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but we don’t know the mass ordering

— Two schemes:
NORMAL INVERTED

\ M

—
—

1

Im I T

Do v’sviolate CP?Is 6,, non-zero?

Can use an accelerator v, beam,
But there are complications...



V. appearancein a v, beam

P(v, Ve = (2€135135,3)° SiN“®D5,

+8C£3515513553(C1,C»3C0SE—S15,S15553)COSD,5,SIND 5, SIND,,,

~ ¢ CPviolating

2 2 A2 a2 o2 o2 in2
+4515C13(C12C23+51252351372C12C23812523513C0S6)SIN“D,;

—8C15S%,S54(1-257; )(aL/4E)cosd4,Sind,,

a = constant X n_E CP: a>-3. 55-5
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There are Degeneracy Issues

—— 1~ 3’ Minakata and Nunokawa,
hep-ph/0108085

2 Observables:

) P(Vpéve)
’ P(Vpéve)

® 3n/2 6m2 > 0
7 sin® 28,3 = 0.05
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Reactor Experiments

a) v, interactions in

* reactors are an intense detectort [day MeVT!

]
]
=

“free” source of v, P b) V. flux [% Sf(T eXA’fO\;’F
I S Ve
* |ow energy means ; 3 cm?)]
distance need only be "
one or two km i
501
* free of CP and matter 0
effect uncertainties "
20
10} _'

E, (MeV}
# from Palo Verde
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Oscillation Probability
(with both Am?)

P(v,.—v,)=1

— c0s%0,, 5in2 20, sin2(Am2,, L/4E) AmMZ?;,

- sin% 205 sin?(Am?_, | L/4E) dominated

(lgnores tiny matter effect)r =

urvival for 3 flavor oscillation |

L = pE/(2.54 Am?)
~ 1-2 km

__ ﬂmf,=5x10's sin?(28,,) = 0.8
& miy =3x107; sin?
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Far detector site status

Installation in the Liquid Handling Building
has started (6 large storage tanks from TUM)

" . -—

(detector pit refurbished, doors enlarged,
new ventilation system, safety system).

Shielding steel bars have been mounted in the pit. =




Near detector lab
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Site has been chosen with >45m
overburden, almost flat topology.

Geological site study completed.
Tender process for construction.
Schedule: lab available end of 2009.
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:& Sensitivity of Daya Bay
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DUSEL Experiment Development and Coordination (DEDC)

Internal Design Review

July 16-18, 2008
Steve Elliott, Derek Elsworth, Daniela Leitner, Larry Murdoch, Tullis C. Onstott and Hank Sobel

Deep Underground Science
DUSEL and Engineering Laboratory @t HomEStake, SD

Six and a half
Empire State Buildings
for scale

Shallow

Geoscience

Astrophysics




Why DUSEL?
1300 km distance is significant for

determination of neutrino mass hierarchy

 Deep underground site allows rich physics
program in addition to LB neutrinos

Continous Line :Normal hierarchy
Cashed Line : Inverted hierarchy

© 0.09 1300 km

800 km \

-
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True Neutrino Energy (GeV)




~ Water Cerenkov

s=% % Davis Cavern gy ates Shaft - :
5’;‘; - Existing Drifts
= ! ) A N Lab Modules

20m x 20m x (50, 75, 100m)

Staging Area

Neutrino Detector
Access Drifts
10m x 5m

Ross Shaft &



NUSAG Report

30%1020 p.o.t neutrino + 30x1020 p.o.t antineutrino
=~ 3-5 years neutrino + 3-5 years antineutrino @ 1 MW

_ sin?26,, CPV sgn(Am?,,)
Option : z .
56, all op |55,50% &p | 5o, all 5ep
1) NuMI-ME 0.9°
0.008 0.08 0.18
100 kt LAr, 15t max
2) NuMI-LE 0.9°/3.3°
0.011 >0.10 0.15
50/50 kt LAr, 12" max
3) WBB 0.5°
0.013 0.03 0.03
300 kt H,O Ch,1300 km
4) WBB 0.5°
0.007 0.008 - 0.015

