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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
a mass “ < 0.01 proton mass” is emitted in beta-decays.
1932: James Chadwick discovers the neutron - its too heavy -

cant be Pauli’s particle

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

ticle “neutrinos”.

Wolfgang Pauli

Enrico Fermi
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Theory of neutrino interactions

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

Neutral current

Charged current interactions interactions
Neutrino interacts n or p interacts with
Decay of neutron with neutron neutrino or antineutrir

norp vorv

e— V
e_
P P
W_ W_
v VOorv
N N

V norp
n—»p+e—+Vv n+v-e p+e-
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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 in solution was
located 11 meters from the reactor center and 12 meters under ground.
The detection sequence was as follows:
1. Vu+p—n-+e"
2. et + e~ — vy (2X0.511 MeV + E,__, prompt)
3. n+18Cd =% Cdx -1 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 —>,u+yx

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 where identified as background and 34 identified as W= Vy =1y
2N | vl Ve
§ a ulT The first accelerator neutrino experiment was at the AGS.

I I1I III

The Generations of Matter
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The Homestake Experiment

1967: Ray Davis from BNL installs a large detector, containing
615 tons of tetrachloroethylene (cleaning fluid), 1.6km und er-

ground in Homestake mine, SD.

1. V8 43T CL — e +37 Ar, 7(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 1030 target atoms) while theory predicts 8
SNU. Thisisa v.“" deficit of 69%
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Evidence for neutrino oscillations

2001-02: Sudbury Neutrino Observatory . Water

Cerenkov detector with 1 kT heavy water located 2Km

below ground in INCQO'’s Creighton nickel mine near

Sudbury, Ontario. Can detect the following  v°“" in-

teractions:
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SNO measured: : A
655 o (ve) = 1.75 % 0.07(stat) 912 (sys.) = 0.05 theo;) B2
LR 5 (ve) = 2.39 4+ 0.34(stat) 15 15 (sys.) £ x100em 2571
NG o (vy) = 5.09 & 0.44(stat) )45 (sys.) = x10%em 257!

Ve has changed to 1/,!
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The atmospheric neutrino deficit

Neutrinos are produced from cosmic ray in-
teractions in the atmosphere. The atmo-
spheric neutrino beam is approx  1/3(v.+1%)
and 2/3(VM -+ V_,u)' (NB: E(r5%™) < 20 MeV whereas
E(et™) = O(GeV) — O(TeV)).

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

B = nle)iars

(Vp/ve) e
in different expts reveals a  40% deficit of 1/,

(2l R'= (£/€)para /{ts/ e \

R 1.0 TN e o e RO WD
0.8r
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Neutrino oscillations

In 1962 Maki, Nakagawa, Sakata proposed a 2 flavor mixing matrix:
Va cos(f)  sin(6) V1
Up —sin(f) cos(6) %

ve(t) = cos(f)vi(t) + sin(0)va(t)
Plvg — ) = | <wplva(t) >|?

= sin?(f) cos?(A)|e 2t — 72

P(vy — 1) = sin? 20 sin” 1'27((m§_(§/%2;{9‘§/v)2>(L/‘“m>

P(vq — ) = 1 — sin® 20 sin® 1-27(<m%—(g/%(>;{€<evV)2)<L/km)
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Neutrino Mixing: 3 flavours

The form of the 3 flavour PMNS mixing matrix (attributed to MNS and

Pontecorvo) is:

(Ve\ (Uel Ue2 UeS\(Vl\

vy | = | Ua Uwp U V2
\ Vr ) \ UTl U7'2 U7'3 ) \ )
U P;/[rNS

0 0.5 1 1.5 2 2.5 3

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

(08 05 7 ) [ 1 02 0.005\
Upvns~ | 0.4 06 0.7 Vera ~ 0.2 1 0.04
\ 04 0.6 0.7) \ 0.005 0.04 1 )
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Neutrino Matrix Parameterization
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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
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Evidence for neutrino oscillations from SuperkK

Best fit : (sin? 2023, Am3,) = (1.02,2.4 x 1073eV?)
sin” 2623 > 0.90 and 1.9 < Am2, < 3.0 x 10~3eV? at the 90% CL.
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LONG BASELINE NEUTRINO EXPERIMENTS PHASE 0: VERIFYING
OSCILLATIONS, MEASURING Am%Q PRECISELY
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NuMI/MINOS Concept

Near Detector Far Detector

Fermilab

Fermi Natl. Lab., IL

NuMI Horn 2 inner conductor
Radial field, B o< 1/r

Booster <\ 3T at 200 kA
8.GeV p+ :

Tar Absorber Muon Monitors
Target D . = = e
ecay Pipe
Target Hall yXip ut
120 GeV Vs £z .
protons N . -
ron T O |
Main Injector Horns#2 nt
10 m 30m T
675m )
. 5
Hadron Monitor 12m 18m  210m
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NuMI| Beam Spectra
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The MINOS Detectors

Magnetized iron calorimeters with 2.54 cm thick Fe plates sandwiched with

=

scintillator strips readout by WLS fiber.

