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A BRIEF HISTORY OF THE NEUTRINO




Conception

Before 1930’s : beta decay spectrum continuous - is this en-

ergy non-conservation?

Dec 1930: Wolfgang Pauli’'s letter to physicists at a workshop

in Tubingen proposes that a neutrally charged “neutron” with

amass “ < 0.01 proton mass” is emitted in beta-decays. Wottgang Paull

1932: James Chadwick discovers the neutron - its too heavy -

cant be Pauli’s particle

Solvay Conference 1933: Fermi proposes to name Pauli’s par-

5

ticle “neutrinos”.
Enrico Fermi

> 1933: Fermi builds his theory of weak interactions and beta decay
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Detecting Neutrinos

1950's: Fred Reines at Los Alamos and Clyde Cowan  mounted an experiment
at the Hanford nuclear reactor in 1953 and in 1955 at the new Sa  vannah River
nuclear reactor. A detector filled with ~ water with C'dC'l5 dissolved init was

located 11 meters from the reactor center and 12 meters under ground.

The detection sequence was as follows:
1. Ve +p —n + et
2. et + e — vy (2X 0.511 MeV)
3. n+19%Cd =19 Cdx =199 Cd+~ (1 = 5us).

Neutrinos first detected from a reactor!
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Neutrinos have flavors

1962 Leon Lederman, Melvin Schwartz and Jack Steinberger use BNLs

Alternating Gradient Synchrotron (AGS) to produce a beam of neutrinos

using the decay T — /L+VCC

10 ton detector
Spark chamber?

P Iron absorber

The AGS Making v’s
Result: 40 neutrino interactions recorded in the detector, 6 of the r esultant

particles identified as e (expected bkgd) and 34 identified as = v, = v,

AN
] a d N2 The first accelerator neutrino experiment was at the AGS.

electron muo

I 11 III

The Generations of Matter
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DISCOVERY OF NEUTRINO
MASS/MIXING/OSCILLATIONS

AAAAAAAAAAAAAAAAAA



The Homestake Experiment

1967:. Ray Davis builds a large detector at BNL, containing 615
tons of tetrachloroethylene (cleaning fluid) and placesiit 1 .6km

underground in Homestake mine, SD.

1. V5 43T OL — e 437 Ar, (37 Ar) = 35 days.

2. Number of Ar atoms = number of v3“" interactions. Ray Davis

Results: 1969 - 1993 Measured 2.5 + (0.2 SNU

(1 SNU = 1 neutrino interaction per second
for 103° target atoms) while theory predicts 8
SNU. Thisisa ;""" deficit of 69%
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The atmospheric neutrino deficit

Neutrinos are produced from cosmic ray in-

teractions in the atmosphere.

spheric neutrino beam is approx

The atmo-

1/3(ve+1)

and 2/3(v, + v,). B E(uE'") < 52.8 Mev
whereas E (%) = O(GeV) — O(TeV)).

The 80's and 90’s : Measurement of the ratio:

R = (Vu/Ve)data

— (Wu/ve)ye

in different expts reveals a  40% deficit of 7/,

(2l R'= (1t/€)para /{ts/ e \

E 1.0 T o T A T S
0B

NATIONAL LABORATORY

Marv Bishai. BNL 9 — p.9/6!



Evidence for neutrino oscillations

2001-02: Sudbury Neutrino Observatory . Water

Cerenkov detector with 1 kT heavy water located 2Km

below ground in INCO’s Creighton nickel mine near

sumn

Sudbury, Ontario. Can detect the following 1% In-
teractions:
1) ve +d — e +p+p(CO). PP T

vy, +d— p+n-+ v, (NC).
vy, +€ — e —+ Vg (ES).

v o voond o voond ol voond o vod vod

= HHI\Il TIm HHII‘ \HI\IW {\I\I‘ HIIH HIV\I‘ HIIH 1

Flux at 1 AT (cnfz s‘lMeV‘l) [for lines, cm

SNO measured:
¢SNO(V€) = 1.75 4 0.07(stat) 7017 (sys.) £ 0.05(theor) x 10cm =251
HES (vy) = 2.39 £ 0.34(stat) T80 (sys.) £ x10%em 257!
SNO 0.14
PN (ve) = 5.09 4 0.44(stat) 1045 (sys.) £ x108em 2571

Ve has changed to 1/,!
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Neutrino mixing

In 1962 Maki, Nakagawa, Sakata proposed a 2 flavor mixing matrix. The

3-flavor form now used (attributed to MNS and Pontecorvo) is:

(Ve\ (Uel Ue2 UeS\(Vl\

Yy = Un Uu U 2
\ Vr ) \ UT]. U7'2 U7'3 ) \ )
UPR;NS

0.5 1 1.5 2 2.5 3

BUT: Notable difference with CKM matrix- very large off diag onal terms:

(0.8 0.5 7 \ ( 1 0.2 0.005\
Upymynse ~ | 04 0.6 0.7 Verkv ~ 0.2 1 0.04

\0.4 0.6 0.7) \0.005 0.04 1 )
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Neutrino Matrix Parameterization

(1 0 0 \ ( C13 0 €i5CPS13\ ( C12  S12 0\

U= 0 C23 S923 0 1 0 —S12 C12 0
\ 0 —S23 (€23 ) \ —GiéCPslg 0 C13 ) \ 0 0 1 )
Atmospheric v’s Reactor v's Solar /s

where ¢, = cos 8,3 and 5,3 = sin 6,3 and dcp is the CP phase.
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Neutrino oscillations

Assume 2 flavors only:
Va | _ cos(f)  sin(0) V1
p —sin(f) cos(6) %

ve(t) = cos(0)vi(t) + sin(0)va(t)
P, — ) = | <wlva(t) > |?