100 kt LAr,1300 km

Entries are minimum sin?26,; where null hypothesis is ruled out 19




Tkt LAr = 3kt H20 18x102 POT each
|

- 100kt WCh
[ Jyears at 700 kW

A 100 kton | = for vand v each |

Water Detector
Determination of CP

Phase

Mass Hierarchy

- i WCh 106KT
100kt WCh - C v nm;:-tr
3 years at 700 kW 1k B 18+18 10 ™ PoT
for v and veach C r

= : i valie
— %L
— % CL

from Mark Dierckxsens
Milind Diwan
Mary Bishal

012 014 016
sin’ 26,




Spectra FNAL to DUSEL (WBLE:wide band low energy)

numu cc (param) 1300km / Okm numu cc (param) 1300km / 12km
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'E-. : ' | ;’ H ] § % l', l ; % k[l Ep=120GeV, @o.5deg §
Sqs- il '“‘. ~oos § S I A —lo.06 §
st Wl / \ 188y T ™8
éﬁoﬁ I,! ‘.!I 48 Ep=60 Ge 4 ;1 fii ;M/ ‘3‘_ > \\ ~0.04
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3 9 T 7R s e BAL A0 ~10.02
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log(Energy/GeV) log(Energy/GeV)

® 60 GeV at odeg: CCrate: 14 per (kT*10"20 POT)

e 120 GeV at 0.5deg:CCrate: 17 per(kT*10"20POT)
> ; Work of M. Bishai : . Vir ing NuMI simulats
Z >, Office of ork of M. Bishai and B. Viren using NuMI simulation t:ﬁ]ﬁnn“uﬂ"["
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Neutrino Beam Requirements™®

The maximal possible neutrino fluxes to encompass at
least the 1st and 2nd oscillation nodes, which occur at
2.4 and 0.8 GeV respectively

Since neutrino cross-sections scale with energy, larger
fluxes at lower energies are desirable to achieve the
physics sensitivities using effects at the 2nd oscillation
node

To detect v, — v, at the far detector, it is critical to
minimize the neutral-current contamination at lower
energy, therefore minimizing the flux of neutrinos with
energies greater than 5 GeV where there is litile
sensitivity to the oscillation parameters is highly
desirable

The irreducible background to v, — v, appearance signal
comes from beam generated v, events, therefore, a high
purity v, beam with as low as possible v, contamination
is required

*From “Simulation of a Wide-Band Low-Energy Neutrino Beam

for Very Long Baseline Neutrino Oscillation Experiments’,
Bishai, Heim, Lewis, Marino, Viren, Yumiceva




NuMI/Homestake Location of the et
DUSEL 17 November 207

Beam Homestake Beamline

Ext;cr:ﬁ: :fs;su ;ﬁlt; H . %}1 L —

Homestake/DUSEL Neutrino Beam




NuMiHomestake Second Elevation View of »rxyas-
DUSEL ”mm

Beam the Homestake Beamline

| 500 feet

ThIS elevatlun view of the Homestake Beamline (-5.849) is drawn wrth the
decay pipe limited to 400m. This shortens the beamline by 741 feet, and lifts
The detector hall (and shaft) by about 75 feet (500 feet deep). Overall, this
configuration will be cheaper to build and is probably adequate.

Homestake/DUSEL Neutrino Beam




NuMI-Homestake Event Rates

Unoeclllated Yy rates at 1300km:

120 GeV on-axis: 20,000 CC/MW.100kT.107, 9mrad off-axis: 9,000 CC/MW.100 kT.107 s
60 GeV on-axisa: 15,000 CC/MW.100kT.107 s

Oscillated rates at 1300km:

,sin” 26012,23 = 0.86,1.0

V,, —* V, rate

Uy, — U rates

(sign of Amgl) sin? 2043 dc p deg.
0° | -90° | 180° | +90° || 0° | -90° | 180° | +90°
WBLE beams at 1300km, per 100kT. MW. 107 s
120 GeV, 9 mRad off-axis Beam /g = 477" Beam i = 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
60 GeV, on-axis Beam /g = 6177 Beam i/ = 22°°
(+) 0.02 138 189 125 74 30 12 19 37
(-) 0.02 57 108 86 34 46 27 48 67

*_0-3GeV** =0-5GeV, 1MW. 1078 =5.2 X 102° pPOT at 120 GeV, lyr = 2 X 107 s
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Nucleon Decay: 300 ktons = 13 x Super-K

Galactic Supernova: @ 10 kpc 25,000,
1,000 forward scatter events, 2,500 NC+CC
nuclear excitation events in WC

Relic Supernovae: 100 kton WC detector
doped with Gd should see these. ~40% of
these should come from SN with z>0.5.

HEP Solar Neutrinos: 18 MeV endpoint
neutrinos from H-e-p reactions. Predicted but
never seen. Super-K just on the edge.



Nucleon Decay

X

—

* Highly prized physics motivation:
Grand Unification of strong, weak, and electromagnetic forces!
New force carrying particle!

* Connections to neutrino mass, inflation, BAU ...

* Test of basic symmetries: baryon number and lepton number.

* Supersymmetric versions of GUTs are of great interest and value.
* ~1015 GeV energy scale — inaccessible to accelerators.

* Long lifetime (from SK) is already a difficult constraint
which new models must work hard to evade.




Unification of Running Coupling Constants

Standard Model

Wkl huragas

al =0, 12540.005
g =02 50,0008
] 1 /a1 37, 20,2
ﬂi II || I| II || II I| || II I| || || II || || II II i
1 10° 10" 10"
Interaction Energy (GeV)

7/B = 4.5 x 102+ Tyears SU(5)
7/B > 8.4 x 10%years SKI1+1I

EE'E
Minimal
nmé 5 Supersymmetric
340 ¢ Mode!
20¢
10}
|:||| ' Y Y Y Y Y A (Y Y Y Y Y
1 -H:’!l 1915 1[-.]“
Interaction Energy (GeV)
d ey
w| A
u
< K+
-

7/B = 10% % years SUSY
T/B > 2.3 x 10*?years SK I




MMaodel Ref. Modes Twn | yvears)
Minimal ST7(5) Georgi, Glashow [2] p—eta?  |10% — 10M
Minimal SUSY SI7(5) Dimopoulos, Georgi [11], Sakai [12]|p — #K '

Lifetime Calculations: Hisano, n— K" 107% — 1072

Murayama, Yanagida [13]
SUGRA SU(5) Nath, Arnowitt [14, 15] p— oKt [10% — 10M
SUSY SO(10) Shafi, Tavartkiladze [16] p— Kt
with anomalous n— K" 1072 — 10%°
flavor I7(1) p— ptK"
SUSY SO(10) Lucas, Rahy [17], Pati [15] p— oKt |10% — 10M
MSSM (std. d=5) n—oK" |10% - 10%
SUSY SO(10) Pati [18] p— #Kt |10* — 10™
ESSM (std. d = 5) < 1078
SUSY SO(10)/G(224) Babu, Pati, Wilezek [19, 20, 21], |[p— #K+t |<2-10%
MSSM or ESSM Pati [18] p— ut K"
(new d =5) B~ (1—50)%
SUSY SU(5) or SO(10) Pati [18] p— ety [~ 10p34eEl
MSSM (d = 6)
Flipped SI7(5) in CMSSM Ellis, Nanopoulos and Wlaker[22] |p — e/ut " |10% — 10%
Split SI7(5) SUSY Arkani-Hamed, et. al. [23] p—eta?  |10% — 1077
SU7(5) in 5 dimensions Hebecker, March-Russell[24] p— ptK" |10* — 10%*

p— etn”

SU(5) in 5 dimensions Alciati et.al.[25] p— Kt |10% — 10™
option 11
GUT-like models from Klebanov, Witten[26] p—eta” |~ 10%

Type IIA string with D6-branes

TABLE I: Summary of the expected nucleon lifetime in different theoretical models.