'vveta' shlel.d“

N‘"

electronic “

racks
Far Detector

Near Detector

The Far Detector The Near Detector
® 484 octogonal steel/scintillator plates 8m B 232 “squashed” octagonal steel plates, 153
wide, = 5.4kTon and 30 minlength . scintillator planes.
® Toroidal B-field, 1.3 Tat r = 2m = LAl SUE LS ) 1D JEe
® Cosmic 4 veto shield ® Toroidal B-field, 1.3 Tat 7 = 2m
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Event Topologies

Monte Carlo

I T—

Clear track Diffuse, shorter Short with EM
+ activity at vertex events shower profile
ESC — E[,L + pshoweg

N~ ~~
op~10%  04aa=55%/VE
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MINOS v, Disappearance

P(v, — v,) ~ 1 — sin® 2053 sin*(1.267 Am3, L/ E)
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C'C' selection (ND)

Use PDFs to determine the likelihood an event is CC/NC:
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The ND Spectra

MINOS Preliminary
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Predicting the FD spectrum
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v, Disappearance in the FD
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MINOS Preliminary Results (2007)

> 0.006p——mm
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MINOS v, Appearance Sensitivity

For Am?2 = 0.0025 eV?, sin? 20,,= 0.067
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LONG BASELINE NEUTRINO EXPERIMENTS PHASE I: THE QUEST
FOR 013
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Off-Axis - The ldea

First proposed for BNL E-889 (1995):

In the decay ™ — v for a given angle 6 there is a maximum possible v

energy, as the 1 energy approaches this value a large range of

contribute to a small range of

4
6=0
;- s=o01
=
© 8 =0.015
9 2 ] -“g_f::/—!— 3 2 54 |
e - 8=002
= M £ S
«— 8=0025
‘} =
?oqoq_u.._.ﬂ*.
6=0.03
0 | | |
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12

U energies.

Relative Neutrino Flux

T energies

=— 0=0.03

Hgy= 12 GeV
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NuMI Off-axis Spectra

NuMI On-AXxis Spectra
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The NOvA Proposal

NuMI Off-axis v Appearance experiment
A proposed long baseline experiment  (0.8° off-axis to the existing NuMI

beamline at 810 km. Project includes upgrades to the FNAL acc elerator
complex:

: , Mine
R Centre [
Fort i

Quetica Lake:

l.‘.“. E
15 || g ‘?—
5.7 m, % 3.
384 cells | | Y ns| 1r.3__§
Pa H ; aheel w
\ | Il I | I | B ka'ml st \ kobindh D A
H = . \ai RiVER ST Rgr. o g
|_ A -L \ | -:_: BI-._ l__ i P :AHES%%_ r.ll | oG ap | _ilpnlfcfl—-
"“‘---._.‘ — ¢ iy e i Hatl, » > ' Eabbtt
Is 7 j@ E\ | Fm.[j\gm
?Bf’t}\'.su e '\EI |= .I \\ 7 hishlﬂ_'m'/_é;\i:?;}i \ ur o 2\ ;
S H': i | Hibbing AE i
Far detector is 18 KT fully active scintillator Proposed sites and baselines

CD1 approval for NO /A in 2007. Expected start ~ 2011-12
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FNAL Beam Specs: E & Power

SNuMI: Use the existing recycler and anti-proton accumulator to store

protons from the 8 GeV 15 Hz Booster during the Ml cycle then in ject to M
— increases Ml intensity upto 6 x 103 protons = 1.2 MW at 120 GeV.
Proton driver (HINS): S.C. Linac replaces 8 GeV Booster, Ml upgrades —
2.2MW at 120GeV

FERMILAB'S ACCELERATOR CHAIN [ ' ' 2200kw
'LN/S

1500 i i

TEVATRON

Peak Beam Power (kW)

- e
SNuMI - Recy¢.
700kwW
500 B et .
/ Prot. Plan 430kW
e Current 280kw
0 1 1 L 1 1 I 1 1 1 1
30 60 90 120

Primary Proton Energy (GeV)

— SNuMI 700kW planned for NO A
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Estimating Sensitivities

Event rates (no detector effects):
Am3, 3, = 8.6 X 107°,2.5 X 1073 ev?, sin” 201 2,23 = 0.86,1.0

v, — Ue rate U, — e rates

(sign of Amgl) sin? 2013 dc p deg.
0° -90° 180° +90° 0° -90° 180° +90°

NuMI LE beam tune at 810km , per 10kT. MW. 107s

15 mRad off-axis Beam Ve = 4.3* Beam e = 1.7*
(+) 0.02 7.6 11 6.9 3.6 2.0 0.77 1.7 3.0
) 0.02 4.6 7.7 52 2.1 2.8 1.4 2.8 4.2

Determining @43 sensitivity: Fit the appearance spectrum generated for a

particular @13, dcp to the oscillation hypothesis with 813 = 0.

CP-violation sensitivity:  Fit the appearance spectrum to the oscillation

hypothesis with 5cp = 0 and 7r. Take the worst Xz_ 013 floats in the fit .

sign( Am? ). Fit the appearance spectrum to the oscillation hypothesis
31

with the opposite mass hierarchy. BOTH 63 and 5cp float in the fit .
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NorA Sensitivities

Discovery potential (90% C.L, 30) NOwvA, 20 kT at 810km , 700 kW, 10yrs:
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LONG BASELINE NEUTRINO EXPERIMENTS PHASE II: SEARCHING
FOR CP VIOLATION AND RESOLVING THE MASS HIERARCHY
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U.S. Long Baseline v Study - History

When: Initiated in a series of meetings late 2005/early 2006.

The Chairs: Sally Dawson (BNL) and Hugh Montgomery (FNAL) .

Advisory Committee: Franco Cervelli (INFN) Milind Diwan (BNL); co-leader , Maury Goodman

(ANL), Bonnie Fleming (Yale), Karsten Heeger (LBL), Takaak i Kajita (Tokyo), Josh Klein (Texas), Steve

Parke (FNAL), Gina Rameika (FNAL); co-leader

The Charge: Compare the neutrino oscillation physics potential of:

1) A broad-band proposal using either an upgraded beam of aro und 1 MW
from the current Fermilab accelerator complex or a future Fe rmilab Proton
Driver (PD) neutrino beam aimed at a DUSEL-based detector (W  ater
Cerenkov and/or liquid Argon TPC).

