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‘@ Two Neutrino Oscillations BROOKHTVEN

produced/detected as WEAK eigenstates
propagates as MASS eigenstates

Quantum Mechanics: weak #mass states

L Pl v cos () sin( 41
= mixing: vy )\ —sinf cosO |\ s
v(0)) = |va)
= cosl |v) +sin0 )
, 127LAm;,

survival prob:  P(v, —v_)=1-sin’20-sin’(

with L in km, E in GeV, Am221:m22—m12 in eV?
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‘@ Two Neutrino Oscillations BROOKHTVEN
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‘@ Three Neutrino Oscillations ~ Brooxunven

3 generation v mixing
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= 3 mixing angles
1 CP Phase

1 0 0

0 cosfley3 sinbyy

(+2 CP phases for Majorana v)

cosfiz 0 sin@ize® cosflio sinf 0
o 0 1 0 —sin 5 cost» 0O

0 0 1
atmospheric solar

0 —sinty cos o —sinfy3e® 0 cosfi3

Neutrino oscillations described .., 043, 053, 0
2

by 6 new parameters:
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‘@ Matter Effects BROOKHTVEN

Mikheyev-Smirnov-Wolfenstein (MSW) effect:
oscillation probabilities modified
In presence of matter

7 W
B_/\ e 8_/\ Ve
neutral current for charged current for
all type of neutrinos electron neutrinos only

extra potential for v_(V ): =V2GeN,

Ne: electron number density
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® Current Results BROOKHAUEN

SNO, KamLAND, Super-K,...

Ams,  =(8.07.0)10eV?
sin“20,,=0.86" 0 (0,,~34°)
Super-K, K2K,...

Ami|  =(24709)107eV?  sign?
sin“20,, = 1.02+0.06 (0,,~45°)
Chooz,...

sin“20,, < 0.12  (99% C.L.)
5., =777

LSND measured Am2 ~ 1 eV?
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® The MINOS Experiment BROOKHAUEN

Main Injector Neutrino Oscillation Search

2/

"

; e
2 & : ST .
./ . 0

collaboration of
175 physicists

%  from 32 institutes
In 6 countries

Argonne — Athens — Benedictine - Brookhaven — Caltech — Cambridge — Campinas
— Fermilab — College de France — Harvard — |IT — Indiana — ITEP Moscow —
Lebedev — Livermore — Minnesota, Twin Cities — Minnesota, Duluth — Oxford —
Pittsburgh — Protvino — Rutherford Appleton — Sao Paulo — South Carolina —
Stanford — Sussex — Texas A&M — Texas-Austin — Tufts — UCL — Western
Washington — William & Mary - Wisconsin
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R NuMI/MINOS Concept BROOKHAUEN

High intensity v , beam from
Fermilab to Soudan (MN)

Near Detector at NubM1 Far Detector
FERMILAB [iinok SOUDAM MIMNE Rinnesotn

/// & Wisconsin
Ll hm
B ————
* : —-.- - —
'hm-nT -1 Neutrino beam diverges
beaTa-pipe Pl oo e s n s e s s s n e s e s e s s B B e B e S ST S S B S ne T e
MINOS detector 735km

compare spectrum: near (1kT) < far (5.4KT) det.
unoscillated < oscillated
> observe the oscillation dip
> measure Am?_ ~ 10%

> Look for evidence of v, 2 v,
Mark Dierckxsens, BNL 8




R MINOS detectors BROOKHAVEN

Magnetized iron scintillator

sampling calorimeter:

» 1 inch steel for showering

» 4.1x1cm?2 thick scintillator strips

» 1.2mm wavelength shifting fiber

» Hamamatsu multi-channel PMT's
~ P consecutive planes have
orthogonal strips

steel

scintillator

orthogonal
orientations of

_ g strips ~
1.\\ N
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® Far Detector (FD) BRODKHAVEN

» Located in the SOUDAN underground lab
» home of Soudan-1 & 2, CDMS-II and MINOS
> former iron mine »

>34) FEET BELOW THESUR\-‘F\CE

ey F EE T BEL 0 i SEP\ e NN
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® Far Detector BROOKHAVEN

