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Quantum Mechanics
and

Double Slit Experiments

Particles exhibit wave interference ;

Indeterminacy (pattern lost if measure which slit)
One particle vs ensemble
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Am. J. of Phys. 57 117-120 (1989)




What We Observe “at the Screen”:

Lepton Number

Why must the muon decay weakly?
% Long lifetime result of heavy W
% Lifetime t~2us

w-—=e" v, v,
L +1 0 0 +1
L 0 +1 -1 0 Lepton
More favorable decay Number!
w-—=e"y
L, +1 0 O
L 0 +1 O

e

% Electromagnetic interaction
% Should have lifetime ~10-18 sec
% Observed rate < 1.2 x 10! of all u decays
(M.L. Brooks et al, Phys. Rev. Lett. 83, 1521 (1999)



v’s Have Lepton Number

* Nuclear 3 decay has e, reactors produce v,
* Reines & Cowen exp’t to observe free v,

Reines & Cowan, Science 124, 103
(1956), Phys. Rev. 113, 273 (1959)

Y 8 MeVg
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e Contrast to “fai

led” experiment by R. Davis

\_/e + 37C| — " + 37Ar R. Davis, Phys. Rev. 97, 766 (1955)
NOT OBSERVED



v’s Have Lepton Number (cont’d)

Saw lots of...

e In 1957, Brookhaven AGS and CERN
PS first accelerators intense enough to
make v beam

p+Be—=nt+X, at—=utv

e 1962: Lederman, Steinberger,
Schwartz propose experiment to see

\/M + N— w- + X (Phys.Rev.Lett. 9, 36 (1962))
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Weak Interactions
Conserve Lepton Number

Lepton M+
# Conserved
Lepton
" # Conserved
JT
AY

e Vu
JT:+ ] M+ VM \(

v, +N—=u+X

e Many exp’t confirmations of Lepton number conservation
(u, T decays, etc)
 Neutrino interactions conserve lepton number too.

e But what happens to the neutrino in between
creation/annihilation, while in flight?



Neutrino Double Slit Experiment

 We create and observe |v,) & |v,) via weak interaction

e But suppose v’s have mass = 0. Can label them by
lv, ) -- the heavier mass state with m = m.,.
v, ) -- the lighter mass state with m = m.,,

* We do not know in which mass state the neutrino propagates
(it’s an unknown ‘slit”) — must assume both = interference!

....
...
LA

‘‘‘‘ R M €° NB: sin?(x)
e VZ “““ because now

talking about
fraction of beam

» Suppose at t=0 have a state [y (0))= |v,). Later / that disappears!
Probability{v,—v.}(t) « sin’[1.27Am2L/E ]

To see the effect, must have E, /L~Am?




A Mixture of v States

» How can a quantum state produced at t=t, appear as
a different quantum state at t=t,?

* Mass eigenstates need not coincide with |
weak eigenstates (two indep. bases) Y« o Ao

v,) = €0SO |[v,) +sind |v,)
v,) =-sind |v,) +coso [v,) N

* Reminiscent of crossed polarizers.




Neutrinos have 3 slits

e Thev_discovered = =3 lepton flavors must exist
(K. Kodama et al., Phys. Lett. B504 218 (2001)]

e Measurements of Z% boson resonance = only 2.983+0.009
lepton flavors participate in weak interaction
[S. Eidelman et al., Phys. Lett. B592, 1 (2004) ]

o With 3 v families we expect

¢ 3 mixing probabilities between flavor i — j
+» 2 distinct mass splittings



v Mixing Orthodoxy

« If you believe in flavor mixing, there must be a 3x3 unitary

transformation to mass states: IS this NoON-zero??7?

SN, <062 Large enough to measure
(Smirnov, hep/0309299) LPinv, — v,
\\
u, By @. @
Bl = | " Sl Syl - gl l  E,E,
u, o .Illll.ll.ll — Byl — .Il.ll.ll. T T

C;j = C0sO;; S = SING;;

Is the mixing angle
truly maximal???

* In the quarks, mixing matrix has phase 6=0 responsible for g}F’

But hopefully this picture is wrong or incomplete!
(Peggy Lee: “Is that all there is?”)