2) Off-Axis next generation options using a 1-2 MW neutrino b eam from
Fermilab and a LAr-TPC as a second detector for the NOVA exper  iment.
Final report released May, 2007, arXiv:0705.4396  http://nwg.phy.bnl.gov/fnal-bnl

Presentations to FNAL PAC March, 2007
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US DOE/NSF Committees

HEPAP: High Energy Physics Advisory Panel advises the Federal
Government on the national program in HEP. HEPAP  reports directly to the
Associate Director, Office of High Energy Physics, Office of Science (DOE) and

the Assistant Director, Mathematical & Physical Sciences Directorate (NSF).

NSAC: Nuclear Science Advisory Committee provides official advic e to the

DOE and NSF on the national program for basic nuclear science research

NUSAG: A joint sub-committee established by HEPAP/NSAC to advise D OE

on specific questions concering the U.S. neutrino physics pr ogram.

P5: Particle Physics Project Prioritization Panel. A HEPAP sub panel which
evaluates the merits of specific proposals and makes recommendations con-

cerining their priority standing within the context of available resources.
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NUSAG Charge, March 3, 2007

Address APS Study’s recommendation for a next generation ne utrino beam

and detector configurations

U.S. Department of Energy

Nustonal Scpesice. Foundasion it ® What are the physics questions

March 3, 2006

to be addressed?

Professor Eugene Beier Professor Peter Meyers
Co-Chair, NuSAG Co-Chair, NuSAG
University of Pennsylvania Princeton University

i?ﬁiﬁéﬁ'}hif’?f“fg“}‘m i?ﬁi?flﬁf'}\"}"’ggm .. Wh at are th e d ete Cto r 0 ptl O n S

Dear Professors Beier and Meyers:

‘We would like to thank you and the Neutrino Scientific Assessment Group (NuSAG) for your - - 7
timely and thoughtful responses to the initial questions that were posed to you. concerning n ee e to re a I Z e t e p ySI CS
neutrinoless double beta decay, reactor experiments and accelerator-based experiments to .
determine fundamental neutrino properties. They have already been very useful and will help us

put together a strong US program in neutrino physics.

We would now like your group to address the APS Study’s recommendation for a next-generation R O u h C O StS ’?
neutrino beam and detector configurations. Assuming a megawatt class proton accelerator as a "
neutrino source, pleasc answer the following questions for accelerator-detector configurations

including those needed for a multi-phase off-axis program and a very-long-baseline broad-band

program. This assessment will be used as one of the key clements to guide the direction and
timeline of such a possible next generation neutrino beam facility.

In your assessment, NuSAG should look at the scientific potential of the facility, the timeliness of ’ Wh at iS th e O pti m aI CO n Stru Cti O n

its scientific output, and its place in the broad international context. Specifically:

« Scientific potential: What are the important physics questions that can be addressed at
the envisioned neutrino beam facility?

e Associated detector options: What are the associated detector options which might be an d O pe ratl O n tl I I Ie I I n e "

needed to fully realize the envisioned physics potentials? What are the rough cost ranges
for these detector options?

e Optimal timeline: What would be the optimal construction and operation timeline for
each accelerator-detector configuration, taking the international context into account?

. r scigmtific congiderations: What other scigntific cogsigega S UR D e glls
NuSAG:final:ieport {0 HEPAP/NSAC
pa i at o andiBoMal i fant physich Istidns Wt cnlbe

addressed in the same detector(s)?

The DOE and the NSF would like a relutlhy draft of your report by December 2006, with a
released=Jiy 27 2007 at
]

What would be additional impt.

physics questions that can be

addressed by the same detector?
http://www.science.doe.gov/hep/hepap _report.shtm

US LBr Study results heavily utilized by NUSAG to address APS
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Beam Options/Baselines

The following beam options and baselines were considered:

NuMI off-axis

neStake Mine,SD.

Off axis beams using the 120 GeV NuMI beamline at FNAL to sites at 810km.
A 28 GeV on-axis Wide-Band Beam (WBB) beam from the BNL AGS to
DUSEL candidate sites at 2540 and 2700 km.

A newly designed on-axis < 120 GeV Wide Band Low Energy (WBLE) beam
and beamline from the FNAL M|l to DUSEL sites at 1300km, 1500 and 2600km.

The study concentrated primarily on beam options from FNAL
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Physics sensitivity vs baseline

Using a broad-band beam with a peak interaction rate at 2 GeV, FWHM=3
GeV, a parameterized water Cerenkov detector and exposure of 5M  W.yr (v) +

10 MW.yr (1) (V. Barger et al.. Phys. Rev. D 74, 073004 2006)

Sensitivity to CPV at 30 Exclusion of inverted mass hierarchy at 3o

10_1 \/ 10_1
[s) 2]
< . . < .
N CRk on S Mass hierarchy
e C
£ £
o 1072 o 1072
=) =)
© ©
> >
(0] (O]
> 2
= \//—/ :
1073 : : : : - 03 : : : : -
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Baseline [km] Baseline [km]

Minimum value of sin?(2613) for which the sensitivityis > 3o

for (best,50%, worst) of  dcp values

Best sensitivity is for baselines 1200 - 2500km
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DUSEL Status

NSF Press Release 07-075, July 10, 2007: “The National Science Foundation

(NSF) today announced selection of a University of California-Berkeley proposal to
produce a technical design for a Deep Underground Science and Engineering
Laboratory (DUSEL) at the former Homestake gold mine near Lead, S.D. ”

The NSF Science Board, Congress and the President must appro  ve the
DUSEL project, estimated at ~ $500M, half of which would be used to

develop scientific instrumentation for the laboratory.

,___;Qta Ke Mlne _outh Dakota

FNAL-Homestake is 1297km, BNL-Homestake is 2540km
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Beam Design Requirements

The design specifications of conventional neutrino beams based at the Fermilab
MI are driven by the physics of /,, — v, oscillations:

Requirements:

-Maximal possible neutrino fluxes  to encompass the 1st and 2nd oscillation

nodes . For narrow-band beams = 2 detectors at each maxima.