» 8m octagonal steel plates

» 486 planes in total = 5.4 kton
» Toroidal B-field 1.5T
» Strips read out from both sides |
» 8 fiber to 1 channel multiplexed™, = .4
> Comleted July 2003 oo

= &m )
Optical Conn. Optical Connector”

Optical Connector

(an to

DIl
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Optical Connect

Clear Fiber Ribbon Cable (2-6m)
Clear Fiber Ribbeon Cable (2-6 m)

Comection to
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w
=
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—
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® Far Detector BROOKHAVEN
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electronic
-racks

Mark Dierckxsens, BNL



@‘ FD cosmic muons BROOKHRAEN

very high multiplicity cosmic muon event

Date : 18 Apr 2005 Time :06:59:40 Run :31217_. 4 Snarl 58670 Event Type : Multiple Muon ( 23 muons )

/

6 -4 -2 0 2 4 6

online event display:

http://farweb.minos-soudan.org/events/LiveEvent.html
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® FD atm. neutrinos BROOKHAVEN

2 types of atmospheric neutrino analyses:
* (partially) contained u's: interaction in detector

* neutrino-induced u's: interaction in rock

v

Upwards going muons B e e

- « Data ]
- —— MC - No Oscillations
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‘@ FD atm. neutrinos BROOKHTVEN

o 1l T T T
. . P = ]
(Partially) Contained Events & gz MINOS
510 i T 418 days exposure |
e Oscillation f|t =
wls T T E 0 £ T %7 £ 61 2 F%ryg B
E 16_M]NOS ® Data _E -2__
% uf e .
125_ [ MC Background _E C
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- 8 e -
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® Near Detector (ND) BROOKHAUEN

» Same basic design as far det.
» Located 100m underground
at 1km from target

» 282 planes: 0.98 KT

+ calorimeter region:
total of 120 planes
4 part. + 1 fully instrum.
+ spectrometer region:
total of 162 planes
only every 5" instrumented
+ strips read out from one side
only spectrometer multiplexed
* fast 'QIE' electronics:
continuous digitization during

spills: 19ns time slices
Mark Dierckxsens, BNL
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R Calibration Detector BROOKHAUEN

Detector Response

100 — T — T T T

» 60-plane 'mini-MINOS' §
»takendataat T7 & T11 5
test beam lines at CERN ; 7
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® NuMI Beamline BROOKHAUEN

» 120 GeV protons
» 2.5 1013 p/spill

» 1.9s rep. rate o
» ~8 us spil [ I\

|
Z 'farget j
Enclosure

e S ™
= 250 kW i W . Tevatron

£& FERMILAB #98-765D

Mark Dierckxsens, BNL 18



‘@ NuMI Beamline BROOKHAVEN

Absorber Muon Monitors
Target . = B |
\ Target Hall Decay Pipe ut ;;-,;, 7 R N R O
120 GeV —— > Il
protons . = : : : ;_‘:'j;_ _h‘- X 1 ‘*-f--' ~
P T #IH@\’:J\ " W— - >t = \” ”K‘
e e ] R - SRl SR
675 m Rock| Rockl | Roek
Hadron Monitor o 2m 18m  300m
NuMI Beam Beam Monitoring
. = - -
» pitched down 58 mrad pre-target:

* secondary emission mon.
* peam position monitors

* toroids, loss monitors,...
» post-target:

» incident on graphite target
» 2 magn. horns to focus hadrons
»6/5m long steel decay pipe
' P hadron absorber downstream had ’
b
»200m rock for u absorption adron monllor
| #* 3 muon monitors
Mark Dierckxsens, BNL 19




® Target & Horns BROOKHAVEN

—

Graphite Target | %5

» 6.4 x 28 mm? profile
(Tmm beam size)

» two 47cm segments

» beam is 1 mm radius

» water cooled (4 kKW beam power)

Horns

» pulsed with 200kA
» toroidal B-field ~I/r between
Inner & outer conductor

< 4'_1

N . i h, -
Mark Dierckxsens,’ENL 20




® Beam Spectrum

o
- s

NATIO NAL LABORATORY

Beam spectrum can be adjusted by
changing target and horn positions

v, CC Events/year

(with no oscillations)

Low Medium High
1,600 4300 9250

l

preferred for current
value of Am2__

Mark Dierckxsens, BNL
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Vi disappearance

» Ratio of yield at far
det. to expected
based on near det.