= sin?(0) cos?(A)|e " F2t — 7t

P(vq — vp) = sin® 20 sin” 1-27<<m3—($/%c>;/€eVV) 2)(L/km)

2 1.27((m§ —m%)/eV2)(L/km)
(E/GeV)

P(vy — v4) = 1 — sin? 20 sin
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The Super-Kamiokande Detector

A huge 50KT double layered tank of ultra pure wa-
ter surrounded by 11,146 20" diameter photomulti-
plier tubes. Located in an old zinc mine 0.6km un-
der Mount lkena in the Japanese Alps, near the town
of Kamioka. The project has been collecting data
since 1 April 1996.

Particle id using rings of

Cerenkov light
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Measurement of %™ oscillations

Atmospheric neutrinos as a source for oscillation experiments

-« Atm. neutrinos 2:1 mu:e type
9/ Psurv
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e cos B COS 5]

Gauss Flux inside spherical shell isotropic

£ Multi-GeV é-like ' " Multi-GeV U-like + PC
o L : I |
“a00t - - B
=
-
=¥
=
E ] 1
- |
(]ll...‘)'; ------- '-]’q-lill g2 s 2 a1l s 3 8 31l 5 s 323 I 3+ 4 4 a
= = ).S -1 -0.5 0 0.5 1
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Ewdence for neutrino oscillations from SuperkK

Milind Diwan

Best fit : (sin? 2023, Am3,) = (1.02,2.4 x 1073eV?)
sin” 2053 > 0.90 and 1.9 < Am3, < 3.0 x 1073eV? at the 90% CL.
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The K2K experiment

Confirm the SK oscillation result using v, beam from KEK. L = 250

v, energy spectrum

14
@ K2K near detector
SK front dump decay pipe HORN(target)  12GeV-PS
detector
== ' - - ' > I T+
.“@ .L I+ L
=S Ll
- - - -
4 3 250km 300m 200m

E, (GeV)

NATIONAL LABORATORY

Marv Bishai. BNL 16 — D.16/6!



Neutrino interactions - redux

Neutrino interactions around 1GeV region
Charged current quasi-elastic scattering (CCQE) v+ n — p+p

Neutral current elastic scattering vpt N—=v + N
Single n,n, K resonance productions v+ N— /+ N+ (nK)
Coherent pion productions v+ O— /+ X+
Deep inelastic scattering v+ N— /+ N + mn (n.K)
LA Cross-sections T (/: lepton, N,N’ : nucleon, m : integer)
1.2 | Total (NC+CC)]
g B ce Totar {1 Itis also important
T osl ] to take into account
S nuclear effects.
S 06} Mesons (especially )
W oaf and
T protons interactions
. single T _ In target nucleus.
0 05 1 1572 25 3 35 4 45 5 (Oxygen, Carbon ..)
E, (GeV)

Yoshinari Hayato
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K2K results

“Evidence for muon neutrino oscillation in an accelerator-based experiment” (The
K2K Collaboration) PRL 94 (2005) 081802
Results: Using 8.9 x 10" protons-on-target (POT) .

Find 107 fully contained events in SK fiducial volume

Expected 151717 (syst) expected .

< 16 T o T —— .
3 L R 68O,
= ot = | 9006

oS g | 99 Y0 S ]
2 8 104 E
(<8 - - ]
= - X ]
W 4

Ot + : 10—
4 5 0
E, "¢ (GeV)
SK 1-ring p like Allowed regions

Best fit : _(sin? 2623, Am32,) = (1.0,2.8 x 1073eV?)
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INTRODUCTION TO NuMI/MINOS
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NuMI/MINOS Concept

Near Detector Far Detector
0.98 kT 5.4 KT
111.1 km
- —
Fermilab 735 km Soudan
Fermilab’s Main Injector, lllinois
Soudan Underground Lab, Minnesota

120 GeV protons, 2.5 x 1013 pro-

2341 FEET BELOW THE SURFACE
tons/ 8 usec pulse, 1.9 sec rep rate. 689 FEET BELOW SEA LEVEL

e ————__
= 0.25 MW

NATIONAL LABORATORY

Marv Bishai. BNL 20 — p.20/6!