-For broad-band beams: Minimize the neutral-current feed-down

contamination at lower energy, therefore  minimizing the flux of neutrinos

with energies greater than 1st maxima where there is no sensitivity to the

oscillation parameters is highly desirable.

-High purity 1, beam with negligible 7/
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DUSEL Beamline Siting at FNAL

Greg Bock, Dixon Bogert, Wes Smart (FNAL)

: ! : 1\ N
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1000 feet L ‘;i ”D_“ ctor | constiuction \ T,
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A

75,
ear N )
/getcctor o\ to Homestaked y
/ 7 © % ’
; to Henderson
WY .
Kirk Road \ Deeay pil:e foom N
By
) -
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b 3 (B 5 5
/ A \J\/ B
) ’é /j fj <§ RS
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Beamlines to DUSEL can accomodate a decay tunnel with L < 400m on-site
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Wide-Band Low-Energy Spectra

Decay pipe radius chosen to be 2m = the maximum that can be acco

iIn FNAL rock with concrete shielding for a MW class beam.

Siting restrictions at FNAL

A wide-band 2-horn design is used coupled with a dense carbon

Neutrino flux for 28 and 120 GeV beams at 1km

—v, flux, 120 GeV 0.5 ° off-axis
""" Anti-vflux, 120 GeV 0.5 ° off-axis

H
v, flux, 120 GeV 0.5 ° off-axis
=\ _flux, 28 GeV on-axis

----- AFlti-v . flux, 28 GeV on-axis
v, flux, 28 GeV on-axis

=y

numu Flux (nu/m"2/GeV/(MW.1E7s))
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—> decay pipe length is 380m

GEANT 3.21 simulation of wide-band horns+decay pipe, with F

modated
target:
WBLE 120 GeV, total CC rate at 1300km, 12km off-axis
247_ ....... l TTEFT ...................... ............. 0 1
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LUKA '05 for target hadro-production.

Based on NuMI simulation which matches observed MINOS event

rate to 10% in O - 7 GeV range
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v, — V. Appearance Rates

Exposure: 100 kT X 1MW X 1yr (1.7 X 107 seconds).
sin?(2613) = 0.02, |Am32,| = 2.5 x 10~ 3eV?
Rate = 0 X Flux X P,e, NO DETECTOR EFFECTS INCLUDED!
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v, — V. Appearance Rates

Exposure: 100 kT X 1MW X 1yr (1.7 X 107 seconds).
sin?(2613) = 0.02, |Am32,| = 2.5 x 10~ 3eV?
Rate = 0 X Flux X P,e, NO DETECTOR EFFECTS INCLUDED!

Normal Hierarchy

VB - V, Appearance Rates, sin2(2913):0.02, Am? 31 >0
40 I T T T T I T T T T I T T T T I T T T T I
- @ NuMI LE off-axis at 810 km (S+B)

NuMI beam Ve

—
> 300 _
= *
= L
e
o 200k _
S
S i ’ ¢
=
g - -
I ¢
X 100} -
= 73 L

oL | | L. L

1.0 0.5 1.0

0.0
8o (10

~__Even at 810km => we need a LARGE detector
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v, — V. Appearance Rates

Exposure: 100 kT X 1MW X 1yr (1.7 X 107 seconds).
sin?(2613) = 0.02, |Am32,| = 2.5 x 10~ 3eV?
Rate = 0 X Flux X P,e, NO DETECTOR EFFECTS INCLUDED!

Normal Hierarchy

v, — V. Appearance Rates, sin2(2913):0.02, Am? 31 >0

406 I I T T T T I T T T I T T T T I
- @ NuMI LE off-axis at 810 km (S+B)
NuMI beam v
— - M WBLE 120 GeV at 1300km (S+B)
> 300~ WBLE*:)eam Ve ]
; L
S t -
c ot i '
o 200 _|
g ™ x
> B 0 .
Q
T ¢
o  i00f —
= 89t
0 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
1.0 0.0 0.5 1.0
8y (1)

~ NuMI 0.8° o.a. rates at 810km ~ WBLE 120GeV 0.5° o0.a. at 1300km
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v, — V. Appearance Rates

v Rates/(100 KT.MW. yr)

VvV, >V
I T I T T T T I T T T I T T T T
- @ NuMI LE off-axis at 810 km (S+B)

408

300

200

100

Reverse hierarchy => lower v rates

Normal Hierarchy

L2 _ 2
- Appearance Rates, sin“(26,,)=0.02, Am~ 5, >0

73 L

NuMI beam Vo
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8, (1)
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Exposure: 100 kT X 1MW X 1yr (1.7 X 107 seconds).
sin?(2613) = 0.02, |Am32,| = 2.5 x 10~ 3eV?
Rate = 0 X Flux X P,e, NO DETECTOR EFFECTS INCLUDED!

Reverse/Normal

vV, — Ve Appearance Rates, Am? 31 < 0/Am? 51 >0
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v, — V. Appearance Rates

Exposure: 100 kT X 1MW X 1yr (1.7 X 107 seconds).
sin?(2613) = 0.02, |Am32,| = 2.5 x 10~ 3eV?
Rate = 0 X Flux X P,e, NO DETECTOR EFFECTS INCLUDED!

Normal Hierarchy

v Rates/(100 KT.MW. yr)

VB - V, Appearance Rates, sin2(2913):o.02, Am? 31 >0
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—— Matter effects are larger at 1300km
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v, — V. Appearance Rates

Exposure: 100 kT X 1MW X 1yr (1.7 X 107 seconds).
sin?(2613) = 0.02, |Am32,| = 2.5 x 10~ 3eV?
Rate = 0 X Flux X P,e, NO DETECTOR EFFECTS INCLUDED!