Two Detector v Experiments

FNAL CCFR experiment, 1982-83
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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.




Interpretation of Oscillation Results
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Long Baseline v Oscillation Exp’s

Soudan @ u "j
o )
Duluth ~Q

Laki
MN i;nn eam

* Reproduce atmospheric v effect using accelerator beam
e L ~100’s kilometers to match oscillation frequency

Mm.m, Near Detector: Far Detector:

980 tons 5400 tons

Fermilab 110 km Soudan
Det. 1 735 km —>| ‘*— Det. 2
MINOS 12km O\
(Fermilab to Minnesota)
L =735 km 2005
K2K (KEK to SuperK) CNGS (Cern to Gran Sasso, Italy)
L = 250 km Concluded L =750 km tested 2006, run 2008

(Eamioka cho)
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The Challenge of Long Baselines...

LEvd ANL [SN.
' = FNAL Main Ring EEE Nomad
4 BNL \ Chorus .
1E+13 - © CERNPS -
P
= CERN SPS | B
O IHEP
1E+12 - " : MINOS
. » LAMPF I A L ol
4 n
< o KEK TREETE 4l v 5
S 1ga1 | ¢ FNAL Booster | = Iﬂ1 = 4 4 this
(<5} Om o) .
§ * FNAL NuMI E 1. | aa - analysis
= O FNAL TeV L .
S 1E+10 4
m . Co A /
1% L ¢ K2K
1E+09 =& N+ & MiniBooNE
2 / A ’ O
v o Discovery
flavors | c.oe o of NC’s
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
Year

S. Kopp, “Accelerator Neutrino Beams,” Physics Reports
439, 101 (2007), arXiv:hep-ex/0609129



The NuMI Beam
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Neutrinos at the Maln Injctor

e

.sg = = “-‘

MI ramp time ~1.5sec

MI is fed 1.56us batches
from 8 GeV Booster

Simultaneous acceleration
& dual extraction of
protons for

¢ Production of p
(Tevatron collider)

** Production of
neutrinos (NuMl)
NuMI designed for
< 8.67 us single turn
extraction
% 4x10%3ppp @ 120 GeV

Antiproton Production:

* Requires bunch rotation
(At~1.5nsec)

» Merges two Booster
batches into one batch
(“slip-stacking™)

l/z Batch

Batch 2 | ,:'?.’
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Focusing Horns
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lakes and wilderness

1 By Beth Gauper

SAINT PAUL PIONEER PRESS

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

The million-acre Boundary 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 vacajdn-
ers, who wind their way fromJke to
lake in search of the perfesf combi-
nation of woods, water gfd solitude.
As they paddle algflg the glassy
waters of more thagfl,000 lakes, they
may see moosgf lynx, ofters and
beaver, who Jfave rebounded from
near-extingflon at the hands of
trappers the evening, at nearly
2,200 gémpsites, they listen for the
trij/bf loons and the howl of wolves,

ose numbers also have
nded

2hou g
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
1Cwsg only Minnesota entry.
Whene® avel outside the
Midwest, people I'T always scan
their brains for whatever t
.about Minnesota, then as
you been to the Boundary + 148
Last August, I finally took a wepk
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 with a
KLY, MINAL CHAMBER OF groupora fri_end Wh_u has good gear
fou can cance all day without seeing another person in  more than 1,500 miles of water trails. The area js the to share - Lghtweight tent, stove
lhe Boundary Waters Canoe Area Wilderness, which has  largest wilderness preserve east of the Rocky Mountains.  &nd water filter, in addition to the
lishtweight sleening hag. Tharma-

Austin 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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Beam MC
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Consequence: Flux Uncertainty
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Neutrino Beams 102

- Horn 2
Pions with
p+=300 MeV/c and Vary v beam energy
p=5 GeV/c by sliding the target
p=10 GeV/c in/out of the 1% horn

p=20 GeV/c

figure courtesy Z. Pavlovi¢



Opportunity: Flexible Beam Energy
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M. Kostin et al, >10002