Super-Kamiokande |

Fun 999999 Sub 0 Ev 4
02-11-06:00:12:25

Inner: 3174 hitas, 65998 pE
Cuter: 5 hite, & pE (in-time)
Trigger ID: 0x03

D wall: 903.3 cm
Fully-Contained Mode

Example Event (p—u+ 10)

Time (na)

. < 972

* 1026-1032
* 1032-1038
* 1038-1044
* 1044-1050
* 1050-1056
L ]

-1 MAE &

* Fully contained, Fiducial volume
« 2 or 3 rings

 Correct PID of rings (e-like/u-like)
» 10 mass 85-185 MeV/c2
 Correct # of py-decay electrons

» Mass range 800-1050 MeV/c2

* Net momentum < 250 MeV/c

_... I...I‘L‘* "

0 500 1000 1500 2000
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Super-Kamiokande Results (p—>e* nf')

200 400 600 800 1000 1200
Invariant proton mass (MeV/c®)

p—e'z" MC

£=43.6%

EEICI dﬂﬂ E-EIEI HI]CIHIIIICI 1200
Invariant proton mass (MeVic®)

1000

ey B =]
=
=

1000
800
00
To0
600
500

g

200
100

Total momentum (MeVWic)

Indep. (Nuance MC) BG est. for SK1:
BG rate = 0.21 evts/100 kty

400

[l }
1000 1200

600 800

300 *

Invariant proton mass I:hln'lu"fc"':l

1000 1200

200 400 600 800
Invariant proten mass (MeVic®)

Total momentum (MeV/c)
o
=3

S00

1000
800

§38

SE888

o

0 200 400 600 BOO 1000 1200
Invariant proton mass |:Mewc2}

BG est. based on K2K 1KT:
BG rate = 0.16+0.07 evts/100 kty
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6-10 MeV '
ut /K+

Super-Kamiokande Search for (p—>K* v)

* K* below Cherenkov threshold

* Essentially a search for K* decay at rest

* Three searches (eventually combined)
- Monochromatic muon (65% BR, large background)
-K* = n*n® (21% BR)
- K* = w*v with early gamma tag from 150*

Gamma Tag Search:

BRxe = 8.6+20,,.%

Background = 0.7 events (£59%)
/B < 10x10* years




proton lifetime

35
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540 kt WC

2 2/0 kt WC

1995 2000 2005 2010 2015 2020 2025 2030

efficiency = 0.45
bg. rate =0.2 evts/100 kty

Nnbs = Nhg
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The feeble signal of all SNe

108
107
108
10°
104
103
107

e Sum over the whole
universe:

D
*

o

__ Supernovae

°B Solar v,
hep Solar v_
.. almospheric
.—..reactor v_
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S. Ando and K. Sato, New J.Phys.6:170,2004.



o - 4 o 6

Inferred from star

}

Normalization uncertain

%,
: %
Hx&“xaxhx _ %

Direct core collapse
measurements

Cappellaro et al., A&A 430, 2005;
Dahlen et al., APTJ 613, 2004

0.4 0.6 0.8

log(1+2Z)

Adapted from Beacom & Hopkins, astro-ph/0601463



Spectrum fitting in SK-I

[Nua) — (@% Ny (i) + Bx N, (i) + 7 x N, (i)

,22 ::223 2

2 2
O-data + O-MC +0O

systematic

N .. (1) : SRN MC spectrum

25

E_Nv_e_(-l) atmospheric v, Spectrum }\ :
20 |

N, (i) :atmospheric v, spectrum

/f ree parameter \
o=0.0 : factor of SRN

Ngam(i)  real Data spectrump— 30

T+ SK-I

preliminary

1

! \ Ik i TR S|

d 1

y =0.45X0.1 : factor of v,
\_x?= 7.2 / 13d.of -

Courtesy lida, ICRR

L L56 L 60 70 80
Visible energy [MeV]



Status of theory: anti-v, flux

L’; C.L., Astropart.Phys.26:190-201,2006

| N

§  [sKiimit T
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2 cC o © ST © _ ©

= g 8% E) og Lg '% g

@0 F 52 o ° = © ® 3
A mg © - I c

LL| T X < 3

s

310

* Differences due to different inputs/methods

For a Gd-loaded 100 kton WC detector, estimates

range from 2-20 events/year.