Normal Hierarchy Reverse/Normal
VB - V, Appearance Rates, sin2(2913):o.02, Am? 31 >0 v, - V. Appearance Rates, Am? 31 < 0/Am? 31 >0
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—— Anti- ¥ => lower rates, reverse matter effects
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Rate Summary

Am3, g, = 8.6 X 1075,2.5 X 103 ev?, sin” 201 2,23 = 0.86, 1.0

v, — Ue rate U, — e rates

(sign of Amgl) sin? 26013 dc p deg.
0° -90° 180° +90° 0° -90° 180° +90°

NuMI LE beam tune at 810km , per 100kT. MW. 107s

15 mRad off-axis Beam v, = 43* Beam U = 17*
(+) 0.02 76 108 69 36 20 7.7 17 30
(-) 0.02 46 77 52 21 28 14 28 42
50 mRad off-axis Beam v = 11% Beam e = 3.4%
(+) 0.02 5.7 8.8 51 2.2 2.5 1.6 0.7 3.3
) 0.02 4.2 8.0 5.7 2.0 2.3 2.2 0.8 3.6

WBLE 120 GeV beam at 1300km , per 100kT. MW. 107s

9 mRad off-axis Beam Ve = 47** Beam D = 17°%
(+/-) 0.0 14 N/A N/A N/A 5.0 N/A N/A N/A
(+) 0.02 87 134 95 48 20 7.2 15 27
) 0.02 39 72 51 19 38 19 33 52

*=0-3GeV " =05GeV, 1MW.107s=5.2 X 1020 pOT at 120 GeV, 1yr = 1.7 X 107 s
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v, Appearance Spectra

Assuming an exposure of 350 kKT.MW.yr, with no detector effec ts:

—-sin? 2673 = 0.02, dcp = 0, normal hierarchy

.« 2 )
—-sin”® 26013 = 0.02, 0.p = 7, normal hierarchy
.« 2 )

—- sin” 2013 = 0.02, d.p = —7 /2, reverse hierarchy
NuMI LE at 810 km, 15 mrad of-axis WBLE 60 GeV at 1300km, 0° off-axis
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Wide-band beam spectral information = resolves degeneraci es
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Liquid Argon Simulations

Meutral current event with 1 GeV =9

Modularized drift regions inside tank

Vo Fn v 4o +0+R +n

(1 GeVyr® — i | g::ﬁs Trusses
o . ek i s iwaiem sark | (schematic)
3.5% X, samples _ - _ e
_ . r g o Planes field cage
inall 3 views o b ——
e - E i W 7 Cathode
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wp 20 | - ) ; i i . "
k.. - J.':I_ (L 120 1 L B
(B. Flen
™ o O
_mEE _ sTahle 15-50 kT
12% Xo EEIH'IF-EEE H . s Sealahly < 4-6 mdr;gfﬂnes
g T E m
alternating x-y =¥
- . LA parameterized simulation used:
L ™ -
[

| (B. Flemming) Ye CC efficiency = 80%
o(E)gr = 5%.VE
0

Handscanning indicates good 7" rejection. o(E)cc =20%.VE

v, QE event reconstruction in MC. Negligible NC backgrounds
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Water Cerenkov Simulation

The V.4, GEANT simulation of SuperKamiokande is used.
0

An 7t~ reconstruction algorithim called “Pattern Of Light Fit” is used as input
to a likelihood (DLH) analysis to reconstruct ) — 7y by looking for the 2nd
ring. Studies by Chiaki Yanagisawa, Ed Kearns and Fanny Dufour for a FNAL-DUSEL wide-band beam

produce similar efficiency for signal and background.

Standard Super-K pre-selection efficiencies DLH selection efficiencies (Chiaki Y.)
Super-K pre-selection DLH selection
107 " "~ "~ T T T T T oS0——————71 T T " T T ]
I v, CC signal 7] L v, CC signal i
- — nC i r —— nC ]
- E 0.40 |—

L>; 0.75 _— __ 5 E E

[ | _ [
=" . r 1
2 B E =] 0.30 |- ]
= - N, = = -
“CJ 0.50 |— — Lé B .
= B . K= - i
= - E = 0.20 |~ —
D - - D C ]
D | ] D ~ 1
w w o B
0.25 — — - -
- - 0.10 _— —_
o 1 2 3 4 5 o 1 2 3 4 5

E, (GeV) Eracn (GeV)

Total efficiency = Preselection eff. X DLH eff. (~ 15% for WBLE v, CC signal, ~ 0.4% for NC)

WCe. energy dependent efficiencies and smearing implemente d in GLoBeS.
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v, Appearance Spectra

sin? 2013 = 0.04, 100KT LAr. , NuMI ME 0.8°, 810km, 30E20 POT.

Normal hierarchy
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v, Appearance Spectra

sin? 2013 = 0.04, 100KT LAr. , WBLE 120 GeV, 1300km, 30E20 POT.

Normal hierarchy ( —é8.p = —45°, —b.p = +45°) Reversed hierarchy
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v, Appearance Spectra

sin? 2013 = 0.04, 300kT WCe. , WBLE 120 GeV, 1300km, 30E20 POT.
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Estimating Sensitivities

Matrix parameters used & systematic uncertainties (FNAL-D USEL):

-Am§1’31 = 8.6 X 1075(5%), 2.7 X 1073 eVv? (uncertainty determined from fit to
disappearance mode) - sin? 2012,23 = 0.86(5%), 1.0(uncertainty determined from fit to

disappearance mode) -Matter density (5%) -Background (10% ) - Mass hierarchy fixed.