MINOS Beam Spectrum

Absorber Muon Monitors

Target D . \ e |
ecay Pipe S E
Target Hall yHIpe . A 1+ R
120 GeV _ f“ f t 7_‘__ ;
protons SN e = e | (& =
Main Injector Horns at 7 5
10m 30m g
675 m )
g 5m
Hadron Monitor 12m 18m  300m
180
Low energy beam 165
E‘E 5 10
T
Mg £ PRl sy %120
Medium energy beam % -
[ — 2
== i 5| Z
| —_— %‘, 80
Targst 2na Hom 5]
Z=-130m Z=220m I [T
High energy beam Ui
[ [ ~w
= <
| — 20
Targst 2nd Hom
zZ-_308m z-200m L

10 15 20

E, (GeV)

LE beam at 2.5 x 10%Y POT/yr = expect 1600 events/yr in FD

e o —
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MINOS v, Disappearance

s Spectrum rotios Allowed regions
% i 7.4x10" p.o.t ;-g - 7.4x10% p.o.t :
' - - .
® Plot ratio of yield at far J— <—\-~«\ ..C*
det. to expected from o rooraes e
[ ---- Super=K, 90% CL.
near det. R AR —
sin'29
o L lon an h of di -
ocation and depth of dip g 25x10% p.o.t - 25x10% p.o.t
yield dm? and sin” 26 S S, g 0003 £ :
® Assume om? = 0.0025 o i {
05 -+ 0.002 -
eV?, sin? 260 = 1.0 -
oo...z...;...;...;...io m'u...o:7...°:e...°:°...'
Neutrino energy (Cev) sin"29

3 years at nominal intensity (top). Intensity upgrades (bot tom)

Determine dm2 to 10 % Rule out exotic oscillation models
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MINOS v, Appearance Sensitivity

For Am? = 0.0025 eV?, sin? 20,,= 0.067

3 ¢ Contours & 60 Energy SPecy
c - )
< S | Assuming
% - '.E:'-‘n m "
gy~ i or 25 x 1020
< e protons
2 o 40} on target
o v N/ T [ e
MINQOS, with - .
162 L 25,16 zv:’xmz" pot sl Background dominated by
' - Neutral current interactions
(+ some intrinsic beam v,’s)
0 0.05 0.1 0.15 0.2 0.25 0.3 0 1 1 ] ]
sin(26,,) 1 2 3 4 5 6
Visible Energy (GeV)

2

~ .- Evidence for non-zero 013

Detection of v, at Am
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THE FAR DETECTOR
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The Far Detector

25 B m “Active Detector Planes

4 cm wide sohd scintillator strips
WLS fiber readout

31 m

(2 sections 15 m long)

Magnetized Fe Plates
486 Layers x 2.54 cm Fe

\ 8m 5.4 KT Total Mass
Mﬂgnel:cui]x_kh T

<Hz=15T

8m X 2.54 cm thick Fe plates

® 4.1w x 1d x 8001 cm
scintillator strips with WLS fiber

°

readout. 486 layers = 5.4kTon
® Toroidal B-field, 1.3 Tat r = 2m

® Cosmic p veto shield
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FD Cosmic Ray Physics

Based on ~ lyr of data:

Upward going muons - 1/f3 plot

6
0 T e Ry

10 E

Downward

Upward

/|

N N RN A E:
15 -1 05 0 05 1 15 2 2§
1B

1/6 = cit/ds

30__I .I |Dlatla I | I I | | | I I
MC - No Oscillations

R sin(20) = 1

N Am? = 2.4x107 eV?

20

m -

- |

c |

<1>J _

11110
i MINOS Preliminary

0

217208 06 -04 -02
coso

&

Zenith angle distribution.
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The Calibration Detector

60-plane ‘micro - MINOS’ % 100 e R e
= E : : : : : - A E
% 22 g. CrI =
-- has taken data at T7 & T11 = b N E
test beam lines at CERN R :
during 2001, 2002, 2003 2 3
By ¢ O - ' T 3
w L 2 .. | :I., 50 F
P — e N e 45 F é
R R BN e S 0 F :
o 30 1 7 3 3 5 5 7 5 3 TRE
Available Energy (GeV)
Energy Resolution
O O e L B L B B LI IR B IBERERERE! T T T
075 Fr ol Jrdo o b
07 Eofem o
CE e | e
o I 33a1 .
08 ;_'".'e ______ ...... ________________
D45 oo B
04 E
0.35
03 E
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THE NEAR DETECTOR
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The Near De

Spectrometer region
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Beam Performance

NuMI Protons

< 400 18 =
W F . . . 4 W
E__. 35 :_ ................ : pHE ” TE+18 PDT] .......................... .......................... __? -
= - " Horn 2 short T i
& sgF pME (126+18PoT) 0 N e 8
m U s | E (6.8E+19 PoT) _ : L 3 E_E’
a L .
— e All (7.2E+19 PoT - : 1
g L3 eenenesonee e sonc [ .......... B [ e | . ......... __5 E
8 - ; . Target ¢ooling Jam - o
E ) Em—— ......................... ..wat.er..leé.ak.... ) i B _:4 =
— : : : : 7] 0
— _ I
15 :_ ................................................................................ _:3 IE
1“ :_ ........................................................................... _:2
5:_ .................................................... _:1

09/01  10/31 °
Date (2005)

1 1 |
0 * 12531

Brett Viren, 2005M10/20
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ND 1st Beam Neutrino Jan 21, '05

Intensity was around
2.5 x 102  pro-

tons/spill.