“Proposal for Continuously-
Variable Neutrino Beam

Energy,” 0.00
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Neutrino Beams 103:
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v, CC Events/GeV/3.8x10%° POT/kt

Consequence: Extrapolating to the FD

60 |
50 |
40 |

30 |

20 |

10 |

[

Far Detector MC
Near Detector MC
(x].2x% 10'6)

10

15
v, Energy [GeV]

30

« ND and FD spectra
are similar, but not
identical

o If they were
identical, (NuMI
approximating a
point source) could
say

I\Ili:ar =9%FNNi

Near

where

'%FN = (Znear/ Zfar)2



Extrapolating to the FD (cont’d)

 The ND sees the NuMI beam as an extended line source of neutrinos, while FD

sees a point source,
weighted by

solid angle T lifetime

720”‘ o-043m, z/E ey
j:l8m _ Z)

Jen =

/20m o-043m,2/E vy
Jon (2, )2
where E, =0.43 E_.

e Better than this need a MC to
evaluate i

 Angular correlations in decay
¢ Pi’s that interact before decaying

2'0-IH!]¥HornlHIIH"”'”'E'dée'o_'f"'
[ : 8 heck Horn 2 Decay Pipe
181 o :¢ neck _L \;
= A 7 B
. i § 2 . N
@ j N 0
BILET i I
X L& i O« 0 N 7]
~ | | e
P 1o [ < @
2 S o | Fluka 2005
L 1or { Tuned MC
0.8 | — Pion Lifetime
0.6 __ NliJMII :Belaml M|C | | | _j
0 2 4 6 8 10 12 14 16 18

Neutrino Energy (GeV)
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Step 1: Look at ND Data

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






Neutral Current v, Backgrounds

° Analysisrequiresan £ ynosMc CC (no osc.)
energy spectrum p= ol
measurement. Hypothetical

MINOS Data

* Inv,tFe—u* + X
Interaction, reconstruct
EV:pM-I_EX’

//

- ;C (with osc.

NC Background

g

f———

e Can’t see full neutrino
energy in NC v +Fe—v
Wt X Interactions.
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= 3 L= = 10

isibI; Neutrino Energy (GeV)

< 0



Coping with High Intensity

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

Snarl 95980 Strip times in microseconds |
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-
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IlHIIIlIlIIIIIIIII|IIIIIIIHIIIIIlllllllllllll

o
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mm

Time*(usec)

10

R TR G TR G TR i TR TR G T

Run: 6823 Snarl: 95980 Slice: 0 of 5 Event: 3 of 5

Reconstruction Summary
# Tracks: 1 # Showers: 1

Primary Track> Len: 2.2 Range E: 1.5 GeV Fit P: -1.6 GeV
Vertex: (2.7.-0.5,5.7) cos#itheta: -0.06 Pass: 1
Primary S r> PEs: 215.5 Energy: 1.08 GeV
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Reconstructed Neutrino Energy (GeV)



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

N
o
o

300

200

100

ND Compared to Beam MC

“High” Energy
Beam Setting

/ “Medium” Energy

Beam Setting

“Low” Energy
Beam Setting

. M1 MINOS Data
I Calculated v flux

o
S

T TI SAR  Bettl o T
e RN b et 4t
...........................

T

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.



ND Spectra After Tunlng
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Reconstru Cted EV (GeV) figure courtesy Z. Pavlovi¢, P. Vahle




Step 2. Decide How to Extrapolate
ND — FD

e FD Spectrum = (F/N ratio) x ND Spectrum

EVFD_S% EV,ND

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

A%

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



Alternative
Extrapolation
“Matrix Method”

A. Para & M.
Szleper,
arXiv:hep-
ex/0110032

30

Far Detector Neutrino Energy (GeV)
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25
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Best-fit points for 100 Mock Data Sets with 1e20 pot

0_
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C h e C kS Of < - 1e20 sensitivity
~_ 0.0045—
g - ¢ 100€20 best fit
th e F i tti n 0-004;_ . ¢ 1e20 best fit points
g 0.0035;— P .
MC “Mock data sets” 0,003 P
- — ... HEEE B .
¢+ 100 experiments 0.0025 . . .;ig;-:
*» each 10%° POT exposure 002l i i L
Studies of -
* biases N T T T T
*% statistical precision 3”04 05T 06 07 0s - in220.
Entries 100 Entries 100 Entries 100
© Mean 0.002554 : Mean 0.8788 | ] 12 Mean 1.029
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0.002 . 0.003 0.004 0.005 0.1 0.2 03 04 .0.5 0.6. 07 08 09 1 figures 0 0.5 1 1.5 . 2 2.5 3
Best Fit Am? (eV?) Best Fit sin®(20) = Best Fit y?