Systematic uncertainties (NuMI Off-axis):

-Negligible uncertainties on known matrix parameters and m atter density - Background (5%) - Mass hier-

archy is allowed to vary.
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Sensitivity comparison

The sensitivity reach is given as

the minimal value of sin? 263 at which 50% of dcp values have > 3o reach

for the choice of mass hierarchy with worst sensitivity.
Total exposure assumes equal amounts of v and v:

Beam Baseline Detector Exposure 013 #0 CPV stgn
(MW.yr*) (Amgl
NuMI ME, 0.9° 810 km NOwVA 20 KT 6.8 0.015 > 0.2 0.15
NuMI ME, 0.8° 810 km LAr 100 kT 6.8 0.002 0.03 0.05
NuMI LE, 0.8°, 3°, 810,700 km | LAr2 X 50 kT 6.8 0.005 0.04 0.04
WBLE 120GeV, 0.5° 1300km LAr 100 kT 6.8 0.0025 0.005 0.006
WBLE 120GeV, 0.5° 1300km WCe 300 kT 6.8 0.006 0.03 0.011
WBLE 120GeV, 0.5° 1300km WCe 300 KT 13.6 0.004 0.012 0.008

The best sensitivity is FNAL-DUSEL with a LAr-TPC

The 2“d best is FNAL-DUSEL w/ 300 kT WCe. and NuMI off-axis w/ 100kT LA r
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SenSitiVity to 043 # 0 (68 I\/IWyr)

NuMI 100KkT LAr-TPC at 0.8° off-axis NuMI 2x50 kT LAr-TPC at 0.8, 3.3° off-axis

Discovery Potential for sin 2(2913);t0 E Discovery Potential for sin 2(2913);t0

=
N—
Q 2 o
Q Q
o 2]

| 15e20 POTv &15€20 POT T /7
| +LAR 100kt ME 810 km

1 5 30e20 POT v & 30e20 POT

| +LAR 50kt LE 810km 14'mrad
1 5 | __30e20 POTv & 30e20 POT ¥ ‘

| +LAR 50kt LE 700 km 57 nﬁld

|- 30e20 POT v & 30e20 POT T

——— Normal Hier;

=

l_ I i .
- - — Inverted Hlerarc
- - [/
0.5 0.5 \ (i
l90% L. .30.50 , ) l90%cCL. 30,50 />/ :
10* 103 102 1032 10* 103 102 103in 2(2913)
FNAL-Homestake, 100kT LAr-TPC FNAL-Homestake, 300 kT WCe.
2180 = 20 ' ' 318 = 20 i
° Fiv+v i30+30 10 pot N\U i/ ° - i V+Y i30+30 10 2 PoT 7 i
TR TR O o e A
i 56 ,r:gé1> / C 5o [ mg, > 0) ) K
120 : ; 120 i /
- 2;//(A m§1<%// - gg @am’, <0 '/ ; )
60 ; 60 :
- \\ > \\ C \\\ \ /
o UD€ —30, Amgl >0 N/
: iyl : 294 \
- 7 /! 2 » ) \
-60[ // § -- -30', Am31-66: / ‘l
_120F "'\ -120[ ]

/

-180 -180

10° 10% 10"t
.2 a2
sin 2913 sin 2913

Marv Bishai. Penn State. 09/05/07 54 — p.54/71



Sensitivity to Mass Hierarchy

(6.8 MW.yr)
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Sensitivity to CPV  ssmuyy

NuMI 100kT LAr-TPC at 0.8° off-axis
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LAr-TPC Construction Challenges

The largest LAr-TPC built is start doing

physics here!

0.6 KT (ICARUS T600). For ! i%%’iym

the next generation LB experi- ssele n?ig,m?gw

ments need O(100 kT): den}jﬁ?fﬁjﬁogi:;s

Long drift distances : Con- tesnds - h

struction of long drift wires, -
signal to noise, Ar purification 2007 — Timescale ???7?7?

Operation on the surface : For a 50 KT module, signal collected over 3 drift

times after beam pulse = 108 rejection factor needed for cosmic L.

Operation underground : More expensive LNG storage and purification.

Extensive safety systems. Cavern R& D?

Cost and schedule : for 50 kT, cost of LAr+commercial LNG containment tank

on the surface = $68M. Additional cost of wire, wire planes, p urification
system, electronics are still being evaluated —>> $200M for 100 kT ??2.
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Homestake Mine WCe. Proposal

General Homestake Mine
Development

Yates Ross
No.2 Shaft Shaft
E i Oro Hondo
. um air exhaust Ellison air
Ny == a exhaust
L Cage; Crushed ' il ammm——
: ore bins

g ' 3950 Ore

4100’

No.5 shaft
air intake

- — T’

Service

exhaust ghaft shaft

borehole

The detector system will be deployed
in the 4850 ft as seperate
100KT fiducial Water Cerenkov detec-

level

tor modules (53m high, 53m diameter)
to allow a staged approach with po-

tential for expansion.

4850'

6200’
6800':] |: | shaft ! P
7400 7400

The first modules will be located near the

original cavern for the Ray Davis expt.

\ y
A /|

Each module is a modest scale up

N

from SuperK which is 50 KT total
(41.4m high, 39.3m diameter)
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Cost Estimates for 300 KT (fiducial)

Construction costs for 3 caverns:

COSt DeSCI’iption Amount Detector COStS
Labor/benefits $19.3M For 25% PMT coverage of 11,000m 2
Minig equipment $5.30M using 12”7 PMTs. Extrapolated from
Mining equipment operations $4.55M SNO.

Supplies $15.8M Cost Description Amount
Precast concrete liner $11.4M PMT+electronics $171.3M
Plastic liner $0.79M R&D,Water,DAQ, etc $8.2M
Outside contractor (bore holes)  $0.42M Installation+testing $35.7M
Rock removal $3.18M Contingency (non-civil,25%) $50.8M
Contingency (30%) $18.2 Total detector cost (3 Modules) $266.0M
Total for 3 chambers $78.9

Total cost for 300kT (2007) : $345M

Costs DO NOT include managment overheads.
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Overall Timeline (Homestake)

Long Bazeline Mautrinos + POK
Schedule No. 2
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6 yrs from start of construction to physics turn on with Modul el

8 yrs from start of construction to data taking with all 3 modu les
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Conclusions of the Study

- The experimental options considered improve the sensitiv ity to CPV and

013 by at least an order of magnitude over the current program (NO VA, T2K).

