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""““"'ﬁ""" Neutrinos have flavors
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1962: Leon Lederman, Melvin Schwartz and Jack Steinberger use
BNL’s Alternating Gradient Synchrotron (AGS) to produce a beam of

Neutrino +
.. Ux
mixing: A
brief overview
10 ton detector
(Spark chamber?
Target Sl
p+ T Vu L
|
[
20m
-— Iron absorber
The AGS Making v's

Result: 40 neutrino interactions recorded in the detector, 6 of the
resultant particles where identified as background and 34 identified as
H = VUx =V,

The first accelerator neutrino experiment was at the AGS.



""““"‘ﬁ""" Neutrino oscillations

Completing R R
the Neutrino 1957,1967: B. Pontecorvo proposes that neutrinos could oscillate:

Mixing Matrix va _ cos(@) sin(B) ”
( vp ) - ( —sin(0) cos(0) ) ( V2 )
va(t) = cos(@)v(t) + sin(0)ra(t)
e Pva = ) = | < wlva(t) > |?

mixing: A
brief overview

sin®(0) cos?(Q) e 2" — e 7112
) . 2 1.27Am2,L
P( ) = sin® 20 sin® —2—

where Am3; = (m3 — m?) in eV?,
L (km) and E (GeV).

PROBABILITY

If flavor eigenstates mix with mass

eigenstates => neutrinos have mass

1000 2000 3000 000" "
L/E (km/GeV)



moodin  The Homestake Experiment
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Completi.ng
Polrelell  1967: Ray Davis from BNL installs a large detector,

Mixing Matrix
containing 615 tons of tetrachloroethylene (cleaning
fluid), 1.6km underground in Homestake mine, SD.

v +3 CL — e= +°" Ar, 7(*'Ar) = 35 days.

Number of Ar atoms = number of v
interactions.

Neutrino
mixing: A
brief overview

Results: 1969 - 1993 Measured 2.5 + 0.2
SNU (1 SNU = 1 neutrino interaction per
second for 10% target atoms) while
theory predicts 8 SNU. This is a

v deficit of 69% .




oo Neutrino Mixing: 3 flavours

Completing

e Neniins We know now of 3 flavours of neutrinos: The 3 @‘ Vol Vu
VLR flavour PMINS mixing matrix was developed in g_.”"‘“ mE
1962 by Maki-Nakagawa-Sakata based on = N oer s
Pontecorvo’s earlier work: T...IG.,..,,E..,.,'E..I.,
Ve Ui Ue v
Neutrino —
mixing: A Vp - Uul U;LZ V2
brief overview Vr Url U.,.z
Upmns

In the past 10 yrs we have measured most

of the Upuns parameters

0.8 05 1 02 0.004

Upmns ~ | 0.4 0.6 » Vekm ~ 0.2 1 0.04
0.4 0.6 0.009 0.04 1

In contrast to CKM, large off diagonal terms:



BROOKENEN Measuring neutrino mixing - v, oscillations

Completing Solar v, disappearance constrained 1 — 2 mixing. Precision from

the Neutrino - .
Mixing Matrix reactor v, experiments:

probabiliey Oscillation probabilities for an initial electron neutAlnoz
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= future reactor v, experiments
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Measuring neutrino mixing - v, oscillations

SuperK atmospheric v,, disappearance (L/E 3 — 30,000) demonstrated
2 — 3 oscillations. Accelerator expts followed at smaller L/E:

Oscillation probabilities for an initial muon neutrino
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Probability

Neutrino
mixing: A
brief overview
oe
>
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1/E (micen)

2000 3000 4000
L/E (km/GeV)

* = future accelerator v,, experiments



""““'“ﬁ""“ Neutrino Matrix Parameterization
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Mixing Matrix 1 0 0 c13 0 e"scpsu C12 si2 O
0 C23 S23 0 1 0 —S12 C12 0
0 —s»3 c23 —e%cPg; 0 c13 0 0 1

v, disappearance v, — Ve, reactor U, disappear solar ve, Ue disappear

e where cap = cos 0,3 and so3 = sinf.3 and dcp is the CP phase.

mixing: A
brief overview
MASS (eV) P mu tau

ATMOSPHERIC
SOLAR
v, — 0053

D — . 2 .
’ % sin® 013: Amount of v, in 13
tan? 0,3: Ratio of 22 in 13
SouaR 2 Amount o;"fu in v,
o — o0y | ATHOSPHERC tan® 0120 Fcunt of ve in 1y
E— 0] m—"1
e i
Normal Inverted

