— '1 — 3
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Step 4: Look at All Events

“Open the Box”



Events/0.5us
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FD Events are “

—RUNI
—RUNII

Jl FD LE-10 DATA
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Measurement of v, Disappearance

150 J—

MINOS Far Detector

S - * Far detector data
8 100__ J:‘ —— No oscillations
~ B — Best oscillation fit
-'g I '+ 1 NC background
S |

>

1y 901

miz

| | | 1 | I | 1 | | l 1 | |

0 B

L -
5 10 15 203050

1 Observed 848 events

{1 Expect 1060 = 60
1 events if no oscillations

Reconstructed neutrino energy (GeV)
March 3, 2008
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IAM?| (107°eV?)

B
=

o
o
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=)

N
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N
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—
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O

Illlilll

|Am,” = (2.43+0.13) x 10°eV? /c*

 /8in*(20,,) =1.00_ j
" y2/n.d.f =90/97 -
E ® MINOS Best Fit - Super-K 90%
= MINOS 90%  —— Super-K L/E 90%
: —— MINOS 68% K2K 90%

. ! " R T T N TR A I
06 07 08 00 1

sin°(26)

Fit

10scillation
{Hypothesis
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S(AM?) / (10°eV?)

Systematic Uncertainties

010 T ' -
0.05 :_ —: Relative normalisation
= | = NC background
B \ ] Overall hadronic energy
0.00— ~ " — Relative hadronic energy
B \ _ Track energy
B | Beam
-0.05— — Cross sections
B | _
010502 001 o0 0.01 0.02



Ratio to no oscillations

-
(&)

—

O
o

Consistency with Other Models?

IIIIIIIIIIIIIIIIIIIIIIIII

MINOS data
Best oscillation fit

L

Best decay fit

Best decoherence fit |
| Il I | Il Il ! I Il Il ! | I Il | | I I I

5 10 15 _ 203050

* Neutrino decay

V. Barger et al., Phys.
Rev. Lett. 82 2640, 1999

+»» Disfavored at 3.70
** When NC events
Included in the fit, this
model is further
disfavored at 5.40
* Quantum decoherence
of neutrino wave packets

“ G. L. Fogli et al., Phys.
Rev. D67 093006, 2003

+» Disfavored at 5.7 o

Reconstructed neutrino energy (GeV)
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“Accident & Substance: Two possible explanations
for the bulk of reality”

April 6, 2006 Inside article:

The
Economist

“One possible explanation for dark matter is a
group of subatomic particles called neutrinos. ...
Last week, researchers working on the MINOS
experiment at Fermilab, near Chicago, confirmed
these results. ...”

“The researchers created a beam of muon neutrinos
... The neutrinos then travelled 750km (450 miles)
through the Earth to a detector in a former iron
mine in Soudan, Minnesota.”

“By comparing how many muon neutrinos arrived
there with the number generated, Fermilab's
researchers were able to confirm that a significant
number of muon neutrinos had disappeared—that
IS, they had changed flavour. Thus the neutrino
does, indeed, have mass and a more accurate
number can be put on it.”



Future: Lower Energy Threshold

- Charged C t Event : . .
I, N - Events with E<2 GeV show rise

below oscillation max

 Difficult to separate muon track
from pion track — nuclear scatter?

S paNOULRAE-D S

80—

Non Muons

5000 10000 15000 20000
ph in last 5 planes

1190



CPT Violation 1n Oscillations?
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Observe 42 events in the

Far detector (First direct —— No Oscillations

observation of v, in an 15 [=rd - CPTConserving
H . e Systematic Error |
accelerator long-baseline \ —— Background (CPT) _

experiment)

Low Energy Beam |
Far Detector
3.2x10%° POT -

Events / 4 GeV
o

9]

ITII

Predicted events with CPT
conserving oscillations: |
— 58.3 + 7.6 (stat.) = 3.6 (syst.) 4 ]
Predicted events with null 00 " 5 10 15 ~ 2|0130'40'50
oscillations:
— 64.6 + 8.0 (stat.) = 3.9 (syst.)