» |location and depth
of dip give

El.b

l

Determine Am232 to

10% and rule out
exotic models

Mark Dierckxsens, BNL
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Am232 and S|n22923 1

® Physics Reach

Spectrum ratios

- 7.4%10% p.o.t

© " 4 = Ooto(sioncors osc.)
i1 -e-e Osc, = saf=00016 0V
! R

4 6 8
Neutrino energy (GeV)

- 25x10% p.o.t
:' """""""""""""""""""""""" T b '+‘+

™ ++++

4 6 8
Neulrino energy (GeV)

10

BROOKHIVEN

NATIONAL LABORATORY

Allowed regions

- 7.4x10® p.o.t

[ — eoxcu

-

- Y Inpul poromelers
[ ---- Super=K, 90% C.L,
s 2 2 L es s s bl s sl s s
0.00f ) =07 "08 09 1
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0.003 |- J
0.002 |- R
PRI TA TR R
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3 years of running at nominal intensity (top)
& with upgrade (bottom)
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® Physics Reach ERODKHAVEN

V., appearance

For Am2 = 0.0025 eV?, sin? 20,3= 0.067

eVidence for non_zero 913 60 EnergySpecM
[ Assuming

(]
3 ¢ Contours § _
R w [ 20
‘t?‘.’. —,-...'.'.:'.-.u 50- —e— T 2o x 10
£’ e | protons
3 i 4o on target
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-
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CHOOZ 90% CL

Am?2 = 0.0025 eV?

-
L]
Ya,

e
»
.....
]
L]

Background dominated by

MINOS, with 10k _ _
i65°% L. 25, 16, 7.4 x10%° pot : Neutral current interactions
(+ some intrinsic beam v,’s)
s g 1, . . .11, ., . . J .. . . J].,.,... . 1., .. () L A I I
0 0.05 0.1 0.15 0.2 0.25 03 1 2 3 4 5 6
sin2(2913) Visible Energy (GeV)
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’l¥ First Beam in NuMI BROOKHTVEN

(=] Lol +
1] - -
N N N
o (=] w
— - —
1 1 1
T I T

» Transport down entire

. beamline was achieved ¥
:Etl' on 12th beam pulse - : : :
b

L

during December tests
» Target was out and
horns were off

A-2.5-1.1
A-0.8/1.8
A-0.8-0.8

Al6/1.1

A-1.1,0.7
9-2.7/2.6
A-0.1/2.6
A0.971.8

oy ES——

[ Ted — <+ M
- o ~ o
S : ™ < >
- .. o : o
HuMI Hadron Monitor X-position R Jhu SRR 8 b - B || Z .....
FPulse height (pc) FS .635x MTGT  FS 9437 M112  F$ .9 FS 737/
bean - PEETIEE] File 3:NuMI-Profile-Mon-no-bean-1-21-05 21-JAN-2005 11:15:29 rrlgir—se‘ |Z°—°"'_|
60,0001 Rrs : 4. 7484
50,0001 SurmOfweights ;- 102373
40,0001

0000 Beam profiles from SEMs

20,000

10000 oy
I —
0

45 -0 -5 0 5 10 15 Profile from hadron monitor

Haorizontal Faosition {nches)
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: : -
W First ND Beam Neutrinos ~ =acowsasm

Target put in
ME position and
horns on for
Jan. beam tests

Observed our
first neutrino
from the beam
In the near det.