D. Petyt



Systematic Uncertainties

Shift in Am? Shift in

Uncertainty (103 eV2) sin2(20)

Near/Far norm. (livetime, fid vol) 4% 0.065 <0.005
Absolute hadronic energy scale £10% 0.075 <0.005
NC contamination +50% 0.010 0.008
All other systematic uncertainties 0.041 <0.005
Total systematic (summed in quadrature) 0.11 0.008

Statistical error (data) 0.17 0.080




Step 3: Peek at the Far Detector Data
( “Box is still closed”)

In 2006 analysis, question was “Do v’s disappear?”

“s*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 analysis, want unbiased Am?, sin(26) measurement

s Access to all the data, but complete blinding of all rates
“Did not look at energy spectrum, so couldn’t bias Am?



Checks on the FD Data

+ Duc + + [Twe | Dus
+1+ | il b nlil L
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42 0 2 ., 2 0 2 A T 20 3
Track Vertex in X (m) Track Vertex in Y (m) Track Vertex in Z(m)

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



Calibration

2.3
2250 *
o - « Bethe-Bloch
g 2.2 A Full MC
> - e Data
© 215 1 { '{H
= it
g 210 ° 11434 H’ﬁ
g m _1é éﬁj}é
= [ ghe® -
£ - é -l
S = 1940%°
8' — i H 2g9§
7z - él Qé"{:. region used for calibration
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 u location.



Example Events (I)

| Transverse vs Z view - U Planes | | Transverse vs Z view - V Planes |
E f E
§ 1 § 1
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als5— a 15F
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s [ . | s [
2 O o? % -
c Fk . ® c -2 4
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z position (m) z position (m)

* These events taken from the “open” data sample in the FD (which we are
permitted to look at in detail).

« E,=3.0GeV
e y=E./E,=0.3



Example Events (1)

| Transverse vs Z view - U Planes I | Transverse vs Z view - V Planes ]
— '1 — 0

E | E L
c B c B
=) - o -
s _I = _r

»1.5— 0.5
o L o N
a [ ® a
o g 8, ‘s 0e 99 8 r

: 2 F
c B @@ ® c B
8 g ® § T
= r ® ® seeeetetese,, T

251 °g .o @ o A5
C @gﬁ} ® C

3 ® 2

35 | I | | 250

26.5 27 27.5 28 28.5 29 29.5 30 30.5 26 265 27 275 28 285 29 295 30 305 31
z position (m) z position (m)

These events taken from the “open” data sample in the FD (which we are
permitted to look at in detail).

. E,=24.4GeV
. y=E,/E,=04



Example Events (I11)

| Transverse vs Z view - U Planes | | Transverse vs Z view - V Planes |
E1sf- E LF
5 f o ! 5 F ‘
3 1F e Tasf
[=] — ol
a = a -
% _F — @ F
05 s 1
A g T %
g 2 .
@ L . L @ -
s 0 ® S05-
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2 4 6 8 10 12 2 4 6 8 10 12
z position (m) z position (m)

* These events taken from the “open” data sample in the FD (which we are
permitted to look at in detail).

 E,=10.0GeV
e y=E./E,=0.3



Example Events (1V)

| Transverse vs Z view - U Planes | | Transverse vs Z view - V Planes |
Eos[- EF
§ §05
2 L s L
@ B 7 -
8 1 g [
5 . 5 F 4
® L s > N L |
7 » ® o 2ol o
§1.5 o § F e®® o
th - .. Oh‘ = ]
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55 6 6.5 7 7.5 8 8.5 9 9.5 55 6 6.5 7 7.5 8 8.5 9 9.5
z position (m) z position (m)

* These events taken from the “open” data sample in the FD (which we are
permitted to look at in detail).

e E ,=21GeV
 y=E /E,=0.1(‘quasi-elastic’?)