Reconstructed v, Energy (GeV)

Jeff Hartnell -
University of Sussex



Allowed Region

Contours obtained using
Feldman-Cousins technique,
including systematics

Null oscillation hypothesis
excluded at 99%

CPT conserving point from
the MINOS neutrino analysis
1s within 90% contour

v, best fit 1s at high value,
due to deficit at high energy

MINOS plans to undertake a
dedicated v, run next year

IAm?| (107 eV?)

400

200y

100

N

N

| 5 68%
= 90%

| 99.7%

- 4 MINOS Best Fit

0 02 04 06 0.8

sin®(20)

1
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transverse position (m)

Neutral Current vN—v, X Events

121

1 ® Deposition < 2.0 pe “
- ® 2.0 < Deposition < 20.0 pe .
08 @ Deposition > 20.0 pe .
0.6 ...
= v, CC Event .8°
04 M o0
0.2
= . 8
o o"‘
L i
0.2F s o
- o
0.4 P
- e
-0.6- 8.“' ®
- g8°®
0.8 # 8 e
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longitudinal position (m)

o Charged lepton track
o Hadronic shower

Images courtesy Christopher Backhouse,
Fermilab Annual Users Meeting June 2009

transverse position (m)
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longitudinal position (m)

o No track
o Unobserved neutrino
o Hadronic shower



ND Pre-Selection Cuts

MINOS Prellmmary

200 _
« L

[ s | o High event rate in ND can cause
: | poor event reconstruction

! e Split events

e Incorrect vertex

1 o Apply aseries of cuts
Time and spatial separation

At (NS) \iNOS Preliminary

l T : o
col- o Total number of hit strips
— | e Event steepness
im} _ e Activity in edge region
é : | @ Reduce poorly reconstructed
o " 1 background <1GeV from 34% to 8%
o, O

Total Strips



Events (x 10°)

12F

Q0
FT T T

(o2}
e

O I\) -h

« Discard events >60 planes

NC Event Selection

MINOS Preliminary MINOS Preliminary

|||||||||

2

< Near Detector Data

Events (x 10°)

40 60 80 100
Event Length (planes) Track Extension (planes)

« Discard events with a track >5
planes longer than the shower

o Same selection applied at FD

o Variable distributions similar
43



Neutral Current Selectlon

_MINOS Preliminar

= 1 ] —
1 |- —
:/ — — N ey, — :
> 082 - .
= S Peak of CC background '
a [} .
>: 06 I "‘ e = - - ]
o | i g
O 04 Near detector MC Efficiency —
ST — — — Far detector MC Efficiency -
L e G Near detector MC Purity =
I . Far detector MC Purlty i
' L L 1 L
00 10 20 30 40
Eeco (GEV)

o NC events selected with ~ 90% efficiency and ~60% purity
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Energy Spectrum at the Near Detector

MINOS Preliminary

40

W

N
o

10* Events/GeV

-y
o

LI l | L l

I ] ] I 1

0

N\
5

e Near Detector Data

Monte Carlo Expectation

® v, CC Background

lllllllllllllllllll

10 15

A}
o

Reconstructed Neutrino Energy (GeV)

Charged current — identifies flavor of interacting v,
Neutral current — inclusive, all “active” v flavors interact

A Vue Vsterile
osclillation would
result In a deficit

of NC events at
the Far Detector

/
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Energy Spectrum at the Far Detector
_ MINOS Preliminary

I l I

—+— Far Detector Data
0,5 = 0°

----- 0,,=12° § = 31/2
v, CC Background
| Am2, | = 2.43x10° eV?
Sin°20,, = 1

Events/GeV

Al | | | | | | I | | | | |

0 b 10 19 20
Reconsructed Neutrino Energy (GeV)
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Simple Statistic for NC Disappearance

o No v disappearance N, — E B~
for R=1 R =

SNC
Ereco ( Ge\v ) 1 TData S NC B é/‘(l B l(j—( B IC/,"E"n 10
D—3 141 1.25.1 13.3 1.4 2.3 (12.4)
3 — 120 247 130.4 84.0 49 16.0 (32.8)
0—3 R =0.99 £0.09 £+ 0.07 — 0.08(v,)

3 — 120 R=1.09%+0.124+0.10 — 0.13(v.)
0— 120 R=1.04 £0.08 4+ 0.07 — 0.10(we)
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4-Flavour Analysis

* Assume additional sterile v and an additional Am?