WE DONT KNOW: sin® 26;3, &,, sign(Am?2,)



srooinieN. - The KamLAND e Reactor Experiment

(Commesa s, a5 f Dcarber 2008
....... et B o G-l St s DevepertCo-Ch 1KT Liquid
ma ] ~——.—— Scintillator
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\World reactors + Research reactors : 0.96%

Neutrino Korean reactors : 3.2% Purestgiep

mixing matrix [
2009 7 Selection efficicncy
2
g . . . . 14F « Data-BG-Geo¥, « CHOOZ data
—e— KamLAND data Expectation based on osci. parameters
-~ no oscillation 12 determined by KamLAND
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momnees  The NuMI/MINOS Accelerator v, Experiment
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Near Detector Far Detector
0.98 k 54 kT

Ill.l )

Fermilab Soudan

Fermi Natl. Lab., IL Soudan Underground Lab, MN

Neutrino
mixing matrix
2009

)/ 8GeV pt |

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

3T at 200 kA

Absorber Muon Monitors

Decay Pipe pe
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2009

The MINOS Detectors

Magnetized iron calorimeters with 2.54 cm thick Fe plates sandwiched with
scintillator strips readout by WLS fiber.
: - |

=

The Far Detector

The Near Detector

m 484 octogonal steel/scintillator plates 8m

m 282 “squashed” octagonal steel plates, 153
wide, => 5.4kTon and 30 m in length . scintillator planes.

= Toroidal B-field, 1.3 T at r = 2m =>> It ) 110 o (i (B

m Cosmic p veto shield m  Toroidal B-field, 1.3 T at r = 2m
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Laboratory

Neutrino
mixing matrix
2009

Clear track Diffuse, shorter Short with EM
+ activity at vertex events shower profile
ESC = Eu + Eshower
~—~ S =

op~10% O had=55%/VE



BROOKARUEN MINOS Data (2009)

The NuMI beam contains 91.5% v, 7 % vy and 1.5% ve + 17

NATIONAL LABORATORY

Completing | Y# disappearance w disappearance

the Neutrino T T T T
Mixing Matrix MINOS Far Detector ar Detector Data

T T T
[ MINOS Preliminary _g ¢

—— No Oscillations
——=- CPT Conserving |
- Far detector data B Systematic Error

—— No oscillations —— Background (CPT)
—— Best oscillation fit

== NC background

Low Energy Beam |

Far Detector
3.2x10°° POT

1 %2/Ng,. = 90/97 —3 N
5 1b 15 50 30 50 Cb 5 10 15 20 30 40 50
Reconstructed neutrino energy (GeV) Reconstructed v,, Energy (GeV)
Expected no-osc 1065 =+ 60. Expected (with osc) 58.3 &+ 7.65tat £ 3.6sys-

Neutrino Observe 848. Observe 42.
mixing matrix

2009 MINOS results 2009

Far Detector MINOS PRELIMINARY
oS 1 v, Disappearance:

Am?, = 2.43 £ 0.13 x 10 3eV?

sin® 2053 > 0.90(90%C.L.)

v, Disappearance:

Fraction v, — 7, < 0.026(90%C.L.)

% B V. appearance:
Reconstructed Energy (GeV) sin? 26013 < 0.29(90%C.L.); Am?2 > 0,80 =0

Expected FD background: 27 £ 55¢at & 2sys- sin2 2013 < 0.49(90%C.L.); Am? < 0, dp =0
Observe 37.

Events/GeV/3.14x10” POT
5




moocinimy  MINOS Results 2009 and Future
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Completing Search for v, appearance

the Neutrino Current results Expected by 2010

Mixing Matrix
Feldman-Cousins G.L. contours for ANN If the excess goes away
R T

310010 POT | Potential Feldman—t¢ Couslnsc L. contours for ANN
‘20, =10 | S
1.5 8 M3, = 2.43x107 oV 2in?(20,) = 1.0
: #am-0 1a mil = 2.43%103 eV’
"cﬂ 1 —H S —somcLam >0
=t ] = — soxctami<o
o ] oy
% 0.4 0.6 0.2 .
-2 PRELIMINARY sln’(ze D PRELIMINARY
Neutrino sin(20,5)
mixing matrix _ N
2009 v, disappearance
Current results Future dedlcated u,t running
200 ' ' z : 10 T 2107 PO v, Mode
oo MINOS P  ode
. o
e
< ¥, Mode
=
d -
g
i =
=l
MINOS Preliminary |
Low Ener: eam
b 02 04 0.6 o8 1

sin?(206) sin?(206)



sookingen | N€ mixing matrix - 2009

J. Valle, TAUP '09

P Maltoni et al, NJP 6 (2004) 122 Schwetz et al, NJP 10 (2008) 113011
ompleting
the Neutrino