Target in the ME posi-

flon. Run: 6058 Snarl: 5024 Slice: 10f 1 Event: 1of1

#Tm 1 #Shmm's 1

Primary Track> Len: 13.2 Range E: 8.4 GeV Fit P: 17.0 GeV
Vertax(x,y,z): (0.8,1.1,3.8) cos#thata: -0.08
Primary Shower= PEs: 424.0 Energy: 4.05 GeV
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ND Lots and Lots of s

At 2.5 x 1013 prspill

Target is in ME posi-

tion.

ND scintillator read-

out has 19ns resolu-

tion (same as bunch
length).
Timing information P e

Reconstruction Summary
Tracks: 16 Showers: 15

IS used to separate

events.
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ND Beam Neutrino Properties

Angle between p track direction and beam

direction:
|__Adcvs. TimerelRF__ | TAdeVSTimeRFHist s [T Mean _ 0.2475
103 Entries 6865276 »
oo’ s g i
fﬂsnof_ 4°_H =
1600 30%_ B
14002— : 3
1200 20% x} =
1000 ~ i 7
800/ 10— %%ﬁf —
600 - z;%éﬂpm m
400 - T T i 'gfs' 3
200f_ Angle Between Initial Track Dir and Beam Dir (Radians)
T Resdieie o Distribution of LE neutrino interaction ver-
Time difference between ND tices
hits and beam extraction £ E
il
NuMI 18.87ns bunches come in £
o
5 batches . E
-1
£
e
MINOS PRELIMINARY X Position {m) e
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1st FD Beam Neutrino, March 7 '05

Run: 29365 Snarl: 77611 Slice: 10f1 Event: 10f1

Reconstruction Summary
#Tracks: 1 # Showers: 1

Primary Track> Len: 1.0 Range E: 0.7 GaV Fit P: -1.6 GeV/
Vertex: (14.0.7,19.7) cos#thata: -0.25 Pass: -1.97
Primary Shower= PEs: 538.3 Energy: 2.98 GeV

Run: 29365 Snarl: 77611 Slice: 10f1 Event: 10f1

Raconstruction Summary
#Tracks: 1 # Showers: 1

Primary Track> Lan: 1.0 Range E: 0.7 GaV Fit P: -1.6 GeV/
Vertex: (14,0.7,19.7) cos#thata: -0.25 Pass: -1.97
Primary Shower= PEs: 599.3 Energy: 2.98 GeV
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Far Detector Beam Neutrino #2

Run: 29447 Snarl: 100855 Slice: 1 of 1 Ewvent: 1 of 1

Reconstruction Summany
# Tracks: 1 # Showers: 2

Primmary Track=>= Len: §.3 Range E: 4.0 GeY Fit P: 4.0 Gea\/
Wertex: (Z2.5,-3.0,3.0) cos#theta: -0.02 Pass: -1.97
Primary Shower>= PEs: 91.2 Energy: 0.32 GaW
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THE CASE FOR A SUPER NEUTRINO BEAM
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Why a Very Long Baseline?

Sensitivity to atmospheric ( Am§2) AND solar ( Am%l) oscillation scales

Verify oscillation behaviour by ob-

serving multiple nodes
P(v, - v,) (SK/KamLAND best fit point)

Resolution of FE, < 1GeV/c? 6_ :
dominated by Fermi motion = _ 5_ é
maximize L = O(1000) km ¢ 4_§ ;

Higher energies = larger cross- é I
sections 22

Very long baseline = multiple node pat- Mot Pl i

Brett Viren, 2005/06/03 Baseline (km)

tern is detectible for all Am%, range.

More nodes = higher precision.
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VLB Disappearance Sensitivity

For a BNL-Homestake 2540 km baseline:

Test point for v, disapp Test point for Anti- v, disapp
‘% 0.006 ‘% 0.006 [
Y Small oval is for BNL-HS N Small oval is for BNL-HS
& ooos| 90 % C.L. contours £ o005} 90 % C.L. contours
i Stat. + Syst. Stat. + Syst.
I . I $
0.004 |- > 0.004 - o
L o L o))
NG N
N4 o
0.003 |- o 0.003 |- s
> (%))
n ™
o
L I o
0.002 |- 0.002 |- N
0.001 f """ 0.001 f ''''
L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L
%5 055 06 065 07 075 08 085 09 095 1 %5 055 06 065 07 075 08 085 09 095 1
Sin®20,, Sin®20,,

~ 1% resol on Am%z and sin® 26, if detector energy scale uncert ~ 1%
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VLB v, Appearance Sensitivity

In neutrino oscillations with 613 # 0, matter effects change Vy — Ve

oscillation probability . More matter = larger effects

P(u,e) at 300 km P(u,e) at 800 km P(u,e) at 2540 km
0.06 0.06 0.06
0.05- 0.05- 0.05F
0.04[- 0.04- 0.04F