C.L., Astropart.Phys.26:190-201,2006, Fogli et al. JCAP 0504:002,2005,
Volpe & Welzel, 2007, C.L. & O.L.G. Peres, to appear soon.

SK background of ~20/year significantly reduced by
neutron tagging. (Beacom and Vagins)



Water Cerenkov R&D Issues

* What is the PMT coverage required for efficiency
neutron capture detection?

 What is the PMT coverage required for detection
of precursor gamma ray from p—=>vK? (Note: 20%
coverage in SK-Il was too little).

 Can PMT’s be installed without SK style
“mufflers”? BNL is working on PMT implosion

testing.



How can Gd-loaded water be cleaned without
removing the Gd? Is removal of Fe ions only
enough— or do we have to worry about other
things also?

Can the walls of a large cavern be coated
directly? Do we need to have concrete and/or a
liner? How to mount PMTs cheaply?

Do we need a veto region? SK had one, but
DUSEL 4850 is much deeper. Note: IMB operated
successfully without a veto region.

Can efficiency for e/n° be improved?



Evolution of the Liquid Argon Physics Program
in the US

C T IS Furity. electronics development
Yale TPC® uri y. elecironics deve opmen

Luke & Bo

CO _ Underground safety, cryo operation, Beam v, y/n? separation
TPC performance, reconstruction

ArgoNeuT

Cold electronics, evacuation

6\icroBooN€> IR r<quirement, tank construction,

insulation Low E excess, cross sections

o 5kT [R&D[ Physics |

( near O far IUnderground operation,
Technical & cost scaling

6,3, mass hierarchy
proton decay

MxN=100kT |*°*°

b




Liquid Argon R&D lIssues

Feasibility: insulation, purity, cold electronics,
necessity for evacuation of vessel

Underground safety — this is a major concern
What is the cost?

Also predictability of costs and minimization
of risk
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Proton Decay

Science

Complementary to the
physics of the energy

frontier

Size, neutrino beam intensity,
distance: the next step in
neutrino physics.

Size gives improved sensitivity
to proton decay, our window to
the unification of forces.

Depth and low background
allows detection of neutrinos
from present and past
supernova at cosmological
distances.

Very large increases to data
from known natural neutrino
sources: the Sun, and the
atmosphere.
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Inner VETO

Inner radius = 3,27 m
InnerH=7m

t=12mm

Detector Layout

Stainless steel
Buffer

Inner radius = 2,758 m
Inner H=5,674 m
t=3mm

ner H=6,840 m
t=170 mm




Beam Det size Exposure syst. uncert [sin® 2613 |sien{Am3, )| CPV
(FIDUCTAL) v+ on blkgd

NuMI/HStake 100kT T00KW 2.642.6yrs 5% 0.018 0.044 = 0.1

120 GeV 100kT IMW 343yrs 5% 0.014 0.031 = 0.1

Omrad off-axis 300kT IMW 343yrs 5% 0,008 0.017 0.025

300kT IMW 3+43yrs 10% 0.009 0.01% 0.036

300kT 2MW 3+3yrs 5% 0.005 0.012 0.012

300kT 2MW 3+3vrs 109% 0.006 0.013 0.015

NuMI/HStake 100kT IMW 3+3yrs 5% 0.012 0.037 =01

60GeV on-axis 300kT IMW 343yrs 10% 0,008 0.021 0.037

300kT 2MW 34-3yrs 5% 0.005 0.013 0.015

M.Bishai, ANL, P5 presentation