Mixing Matrix

o
3
w
o
-
R
£
=

Neutrino
mixing matrix

2009

Homestake, SAGE+
GALLEX/GNO,
Super-K, SNO

K2K (250 Km)

MINOS (735 Km)
KamLAND (180 Km)



smoosini  Short Baseline Reactor U, oscillations

Completing

= Ve P(ve » ve) =1 — sin’20;3sin*(1.27Am3,L/E)
xXing atrix
cos" 613 sin® 26015 sin®(1.27Am3,L/E)

Osc prob. (integrated over E) vs distance
[ j Getting to sin? 2613 < 0.01

I T TROIN Lots of statistics: -Powerful nuclear

b 1 reactors + more massive detectors

L 1 Supress cosmic backgrounds:

-Increase overburden = go deeper

underground.

Reduce systematic uncertainties:

-Deploy near detectors as close as

S [ amfase2xioev . possible to reactor to minimize

reactor flux uncertainties.

& " Baseline Elim) o -Use multiple, “identical” detector
pairs to reduce near/far detector

P(ve—ve)

L sin®26,)

[

Unambiguous measurement uncertainties.
f sin? 20 -Calibration, calibration,
ot sin & calibration...
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Reactor
experiments

The Daya Bay Reactor Complex

see Kevin Zhang's talk

Ling Ao Il NPP (2011)
) (2X2.9 GWth)

Daya Bay NPP~ = =
(2X2.9\GWth) -
AY

Reactor Specs:

Located 55km north-east of Hong Kong.
Current: 2 cores at Daya Bay site + 2
cores at Ling Ao site = 11.6 GWy,

By 2011: 2 more cores at Ling Ao Il site
= 17.4 GWy, = top five worldwide

1 GWy, = 2 x 10%°5, /second

Deploy multiple near and far detectors =

Reactor power uncertainties < 0.1%
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Reactor
experiments

Detecting 17, using GD-loaded LS.

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

0.1% Gd
From Bemporad, Gratta and Vogel

Observable Vv Spectrum

Arbitrary

=28 US, <d>= 5cm
The detection sequence is as follows: 7, + p — n 4+ e™ THEN

et +e” — v (2X 0.511 MeV +T.+, prompt)
n+p— D+~ (2.2 MeV, 7~ 180us, o = 0.3b). OR
n+ Gd — Gd* — Gd ++’s (8 MeV, T ~ 28us, o =5 x 10°b).

= delayed co-incidence of e™ conversion and n-capture (> 6 MeV)
with a specfic energy signature




sRookdiien The Daya Bay Experiment
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RPC roof

calibration [§

Mary Bishai system

Brookhaven
National
Laboratory

Gd-doped
liquid scintillator

Reactor
experiments

m Multiple “identical” detectors at each site.
® Manual and multiple automated calibration systems per detector.

m Thick water shield to reduce cosmogenic and radiation bkgds.




BROOKSAEN Daya Bay Sensitivity
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surface assembly buildin,___
-
ey

ary Bishai | SSSES i i
E \¥ b 3 Tk rﬂ 3

Source of uncertainty Chooz Daya Bay Strategy
(absolute) (relative)
# protons H/C ratio 0.8 < 0.1 Fill in pairs/calib
Mass - < 0.3 Load cells and
mass flowmeters
Detector Energy cuts 0.8 0.2 lower threshold/calib
Efficiency Position cuts 0.32 0.0 3-zone
Time cuts 0.4 0.1 Common clock ~ 10ns
Reactor H/Gd ratio 1.0 0.1 fill in pairs/calib
experiments n multiplicity 0.5 0.05 Deeper/muon veto
Trigger 0 0.01 Redundant triggers
Live time 0 < 0.01 Common GPS clock
Total detector-related uncertainty 1.7% 0.38%

Reach sensitivity to sin? 2613 < 0.01 @ 90% C.L. by 2014



Seoonnvel  Off-axis high intensity v, beams:

Completing

oL First proposed for BNL
Rl £-889 (1995): A narrow
beam of v can be achieved
by going off-axis to the 7
beam. Better S:B at
oscillation max.