C C 2 C
0.03[- 003 Am=>0 0.03}
0.02F 0.02F= 0.02F

" __Vaccum B
0.011 001- Am2<0 0.01-

71 L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l 07 Il l - ‘ - ‘ |- ‘ |- ‘ L1 1 ‘ L1 1 ‘ - l 07

82705 06 07 08 00 I 11 12 13 16 18 2 22 24 26 28 3
Brett Viren, 2005/06/30 E" (Gev) Brett Viren, 2005/06/30 E" (Gev) Brett Viren, 2005/06/30 E" (Gev)

Enhanced capability to resolving the mass hierarchy - sign( Am%Q
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CP Violation Sensitivity

1 GeV neutrino, vacuum

Marciano (hep-ph/0108181): ... | §mm#Ee
CP asymmetry N Vy — Ve A, T i 'SKa:ume.x ch=90
grows with L Flux at far de- o | #m.-oo

tector goes as 1/L%. = FOM o=
— A°N,/(1—-A?)is ~constant " |

0oz | \ ,,
p 0 [0} ‘ 500 i 000 ‘ 1500 20‘00 ‘ 2500 ‘ 3dOO ‘ 35‘00 ‘ 4000
Brett Viren, bv@bnl.gov, 06/04/2004 Baseline (km)
P(u,e) at 300 km P(u,e) at 800 km P(u,e) at 2540 km
0.2 0.2 0.2 l
0.18- CP =0 Deg 0.18- CP =0 Deg 0.18 (
016" CP =45 deg 016" CP =45 deg 0.16
T CP =90 deg g CP =90 deg '
0.141 0.14F 0.14H
0.12; 0.12; 0.12;
0.1- 0.1 0.1 U
0.08- 0.08- 0.08-
0.06; 0.06; 0.06;
0-04; 0.04; 0.04;
0.02?\ 0.02\ 0.021-
H okt I I I I I | — oC I I — oL I I —
) 1
NA Brett Viren, 2005/06/30 log 10(E") dbg 10(GeV)) Brett Viren, 2005/06/30 log 10(E") (log 10(GeV)) Brett Viren, 2005/06/30 log 10(E") (log 10(GeV))
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Guaranteed v, Appearance

If sin? 2013 is small = 0., measurement not possible
BUT observation of 1/, appearance is still possible from the current value of

the solar parameters:

2\ 2 2
Am . 9 9 Am
21 1
P(V,u — I/e) ~ | ~—5 S111 26’12 COS (923—3
P(u,e) at 300 km P(u,e) at 800 km P(u,e) at 2540 km
0.06 0.06 0.06
0.051- 0.051- 0.051-
x x x Effect of A m2,
0.04- 0.04- 0.04}-
0.03 sin(26,,) = 0.04 0.03 sin?(26,,) = 0.04 0.03 sin(26,,) = 0.04
0.02 0.02/\ 0.02
0.01} 0.01- 0.01-
r 8,5=0 r 8,5=0 r
l\\\\\\\\\\\\wl . ! J T S 7\\fww\1”‘ | ! J | J 71\\ \\\\\\\\\\\\\\\\l
82705 06 07 08 08 1 11 12 13 0716 18 2 22 24 26 28 3 1 2 3 4 5 6
Brett Viren, 2005/06/30 E" (Gev) Brett Viren, 2005/06/30 E" (Gev) Brett Viren, 2005/06/30 E" (Gev)

Only feasible with the longer baseline (2540 km)
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Separating Multiple v, — v, Effects

energy sin? 2613 Am§2 Sop = By
(GeV) > 0 (>0,<0) | (5,-3)| (<Z,>%)
v | 0-1.2 _ 1 U
1.2-2.2 o .} L1
> 2.2 ] Tl 11
U | 0-1.2 _ 11 hl
1.2-2.2 o U A L1
> 2.2 U, 1,1 1,1

Need a broadband beam with £, = 1 to 6 GeV

For 3 generations we do not need V!
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BNL baselines

The US is = 4500 km coast-to-coast. Brookhaven National Lab is located on

the eastern coast = ideal for (O(2000) km baselines .

BNL-Homestake mine = 2540 km BNL-Henderson mine = 2700 km
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The AGS as a proton source

The Alternating Gradient Synchrotron at |
BNL accelerates 1.5 GeV/ ¢ protons
from the Booster up to 33 GeV/ c. Typ-
ical intensity achieved for slow ex-

tracted beam is 6.7 x 103 protons

at a rep rate of 0.5 Hz = the most in-

g-2 muon !-L
storage ring

tense proton beam in the world
Total Accelerated Protons at the AGS

1.2 x 1020

1.0 x 1020 ]

0.8 x 1020

0.6 x 1020 f

0.4 x 102

S I I I N
sl ST Wl

Total accelerated protons

""\-._._-_’_-

R
F 5 F E E 5 Tandem to
Slow extracted beam (Kaon decay) Booster line (TtB)

Fast extracted beam (g-2)

Jan-93
n-
n-
Jan-01
Jan-02 -

Tandem Van de Graaff

o
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BNL » beam spectrum

Detailed simulation of a 28 GeV pro- BNL Wide Band. Proton Energy = 28 GeV

: : S Distance =1 km

ton beam on a graphite target with a 2

©
wideband focusing horn. 'é 10°

E
Beam can be run in either neutrino or & .