- The FNAL to DUSEL program with a wide-band beam has significa ntly
better overall sensitivity to CPV and the mass hierarchy whe n compared to a

shorter baseline NuMI based program with an off-axis beam.

- The FNAL to DUSEL expt. with a 300 kT water Cerenkov (low tech  nical risk,

known cost ) detector has similar sensitivity to CPV when compared to a

NuMI off-axis expt. with a 100 kT LAr-TPC (high technical ris K, cost unknown ),

and significantly better sensitivity to the sign of Amgl, BUT requires a new

neutrino beamline to be built at additional cost.

-A large DUSEL based underground neutrino detector can supp ort a wider

physics program including proton decay, supernova neutrin 0S...
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NUSAG Recommendations

Recommendation 1. The US should prepare to proceed with a long baseline neutrino oscillation
program to extend sensitivity to sin® 2f,3. to determine the mass ordering of the neutrino spec-
trum, and to search for CP violation in the neutrino sector. Planning and R&D should be ready
for a technology decision and a decision to proceed when the next round of results on sin® 26,3
becomes available, which could be as early as 2012. A review of the international program in
neutrino oscillations and the opportunities for international collaboration should be included in the
decision to proceed.

Recommendation 2. Research and development towards an intense, conventional neutrino beam
suitable for these experiments should be supported. This R&D may be to support intensity up-
grades to the existing NuMI beam, as well as development of a new beam directed towards DUSEL.
which would likely employ the wide-band beam approach.

Recommendation 3. Research and development required to build a large water Cherenkov de-
tector should be supported. particularly addressing questions of minimum required photocathode
coverage, cost, and timescale.

Recommendation 4. A phased R&D program with milestones and using a technology suitable
for a 50-100 kton detector 1s recommended for the liquid argon detector option. Upon completion
of the existing R&D project to achieve purity sufficient for long drift times, to design low noise
electronics, and to qualify materials, construction of a test module that could be exposed to a
neutrino beam is recommended.
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BACKUP
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WCe. Background Composition

Interaction E..c range (GeV)

Sig 0.0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-3.0 3.0-

CC QE RO% 8% 36% 53% &% 55%
CC 7 3% 3% 9% 5% 4% 5%
CC = 15% 15% 39% 30% 27% 27%
CC nmw 1% y 14%, 10% 9% 10%
CC others % 2% 4% 2% K% A%

Bkg 1 0.0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-3.0 3.0-

CC QE % 4% 1% 3% 0% 0%
CC 7 0% 2% 6% 1% 0% 0%
CC 7= 5% h% 0% 1% 1% 0%
CC nmw % % 1% 6% 7% 1%
CC others 0% 0% 2% 0% 0% 0%
NC 7 20% 4% 62% 0% 26% 0%
NC =+ 53% 9% 6% 0% 0% 0%
NC nw Yo 13% h% 21% 62% 99%
NC others 15% 14% 16% 21% 1% 0%
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Sensitivity vs Exposure

The potential physics reach From hep-ph/0703029:
from studies with the 120 GeV ™ | snez0. P —
WBLE-DUSEL at 1300km using _

a LAr detector, the NOVA* ex- -
periment and the T2KK experi-

.
Neutrino fluxes, narrow band, wide band N
— T T T T T T T T T T T T %
NuMI LE beam at 15mrad off-axis, vy,
10° E------ NuMI LE beam at 15mrad off-axis, v, E
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—~ N H
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— 107 E
>< =
N
|_
(@)
o
S~
N
£
> »
2 &
=
?) 1773
>
10_3 C 1 1 1 1 1 1 | 1
0.5 1 2 5 10 20 50 100
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Measuring the PMNS parameters

For the wide-band approach with a large detector at > 1000 km, the degeneracies

are resolved and the PMNS matrix parameters can be accurately measured.
Measurement ( —95% CL —68% CL). LAr. 100 KT , 1.2 MW, 6yrs:
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For values of sin?(26013) > 0.01 the measurement of Jy, is approx

—— independent of 013
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Measuring the PMNS parameters

For the wide-band approach with a large detector at > 1000 km, the degeneracies
are resolved and the PMNS matrix parameters can be accurately measured.
Measurement ( —95% CL —68% CL). WCe. 300 kT , 1.2 MW, 6yrs:

5 1807 v+l A >0 5 180T .

30 3010 °poT 30 3010 % poT
' ' 120r7

Am >0

120: X trué value
B — 68% CL

B — 950 CL
60 60r A e

oF oF

.60 -60

-1202 < 0) -1202

m (Amsl € 0)

-1805 " 0.0z 0.04 0.06 008 01 012 014 016 1805 002 004 0.06 008 0.1 012 014 0.16
sin 29 sin 29

For values of sin?(26013) > 0.01 the measurement of Jy, is approx

—— independent of 013
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Measuring the PMNS parameters

For the wide-band approach with a large detector at > 1000 km, the degeneracies

are resolved and the PMNS matrix parameters can be accurately measured.
Measurement ( —95% CL —68% CL). WCe. 300 kT , 1.2 (2) MW, 12 (7) yrs:
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For values of sin?(26013) > 0.01 the measurement of Jy, is approx

—— independent of 013
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Cavern Construction Timeline

Mark Laurenti, Chief Mine Engineer for Homestake till 2001

. Shrink Cut
Estimated Timeline A

(i, Estimated Timeline

Year Three

Waterproof Liner

S

_‘“ﬂ tu\»_:.-'-*/’ 60 f+ Cable Bolts
& 1 i'__‘—“—-—~——._ [ T %« : - : :ﬁiﬁ‘i:ﬁ%{&_‘ | 4 Battam C'Xsear Four
wae —— Each cavern for 100KT fiducial takes 4 yrs to construct
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OVERVIEW OF THE DAYA BAY EXPERIMENT
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Reactor v, oscillations

P(ve — ve) =1 — sin?20;13sin*(1.27Am3,L/E)
— cos? 013 sin® 2015 sin*(1.27Am2,L/E)

Osc prob. (integrated over E) vs distance Osc. spectrum at 2km
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Reactor v, disappearance = unambiguous measurement of sin? 2013
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Getting to sin® 26;3 < 0.01

—  allowed region

Lots of statistics: -Powerful nuclear

reactors + more massive detectors

Current knowledge of sin? 26043:
Global fit: sin® 2035 < 0.11
(90% C.L.)