Run: 8053  Snarl: : 5024 Slice: 10of 1 Event: 1 of 1

on Jan 21, 2005 facorstuctin Surmary

# Tracks: 1 # Showers: 1

Primary Ti :‘.t:-an znnng 8.4 GaV Fit P: 17.0 Gev
\mm{yj{u }mﬁuma_-ﬂﬂ
Fﬁm‘yShamEsm.uEnm'gy 4.05 GaV

Mark Dierckxsens, BNL 25



. . 7
W First ND Beam Neutrinos ~ =acowsasm

multlple V Interactions during a spill

Run; 6066 Snarl: 27 Slice: 0 of 8 Event: { of 4

Recenstruction Summary
#Trecks: 1 # Showers: 2

Primary Track> Len: 3.4 Range E: 22 GeV Fit P: 2.1 GeV

Veﬂex 1.605,1.: heta: -0.52
g Uikl r> PEs: 2§ 2039 Energy: 1.88 GeV

Run: 6066 Snarl: 27 All 8 Slices

Reconstriuction Si
# Tracks: 4 # Showers: 3

Run: 6066 Snarl: 27 Slice: 0 of 8 Event: 3 of 4

Reconstruction Summary
#Tracks: 1 # Showers: 0

Primary Track> Len: 7.2 Range E: 4.8 GeV FitP: 1.5 G
Vmagy 2) (15.04.2.2) coshthela .13
nergy: 0.00 Gev

Mark Dierckxsens, BNL



% First ND Beam Neutrinos ~ shoomsnen

2.5 1013 p/spill

target is in
ME position

At nominal running: e 20| Y W -
- near: 11K evts/day e e
- far: few evts/day I F:

Tracks: 16 Showers: 15

Mark Dierckxsens, BNL



® ND Beam Energy Scan

BROOKHIVEN

NATIONAL LABORATORY

3 energy spectra by varying target position w.r.t. horn 1:
_E: target in horn 1

Numbel.' of Events

1 1 | 1 1 1
2000 []LE —
- [] PHE
B [] PME
1500} —
- Monte Carlo
500 -
B e ———ee
% 5 10 15 20 25

MINOS PRELIMINARY

Energy (GeV)

OME: target 1m from horn 1
ODHE: target 2.5m from horn 1

ﬂ I 1 1 | 1 1 I 1 | 1 I 1 1
c B 0no
o2000— 3 target positions
E — ‘\
a-J [— 3 +
£1500[ @\\6\ s ! +++"'++
é Q + ++ ++
B +
- o
1000~ ** +
| * +
L Y s 170y
AR ., *
— * 3 17
500: .. “.**5_1x10*‘
- «* ,._' t.-.m““::*
Og:,t*.‘.5-3x.101.7. L
5

[]LE .
[] PHE 1
[] PmE

NearDet

DATA! 1
(CC events)

10

MINOS PRELIMINARY

Very preliminary: agreement data - MC
Mark Dierckxsens, BNL
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25
Energy (GeV)
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‘@ Neutrino Beam Direction BROOKHTVEN

Another check with the near detector data:
IS the neutrino beam pointing in the right direction?

-J-_iL; El LI | LI | LI I LI I LI | LI | LI | LI I LI LI IE E EI LI LI LI | LI | L | LI | LI | IE
§ 900F MINOS Preliminary = EQQUUE— MINOS Preliminary 3
0 800 {4 D000 E
~ o ; 1800f :
= E 1600F -
600F - 1400 =
500 - 1200f + Data _
400E i 1000F s
200 - 800 —MC E
: 600F E
200 ;— g 400 - =
100F i 200} c

0

[]Z

8060402 0 020406081 100150200 350300 350 400
cosO d
= Vv beam pointing towards Soudan mine

= should observe v's from beam in far detector
Mark Dierckxsens, BNL 29




7'\3 First FD Beam Neutrinos BRODKHAVEN

First reported beam candidate: a “rock” muon

Date : 20 Mar 2005 Time : 11:56:32 Run : 29470_. 5 Snarl : 63498 EventType : Upward Muon Cand

X view

/_/' N

.<

T iy 4

‘uzview | s

2

1

VZ View

@”

(b ¢ O‘
entry \
< > 4

X
N B/

» timing and direction consistent with beam neutrino
» tracking indicates a 12 GeV u-
Mark Dierckxsens, BNL
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W First FD Beam Neutrinos ~ shoomsnien

First contained
event with
Interaction vertex
inside fiducial
volume

neutral current
candidate

Run: 29365 Snarl: 77611 Slice: 1 of 1 Event: 1 of 1

Reconstruction Summary
# Tracks: 1 # Showers: 1

Primary Track= Len: 1.0 Range E: 0.7 GeV Fit P: -1.6 GeV
Vertex: (1.4,0.7,19.7) coss#ftheta: -0.25 Pass: -1.97
Primary Shower= PEs: 5893 Energy: 2.98 GeV/