S
anti-neutrino mode. -

7
- - - 10
A combination of neutrino and
anti-neutrino running will constrain 0
: 2 E | | :: | g ::\ H IE EiI:E:'. | O i |

S1I1 913 ™~ O°003 0‘ | ‘2‘ | ‘4‘ | ‘6‘ HHSM ‘10” | ‘12‘ | ‘14‘

E, (GeV)

AGS 28 GeV protons will produce a spectrum of £, = 11to 10 GeV/c?
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BNL Conceptual Design Report

BNL-73210-2004-IR available at http://raparia.sns.bnl. gov/nwg _ad/

Ciepober 1 2004 BHL-7A2 10200 TR

The AGS-Based Super Neutrino Beam Facility
Coneeptual Desizn Report

W B
TRENIFTET (W CIY)

Sisn PETCTO

Brmookhaven Mational Laboratory

Upton, NY 11973
Owpober 1. 2004

Oepober 1, 2004 ENL-T3210-2004-IR

The AGS-Based Super Meutring Beam Facility
Conceptual Design Report

Editce: W, T. Weng, M. Diwan, and . Raparia

Contributors and Farticipants

1. Alessi, [, Barmon, [, Beavis, 5. Bellavia, | Ben-Zwi, 1. Brennan, M. Diwan,
P. K. Feng, J. Gallardo, D. Gassner, R, Hahn, 0. Hseuh, S Kahn, H. Kirk,
Y. %. Les E. Lessard, D[ Lowenstein, H. Ludewig, K. Mirabslla,

W Marciang, | Marneris, T. Mehring, C. Pearson, &, Perdzick,

F. File, [r. Raparia, T.Roser, A Ruggiero, N F. Samics,

M. Simos, J. Sandberg, M. Tsoupas, J. Tuozzolo, B, Viren,

J. BesbeWang, J. Wei, W T, Wang, M. Williams,

F. Yamin, K. . Wu, & Zalsman,

5.%. Zhang, Wu Zhang

Brookhaven Mational Laboratory

Upton, NY 11973
Cerober 1, 200
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AGS MW Beam Requirements

Very long baseline = low v flux at the far detector — need 1-2 MW beam and

megaton detectors

present AGS 1MW 2 MW
Total power (MW) 0.14 1 2
Beam Energy (GeV) 24 28 28
Rep. rate 0.5 2.5 2.5
Avg. current ( (A) 6 36 72
Avg. circulating current (A) 4.2 5 10
No. of bunches at extraction 6 24 24
Protons per fill 0.7 x 1014 0.9 x 10'* 1.8 x 104

AGS ONLY: upgrade cost=FY 04 $ 70.6 M

To increase rep rate from 0.5 - 2.5 = replace booster.

NATIONAL LABORATORY

Marv Bishai. BNL 47 — n.47/6!



Super Conducting Linac

Linac design is driven by lenght con-
strain = 120m. We need a 1.2-1.5 GeV

200 MeV Drift Tube Linac

linac to replace booster.

BOOSTER

AGS
1.2 GeV — 28 GeV
200 MeV 0.4 s cycle time (2.5 Hz)

A 1 GeV proton SCL for the

Spallation Neutron Source 26 4&

0.2s 0.2s

has already been built

SCL SNS
RF frequency(MHz) 805 & 1610 805
Accelerating gradient (MeV/m) 10-23 10-15
Cells/cavity 8 6
Inner cavity space (cm) 32& 16 38.5
Warm to cold transition (cm) 30 75
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Getting the beam to Homestake

™ —
} __F__\-\-\-\'I-I-__--_ w0
FROTEN BEAM T e
- - —- . o o ] =
RAMSPORT 428 GEVY - o e —
i = -
= =7 CULne
T T e

-__\_\_-. -

- e ol R

EETHTR =

TTe—TaRoET B g

—Fied Decdar PIPE

ALNESE Boab

el _~hi=iR DETECTDR
----"
L

< T MORTH

Beam needs to point downwards at 11.3  ° to reach detector at 2540 km

Build a hill instead of a tunnel! = hadrons above water
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Location of The Hill

6 O'CLOCK
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BNL 1MW v beam cost estimate

NATIONAL LABORATORY

Cost Estimate of the AGS Super Neutrino Beam Faclllty
Construction Fhase - Direct FY 04 Dollars