Supress cosmic backgrounds:

-Increase overburden = go deeper
underground.

Reduce systematic uncertainties:

—— Palo Verde (excluded) ] .. .
— — CHOOZ (excluded) { -Optimize baseline for best S:B -

...... SK 90% CL (allowed) =

Deploy near detectors as close as

possible to reactor to minimize reac-

tor flux uncertainties.

-Use multiple, “identical’, and in-

At Am?, = 2.6 x 10-3 eV2, 1 terchangeable detectors to reduce

- sin?26,,< 0.17 .

10 ".!,'l'.g.ff '.3.{5"53";,{4".'}fs‘"g,fﬁ"'.';,f-;“.';,fg“;,‘_;f."', near/far detector uncertainties.
sin 2913

- Calibration, calibration, calibration...
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The Daya Bay Reactor Complex

Ling Ao Il NPP (2011)
- - Ling AON ! (2x2.9 GWth)
Daya Bay NPPy =% o :

'Reactor Specs:

Microsnit®
_ “MapPoint’

Located 55km north-east of Hong Kong,.

§ Baao 1, Current: 2 cores at Daya Bay site + 2 cores at

pes | -

£
ATAOZANMEN DAG g |

~ By 2011: 2 more cores at Ling Ao Il site =17.4
GW¢p, = 5th most powerful in the world
. Soutt | 1 GWyp, = 102917, /second
e@z{* Powerful reactors with mountains close by! -
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Daya Bay Experimental Layout

Multiple “identical” detector modules
deployed at 2 near sites and 1 far site
2 detector modules at each near site
for cross-check and 4 detector mod-
ules at far site = 8 total

A midsite hall is planned where 2
detector modules could be deployed

while civil construction of the far site

IS ongoing

0.1

0.08 ; ,.—-’(:-.x’ ~=i

0.06

Site locations chosen to optimize overburden 3 ,,-/”_,' N

0.04 il 1

and osc. baseline. —

0.02 :" 7 === Am?= 18 x103 eV?
i 1 —— Am?=24x107eV?
74 AN S T R Am2 =29 x103 eV2

P

0 1 2 3 4 5
Baseline (km)
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Detecting 7. using GD-Liquid Scint.

The active target in each detector module is liquid scintillator loaded with 0.1% Gd

1
,l o From Bemporad, Gratta and Vogel
N Y £ _
, - = Observable V Spectrum
-
67‘ . Y
1 Y
=== _V """ i ’ 8 MeV
e I /’
L
| V4 -
- - - y

”2 I3””-III””I5I”6 ';l’l”ll L] 10
E, MoV}

T=28US, <d>=5cm

The detection sequence is as follows:
et +e — -y (2X 0.511 MeV, prompt )
n+Gd — Gdx — Gd+~v's(8MeV, T ~ 28us, o = 5 X 10%b). OR
n+pt — D+ ~v@22MeV, T~ 180us, o = 0.3b).
—> delayed co-incidence of e conversion and n-capture
with a specfic energy signature

Uo +p — m + e THEN
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The Anti Neutrino Detector

3 zone nested cylindrical structure with the following specifications:

Region IR OR inner height outer height vessel thickness material
(m) | (m) (m) (m) (mm)

I-target 0.00 | 1.60 0.00 3.20 10.0 | Gd-LS

lI-=y-catcher 1.60 | 2.05 3.20 4.10 15.0 | LS

llI-buffer 2.05 2.50 4.10 5.00 8.0-10.0 Mineral olil

224 8" PMTS are mounted around the : ycatCher (LS)

Acrylic vessels

circumference of the outer steel tank

with diffuse reflectors on top and bot-

| Target region Ao

tom: 8 20 tons I essel
12% B (0.1 % GD-LS)

E ™ /BE(MeV)

» Opos — 13 cm

Reflgcti e

DYB LA Far

Event rates/20T/day 930 760 90
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Daya Bay: Status and Plan

« Passed DOE scientific review Oct 06
« Passed US CD-1 review Apr 07
* Passed final nuclear safety review in China Apr 07
* Began to receive committed project funding for 3 years

from Chinese agencies Apr 07
« Start civil construction Jun 07
* Anticipate US CD-2/3a review Oct 07
« Start data taking with 2 detectors at Daya Bay near hall May 09
« Begin data taking with 8 detectors in final configuration Apr 10

Gﬂﬂf:l].ﬂl;.l H"‘*-T\ — 4

0 | 2 3 4 5

Run Time (Years)
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Daya Bay Sensitivity

0.06

0.05

Sensitivity

0.03

0.02

N
—

=t ——

TITTTIT T T T T I T T T AT [T T T Ir oo T

0.00

2010 2011 2012 2013 2014
Year

Sensitivity reach at 90% CL

2015

4.5

Am*(x10°eV?)

35

25

15

DayaBay 3o

05

10° 10 i
sin 2913

After 3 yrs of running

90% C.L. sensitivity limit for sin? 26013 at Amgl = 2.5 X 1073 eV? for
different assumptions of detector related systematic unce

running for each scenario:

rtainties. 3 years

Systematic Uncertainty Assumptions: Baseline Goal Goal
with swapping
90% C.L. Limit: 0.008 0.007 0.006
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