Example Events (V)

| Transverse vs Z view - U Planes | | Transverse vs Z view - V Planes |
— '1 —_— 3
ET EF
c B c B
=] = (=] B
= - = B
Z15 ®2.5—
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N 8 1.5
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* These events taken from the “open” data sample in the FD (which we are
permitted to look at in detail).

« E,=18.7GeV
e y=E/E,=09



Example Events (VI)

| Transverse vs Z view - U Planes | | Transverse vs Z view - V Planes |
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z position (m) z position (m)

* These events taken from the “open” data sample in the FD (which we are
permitted to look at in detail).

« E,=3.3GeV
e y=E /E=0.6



Example Events (VII)

| Transverse vs Z view - U Planes | [ Transverse vs Z view - V Planes |
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* These events taken from the “open” data sample in the FD (which we are
permitted to look at in detail).

e E,=25GeV
e y=E./E,=0.6



Step 4: Look at All Events

“Open the Box”



FD Events are “In time” and Uniform
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Neutrino Energy Spectrum

Oscillation Results for 2.50E20 POTs MINOS Preliminary
> 140
8 — Un-Oscillated
g 120 —— Best Fit
— NC
"g 100 # Data
g
TIRP Null Oscillation Hypothesis
v? /n.d.f =139.2/36 =3.9
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&
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Reconstructed Neutrino Energy (GeV)



Oscillation Hypothesis Fit

~ MINOS Preliminary
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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.”



Flttlng Into the Unphy3|cal Region

MINOS Prellmlnary
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0.001
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¥ MINOS Best Fit

--------------- MINOS 68% C.L.

— MINOS 90% C.L.

Am? = 2.26x107eV?

sin® 20 =1.07
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Compare 1.3 & 2.5 x10%°POT Datasets
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|Am
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0.002

0.001

Reconstruction and selection method
% Changes number of events
% ~2c change in Am?

Shower modeling
% Am? systematic decrease 0.06x10-3eV?

New data set fluctuates down
MINOS Preliminary

1 ] T T
X MINOS Best Fit

MINOS 90% C.L.
MINOS 90% C.L. Runl

MINOS 90% C.L. Runlla

MINOS 90% C.L. PRL 2006

PRL 2006 Run |

New Analysis Run |

New Analysis Run lla
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New Analysis Run I+lla
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Our Long-term Goal:

1.5 For Am? =0.0020 eV?, sin? 20,, = 1.0

- 25x10% p.ot

osc/noosc

Oscillated/unoscillated

ratio of number of v,

CCeventsin far 0.5
detector vs E p.rveq

Expectation if Am?=0.001eV?
Expectation if v Decay
Expectation if Extra Dimensions

- L a _
- + Hypothetical MINOS Data
0 L1 1 I L1 1 I L1 1 I L1 1 I L1 1
0 2 4 6 0 10
Neutrino energy (GeV)

figure courtesy D. Petyt



Off- AXIS Beam from NuMI

10km

FNAL

Canada! 0.1¢ Am2>o e N

Thunder Eay
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o
>
e
> w
= o0.06
) 2
)
o o 0.04
Q vacuum
E 0.02
ioux Falls VM : e
S Lo ids® 200 400 500 800 1000 1200
i R’O_&Ffm Chicago
k @ms MEREa r"l SDU I;end Basellne (km) 1

. Possible to measure rates P(v,—v.)= P(v,—V,) due to..
*» CP violation

/7

% v’s propagating through matter
e Fermilab P929 (NOvA)

+—NOVA has about the same mass as the 5 collider detectors combined



Competition In Japan
JHF-Kamioka neutrino project
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15t Demonstration of Off-Axis Beam

Building

Target Service
~Main Injector 7

1

e
Carrler,,_b_e‘am ”
Tunnel /
Target Hall —/

e —

===

T, K

VY o
Beam Absorber /"~
Muon Detectors

 NuMI v’s sprayed in all directions.