Extend mixing matrix with extra angles & phases

Consider two mass scales (simplify osc formulae)
*|Am?z, | >> |Am?, | *|Am?,| << |Am?,|

myV. BY. BvV: BV

Am%4
«a Ng
g g
o) an| V; G
o)
o) =
— Vs—:IT ?
Amg,
At V, I |
vV, I VvV,




4-Flavour Analysis: m,=m;,
- Effectively 6,,=6,,=0° in this case, and
R/#—,uy = 1-4 [,.'Tlup,|‘2 (1 — (..."P3|2) sin’ Aaq

T T

s | —935=0°
T S0
T e,,=12
2[
< |
L e et
0730
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4-Flavour Analysis: m,>>mj
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Are there

Am2 > (0 L Am?
VM%V N
Oscillations? E—

P(v, = v,)=~sin’(20,,)sin’(0,,)sin 127Am31 atm AMm?2

+ sin(26,,)sin(26,,)sin(26,,) x %
L
6CP

L L
sin ( 1.27 Am;, —) sin ( 1.27Am;, —) oS ( 1.27Am:, —
E E E

formula in vacuum



Selecting v, Events in MINOS

* Neural network developed using 11 variables, eg:
«»*fraction of shower near core

+*|lateral shower size
s»»fall-off of shower

* ANN achieves
“+CC rejection 99.4%
< NC rejection 92.3% *
v, effic ~ 41%
“s*signal/noise ~ 1:4

robability

o
—

o
=)
a

Far

Detector MC

MINOS PRELIMINARY

I

- Preselection
- = Signal

~ — Background

l l




Near Detector Measures Backgrounds

Near Detector

MINOS PRELIMINARY
| T T ]' T T ' T T

> 3000 T U —
Q i = MINOS ND Data
O — Total Background -
- —l— — v, NC Events
~ - v, CC Events
|6 2000 “%% Beam v, Events |
a i
o B
=y i L
=100 | e -
3 i
£ | -
(1] e ' o -

0 2 4 6 8

Reconstructed Energy (GeV)

Our beam 1s 94% v,
5% v, and ~1% v,
ST UV, eV, V,V,
* K—mev,
Can measure level of
individual NC and
CC backgrounds via
horn-on and horn-off
running

55/56



Observation iln Far Detector

Preselection Selected
== Data >

=== Prediction

W
o

N
o

I|IIIIIIII|IIII|IIII|III [ BT T 1 | T T | T T |

+
+
I | I | I I I |

Data Excess Events/3.14x10%° POT
o

- |

0 | ; ’ | i L

e Signal Prediction =

10 + =
< 4

-5— | -l- | —f

0 0.5 .
* Oscillations v,—v, would be excess ANN

v, rate over beam and instrumental backgrounds. o



Events/GeV

v, Signal In Far Detector

20_ T T T

15

10

I T T

T I T T T I T T T
MINOS Far Data

m—— Data

1 4 | | | 6

Background Prediction
Osc. v.—CC Prediction

8
Reconstructed Energy (GeV)

IIIIIIIIIIIIIIIIIII

*Expected background
27+5(stat) x2(syst)

(mis-reconstructed
showers, beam v,)

*Observed:

35 events

*Observed is 1.5 over
bckgd. expectation

We integrated
~7 X 1020 POT
as of June 15!



Ocp (M)

Ocp (1)
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IAmZ,l = 2.43x10 eV -
sin’(20,;) = 1.0

1.5

0.5

AmM? <0

== Best Fit
—68% CL i
—90% CL -
— CHOOZ 90% CL -

MINOS v,
Appearance
Contours
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