Mark Dierckxsens, BNL



® FD beam v properties BROOKHAVEN

* blind approach: unknown fraction FD beam
data is blinded

£ 8 . -

g | o DATA - dth reflect

‘S """} Time Difference of Cosmic Muon : WiI retiecis

| g gl e ions from Beam Spill 3 O thS_ .

s 6§ 1. spill length

E i | /
i /
I 1 for June-Sept data:
2l 1 139 v events
- i 1 (no fiducial cuts)
o & E T T N Ve [

20.05 0 0.05
MINOS PRELIMINARY Time (sec)

e cosmic u bkg reduced to 0.03 evts/month by cuts on
timing, angle w.r.t. beam, fiducial volume

| = efficiency beam Vv: 64%
Mark Dierckxsens, BNL 32




‘@ Protons Delivered BROOKHTVEN

NuMI Protons

Y
o
=]

Lad
an
|

e e .......................... ................. ,
pME (1.2E+18 PoT) : f f
s |E (6.8E+19 PoT)
— A | [:f 2E+19 PnT}

Protons per Spill (1E12)
N W
n =
o
[ 1001 ]
n =1

P
L]
|
|
=

i |
Total Delivered Protons (1E19)

Brett Viren, 2005M10/20

horn 2 short
water leak in target vessel
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® Protons Delivered BROOKHAVEN

FY05 Integrated Beam to NuMI

e Protons delivered to .
date: 8.5 10*°

s
(=]

Protons (1e18)
& &

* Maximum beam power  i:
achieved: 270 kW =

Number of POTS vS Time Mar-2005 Apr2005 May—2;ﬂf.|5ll Jun-2005 L2005 Aug2005  Sep-2005 0ct2005
L] T L T T L]

® Fiscal Year 05 Integrated Beam to MuMl — Design — Base

W
N
|

Life-time detectors
- T C - since May:
S Near: 98.9%

ST L D S A Far: 99.6%

| 1 | ) L | ) ) | 1 ) | 1 1 .
0 05/26 06/25 07/25 08/24 09/23
Wed Sep 28 10:20:01 2005 Date
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NATIONAL LABORATORY

R Water Leak in Target BROOKHAVEN

» On March 23, indications of leak in water cooling system

' 25000
» confirmed by target scans
baffle horn A
_W, ggoooo— ’ *e 43/9
N ° ™
E— 5 . . * o303
> o ¢ 4 ¢ 3/28
. Graphite protection ‘baffle’ g1o000 1 °
O [ ]
; S .«
Graphite target 5 4 o °
510000 | . o
< . Fe
C °® L °
= P o & 0°
9 o o & 0,00
O 5000 |- o
0 0 0
Tt ¢
& ¢
0 . 1% Ly
-15  —10 -5 0 5 10 5
Water cooling line Horizontal Beam Position (mm)

» target was taken out and investigated

» canister back-pressured solved the problem

» A spare target & carrier is available
Mark Dierckxsens, BNL
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‘@ Near Term Future BROOKHTVEN

e Unblind data early January
e ~ 1x10%° protons on target
* assess beam energy

vV, disappearance Vo appearance
| 90% C.L Contours
s I_'|.|!1: . o
:EMEE__ - T z
BoorE 20,0022 ov? Am?_=0.0025 eV’

T aoeE. AM™=0.0035 aV?

sin22913 =0.12

v

2.0 signal events

E'u.s' S TR R A T v a—— 3.4 baCkground

Sin‘20
Mark Dierckxsens, BNL 36
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® Conclusions BROOKHAVEN

» MINOS expects to measure Am2to 10%

» MINOS will improve limits on v, appearance

» MINQOS is taking data since end of February
» Detectors are running very smoothly

» Far detector operational since July 2003
publication of atmospheric neutrinos soon

» Initial design goals of 2.5 1013 protons/pulse
and 2s rep rate achieved.

» Unblind data and publish results after first 10%° pot

Mark Dierckxsens, BNL 37