1.0 AL G Super Neutrine Beam Faci ity EOIA Mas Lak-or Total
T.1 The Lmac System [ELEN AL TH.o06, 00 TETEE e TFreiendn |
1.1.1 Fromd End and RT Lnac Upgrade J13.000 ¢ AE2000 A50.000 3,552,000
1.1.2 SGL Ascelercting Cawty Syatem 954,240 2e 004,200 11,040,000 34,240,440
1.1.3 8CL AF Sowcs 5,620,088 51,668 000 2,52 G562 120
1.1.4 ECL Cryogenic System 370,000 12,700,000 2,200,000 16,270,000
1.1.5 SCL Vacuum Systsm 641,508 3,474,570 145,378 5 264,546
1.1.8 SCL Instrurmentation 460,057 1,380,400 40,061 2. 260,418
1.1.7 SCL Magnst and Powsr Supply 518,350 3 E8E,000 727,301 4,932,324
1.2 The AGS Upgrode 10,406,245 53,619,150 6,474,590 70,587,004
1.2.1 AGS Main Magnst Power Sugply 503,050 FE, 200,000 T.382,337 0,046,206
1.2.2 MES FF System Upgrade & 082 625 9 850,000 75,347 16,608,472
1.2.3 AGS Injection/Exirasiion £.44,000 & 437,066 1 8&2,330 #,740,308
1.2.4 Bzam Transpar t Targst 1838,771 T A5Z,241 2,637,390 12,126,302
1.2.5 Coninl Syetem 1 828,590 1.270,862 142746 1,057 528
1.3 The Target and Horn System €6d,741 TAIT.152 1,200,338 5,200,232
1.3.1 The Target Systam 197,008 275 284 £0.130 40E 472
1.3.2 The Hom System 454 5l 7 350 GEE 655,294 3480118
1.3.3 Shielding and Remcte Handling R IAEN] A0S, 5000 2% 00 1,617,510
1.3.4 Targ = & Hom PH:E o5 Suoport fi 20,000 ATE. B84 _395.&4
14 The Conventional Facility 7,550, 300 B0, 080, 300 1,210,700 BE B 5 1,300
1.4.1 Linac Tunnelflystron Gallery 2,253,000 11,528,000 230,000 14,012,000
1.4.2 BGS Powsr Supply Bulding 2024000 13,347 000 432,000 15,803,000
1.4.3 Beam Transport and Tarpst Arsa 1,674,300 25.091.000 172,500 26,937,600
1.4.4 The Decay Tunrel and Beam Stop 164, 000 4 225,300 115,200 1,524,500
1.4.5 Sile L Mies & Roads 1 (18R, 000 i &20,000 140,000 B 048 000
1.4.6 Modiications for AGS BF System J2¢, 00 2 TR, 00 121,000 2,526,000
R TR, 00 pi Pkl LS FEL
1.5.1 ES&H 20,000 102,000 270,000 395,000
1.5.2 Access Controls, B4 562 70,211 67,555 122,18
1.6 Praject Support T A48, 6 200,063 T 620,
1.6.1 Project Managzment i 100,000 1 178,000 1,278,000
1.6.2 Techrizal Suppart 1,148,691 214,109 2145963 1,500,753
1.5.3 Projact Contrals ] 70,000 TT2,000 S42,000
|Acmw Project Tokal PR 3 i o o, TAE

Total direct costis FY 04 $ 273.4 M.

Total estimated cost is FY 04 $ 406.9 M (including 30% contingency)
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Construction Schedule

Construction Schedule

FY

10

R&D

Construction

Commissioning

Research
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PHYSICS POTENTIAL OF L=2540 km (BNL-HS) BROADBAND VERY
LONG BASELINE EXPT.

M. Diwan, “The Case for a Super Neutrino Beam”. Conference pr  oceedings
of Heavy Quarks and Leptons, San Juan, Puerto Rico, June 1-Ju ne 5, 2004,
hep-ex/0407047.
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Raw Event Counts

1 (2) MW v (77), 500 KT, L=2540km, 5 x 10" sec.

ccv,N — p~X 51800 (30050) | NCv,N — 1, X 18323 (11540)

ccv.N — e~ X 380 (106)

QEvy,n — u p 11767 (11868) | NC elastic 4575 (3882)

QEven — e p 84 (80)

CC Single 7 22053 (11872) | NC Single 7 7741 (5074)
CC Two 7 10143 (3336) | NC Two 7 3557 (1630)
cCC>2m 4882 (500) NC > 27 1729 (560)

cCCv,N — 717X ~ 110 (40) (depends on Am?)
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v, Disappearance

Results for clean QE L. MC  includes fermi  mo-
tion, detector resolution and non-QE backgrounds
v, disappearance v, disappearance
'E ;E, FNZAL to Homestake 1290 km
2 17 Sn’26,,=10
80 |- BNL to Homestake 2540 km 1000 ég:arﬁzlzl\%vsv%?l’agt\{o.s MT, Run 5e7 sec
. sin’28,,=1.0 -
200 |- Am® = 25e3eV? 800 1 |||||
! Beam 1 MW, Det. 0.5 MT, Run 5¢7 sec r || |
150 L — Nooscillations: 13290 evts 600 I | H| - \Tv?tzsg;ﬁi:[?g;glgggoesw; S
! ___ With oscillations: 6535 evts ol
100 | 400 II |
I|"|I !
50 | 200 [ |||
O 0TI 5 e T 6 e 10 0 oi‘zM;z‘lt‘sémm7 5 9 10
Reconstructed v, Energy (GeV) Reconstructed v, Energy (GeV)
Oscillation pattern in spectrum = low sensitivity to flux nor malization

Both baselines will determine ~ Am3, and sin? 2033 to ~ 1%
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V. appearance (normal hierarchy)

Events/bin
=Y
3

80

60

40

20

Already assuming 10% background uncertainty

More detailed discussion of background suppression in foll

Longer baseline = oscillation visible

v, APPEARANCE

- ~\~ Am,2 (21,32) = 7.3e-5/2.5¢-3 eV?