« K—uv and t—uv decays lead to
lower E, at large decay angle

0.43E
E = T

» Opportunity to double-check our
beam flux calculations using 50
‘mature’ neutrino detector

~110mrad to
MiniBooNE 200

Minos Near
Detector

Illlllllll[llllIIIIIIIIIII]I]IIIIII
S

(=]
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- MiniBooNE v, CC Events
/—Total Calculated NuMI Beam flux
Calculated v flux from & Decays

Calculated v from K Decays

figure courtesy Alexis
Aguilar-Arévalo
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The Fermilab Neutrino Program

* Many ideas are now being discussed/proposed/built
** MINQOS - Precision oscillation parameters
<* NOVA - first observation of v,—v,, matter effects?
“* MINErVA - precision scattering cross sections
¢ MicroBooNE - Liquid Argon TPC R&D
** NuSOnG — weak mixing angle
“ FNAL-DUSEL - CP Violation in neutrinos?
* Project X accelerator would enable diverse program

Stripping Foil

ILC-like 8 GeV H™ Linac
9mA x 1 msec x 5 Hz
Recycler

3 linac pulses/fill

8 GeV slow or fast spill
2.25 x 10" protons/1.4 sec
200 kW

Main Injector
1.4 sec cycle

120 GeV fast extraction
1.7 x 10" protons/1.4 sec
2.3 MW

Single turn transfer
at8 GeV




The path
forward IS
crystal clear

| v

Prof Thomas(:oan, Fall

C

E N summer 1994
M IEN= byt
very
fragile
Indeed.
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The Blind Leading the Blind?

“Knowing In .,
part may iy ‘
make a fine It Remains a World-Wide Effort
ta_|e, but - o Interpret Néutrino
wisdom ¥ Disappearance
comes from ; and the Possibilities of
seeing the ‘ Neutrino Mass

whole.”

atm




Conclusions

 MINOS rapidly progressing
¢+ Construction complete after 6 years
% 3.5x10%° POT delivered
¢ First result confirms v’s disappear
» Under oscillation hypothesis,

Am;, = (2.3870%)x10°eV ?
sin®(20,,) =1.00_,

e Rich program of physics ahead
“* Results on oscillations vs other new
physics
¢+ Search for rare osc. phenomena, like
V> Ve V>V
< Is v, —v_mixing maximal?

* Future experiments: CP violation




Backup Slides



P(v, = v,)

0.6

0.2

0,0 i 1 1 1
0 1 2

Alternatives for v, Disappearance

“SuperK effect is combination

“Neutrinos actually decay to
lighter states”

Barger et al., hep-ph/9907421
1.0 i T T l — T T T

0.8

0.4

oscillations
= Neutrino deca

1 | 1 1 1 1 I 1 1

i

)

x = Logo[L/E (km/GeV)]

10~ 10° 10!

“Neutrinos propagating
in Extra Dimensions”

Barbieri et al., hep-ph/9907421

10% 10° 10* 10°

L7Ein eV?

Most think v —v_looks like a good explanation of the
atmospheric v depletlon but one must be open to other

possibilities given

% The 3 Am? problem

% Naturalness, attraction of a v GUT’S
¢ Due skepticism of jumping to conclusions in hard

experiments

of Am?(solar) and A
m?(LSND)”

Barenb0|m et aI hep-ph/0009247
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Charged Current v, Selection
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“* muon track
 long event length

Charged current events distinguished by

Y=1-plE,

Probability distribution function to reduce v ,-NC bckgd to v -CC sample.



Charged Current v, Selection (cont’d)

— —— 77—
O MINOS Preliminar
o ’ cC-like
e 1 04 . MC expectation
; NC background
=R
0 10 * Near Detector Data
@ .
e _ e -
10 [EfeCted-as. e
NC like
10
0 0.2 0.4 0.6 0.8 1

Event Classification Parameter

* In LE beam, expect 89% efficiency, 98% CC purity
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Far/Near (x 10'6)

F/N Ratio After Tuning
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Charged Current v, Selection Variables
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