BNL-HS 2540 km
sin26, (12,23,13) = 0.86/1.0/0.04

1 MW, 0.5 MT, 5e7 sec

___ CP135°% 591 evts
... CP45°% 450 evts
........ CP -45° 299 evts
__ Tot Backg.: 146 evts
.. v, Backg.: 70 evts

s B i e e S O P R

2 3 4 5 6 7 8 9 10

Reconstructed v Energy (GeV)

Events/bin

200

150

100

50

v, APPEARANCE

sin”26, (12,23,13) = 0.86/1.0/0.04
Am. 2 (21,32) = 7.3e-5/2.5e-3 eV
+ 1 MW, 0.5 MT, 5e7 sec

s

+ FNAL-HS 1290 km

__CP 1305": 1711 evts
... CP 45% 1543 evts
CP -45°: 1114 evts

___ Tot Backg.: 566 evts
.. Vg Backg.: 272 evts

0 1 2 3 4 5

l -.-I.-‘:. | ‘;:‘F‘i‘_-r_‘ﬁ Bt L |
6 7 8 9 10

Reconstructed v Energy (GeV)

owing talk
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Sensitivity to 0., (normal heirarchy)

Resolution 3, vs Sin *28,, Resolution 3., vs Sin 28,

v Runnlng OnIy

5cp (deg.)
g
Ocp (deg.)
z
I

v Runnlng Only

100 f T s T S S

90%CL
3 cntrs: STAT only
STAT+10% SYST
STAT+20% SY‘ST' o

. 90 %CL. S 50 oo\
3 cntrs: STAT onIy i

BO [

STAT+10% SYST i | ! |
STAT+20%SYST S I NG N

BNL HS 2540 km ‘ ‘ - FNAL HS 1200 km ‘ ‘
i sin?26, (12,23,13) = 0.86/1. 0/0 04 5 -45 i sin28. (12,23,13) = 0.86/1. 0/0 04 3 -45
-150 *Am 2. (él 32) = 7.3e-5/2.5e-3 eV?" e -150 *Am 2 (él 32) = 7.3-5/2.5@-3 @Y

0.5 MT, 5e7 sec | i i W 0.5 MT, 5e7 sec | |

0 0 02 0 04 o 06 0.08 0.1 0.12 0 o 02 0.04 o 06 0.08 0.1 0.12
.2 .2
Sin 2913 Sin 2913

Although CP resolution is ~ independent of baseline

Shorter baseline = systematics limited
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U, appearance (normal hierarchy)

Lower cross-sections = need 2 MW beam

Anti- Vg APPEARANCE V, APPEARANCE
100 ; ‘\‘
o | | +
: J(H o |
60 [ LT i BNL-HS 2540 km
SR ~\~ BNL-HS 2540 km _ i ‘\‘ ‘\‘ sin”26; (12,23,13) = 0.86/1.0/0.04
i : sin“20. (12,23,13) = 0.86/1.0/0.%4 | P

.2 = - - 2
Sin 26, {12,23.19) = 0.80/1. 000 Am.2 (21,32) = 7.3e-5/2.56-3 eV

Events/bin
Events/bin

50 7 Vo
o 2 MW, 0.5 MT, 5e7 sec 60 [0 -], 1MW,0.5MT, 5e7sec

a0 | P __ CP-45%: 422 evts B i __ CP135% 591 evts
R ... CP 45°: 357 evts L : ... CP 45°: 450 evts
L : : I H 0.

30 [ I CP 135°: 263 evts 40 |4 T e CP -457: 299 evts
o e ; ] L 5 ___ Tot Backg.: 146 evts
- % i __ Tot Backg.: 151 evts B » . v, Backg.: 70 evts

20 7 = b -... anti-v_ Backg.: 82 evts i : IR

o Bck and sig. including wrong-sign 20 ! ; -

10 ++ i

- ‘ ‘ ‘_I == | ’—_Ik_:?hﬂ:wln +++ |
o I G P e e e G 0 WS 5 e e Wl e e Wl B 0 e e e e e B e et it s Mt e S s e e e e ' b=, ik

0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10

Reconstructed v Energy (GeV) Reconstructed v Energy (GeV)

Mass hierarchy resolved to better than 10 o after v ¥ running.

Sensitive to new physics
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Limits after © running

90% confidence level error contours with statistical and 10% systematic

errors.

Regular hierarchy v and Anti v running

Regular hierarchy v and Anti v running

N o
ol o
L 150 il fpeiee Moo Yo T N B 150 [ N I N b TN
N N—r
o o
O O S
o o X
100 100 o
AN
—
2]
I
50 o 50 e
= % =
o o
0 8 0 £y
& RO}
-50 -9 -50 B
) =Ry
-100 £ -100 52
- N T
— -
@) g @)
-150 S -150 SR
o o
(o] — O
0.12 0.08 0.1 0.12
.2 .2
Sin“26,, Sin“26,,

If no v, = observed = limit sin” 263 ~ 0.003
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