Signal at sin® 26;3 = 0.1:

SuperKamiokande

= + Exggsted signaena
30 e
255 — Total BG
{ — BG from v,+antly,
2 H
Off-axis = { {Sin:ZUH
10F +
i
% 65 1 15 2 25 8 INGRID ND

)
Recorlslrncled Ev(GeV)
Pierero Tracker
Deteetor

T2K is almost ready - proton beam down beamline June, 2009



smookineey  NOpA and T2K

tﬁ:'m':tti?ni The NOvA experiment is at a baseline of 810km off-axis to the NuMI

Mixing Matrix beam. Detector is 15kT of active scintillator on the surface.
Operational by 2013. From G. Feldman:
95% CL Resolution of the Mass Ordering
NOVA Plus T2K

- 2 = "
E NOVA+T2K . & L=810 km, 15 kT
© 48 L © g [ amgr=2410%V
3 yoars for each v and ¥ sin“26,9=1 |
16 [ NOVA at 700 kW, 16 [ am’<0 :
1.2MW, and 2.3MW )
1a [ +T2K 6 yoars of v id |E
atneminal, x2, and x4
12 | 12 |
1 b 1 b
08 [ L=810km 15kT o |k
Ameg2=2410%0V" : 3 years for each v and ¥
0s [ Sim@0y=1 06 | NOVA at 700 kW,
Am”>0 1.2 MW, and 2.3 MW
Off-axis 04 04 | +T2K 6 years of v
at nominal, x2, and x4
02 | 02 |
i i NOVA + T2K
i K . .
% 0.08 0.1 015 L T o i
. ; 02 i ¥ g
2i5in(0;7) sl (20;5) 2 5in(8,5) sin(26,)
Normal Ordering Inverted Ordering

Some sensitivity to mass hierarchy at large 013
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Off-axis

013 by 2016

J. Valle TAUP'09

—

Chooz Excluded

| MINOS W

World limit
Double Chooz

90% CL sensitivity
Computed with:
8cp=0
sign(AmZ):+1

2009 2010 2011 2012 2013 2014 2015 2016
Year




BROOKSAEN Measuring d¢p and the Mass Hierarchy

tﬁ:'w’e':ttii”ni Long baseline accelerator v, — v. appearance. 300 kT. MW. yr:
Mixing Matrix —- sin® 2613 = 0.02, §., = 0, normal hierarchy

— sin22613 = 0.02, dcp = 7, normal hierarchy

—- sin? 2013 = 0.02, 6, = —m/2, reverse hierarchy

NuMILE at 810 km, 15 mrad off-axis WBLE 60 GeV at 1300km, 0° off-axis

0 Ao sin’ﬁfﬂm,ﬂ } V:o, nommal hierarchy

— sin 2 0023 =0 rormal i

L

=

— — sin%H:llm,ﬂW:, mormal herafchy — s =002} 7 romel erachy

- _ P — sin 0028 78
k) slnlﬂw-ﬂm,nwﬂi, sin 10020,

signal CC events/0.2GaV/(600.MW.1E7 s kTon)
T
signal ©C event/0.2G sV/H(SG0 MW .1E72 kTon)

CP violation
and the mass
hierarchy Energy (GeV) Energy (GeV)

3

Off axis NuMI beam at 810 km A wide-band beam at 1300km

Wide-band beam spectral information = resolves degeneracies



BROOKSAEN Physics sensitivity vs baseline

tﬁglm':tti?ni Using a broad-band beam with a peak interaction rate at 2 GeV,
Mixing Matrix FWHM=3 GeV, a parameterized water Cerenkov detector and

exposure of SMW.yr (v) + 10 MW.yr () (V. Barger et al.. Phys. Rev. D 74,
073004 2006):

1o Sensitivity to CPV at 30 10 Exclusion of inverted mass hierarchy at 30
- CP Violation o Mass hierarchy
T 102 g 102
E] E]
K K
= =
1073 1073
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Baseline [km] Baseline [km]
Minimum value of sin?(2613) for which the sensitivity is > 3o
CP violation
and the mass for (best,50%, worst) of J, values

hierarchy

Longer baselines = larger mass effects

Best sensitivity is for baselines 1200 - 2500km



seequtilon Deep Underground Science and Engineering
Laboratory

Completing July 10, 2007: the National Science Foundation (NSF) selected the
the Neutrino

Y nas University California-Berkeley to produce a techincal design for DUSEL at
ixing Matrix
Homestake Mine, SD

Mary Bishai
Deep Underground Science

Bﬁ?ﬁzi:‘m DU SEL and Engineering Laboratory @t Homestake, SD
Laboratory

Six and a half

Empire State Buildings
—\’mvsca\e
g————
Shallow | e
Lab i e >

Mid-level

1
1
1
1.

Deep LL PR Geoscience
Campus :

DUSEL and
LBNE

] 5 Biology
Physics 3 “"J  Astrophysics




sooniwen DUSEL Timeline
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J. Dehmer HEPAP Feb, 2009

Completing

the Neutrino DUSEL Working Timeline

Mixing Matrix

+ July '08: Internal project review of facility & infrastructure.
« January '09: NSF Project Review #1.

« January '10: NSF Project Review #2.

* December '10: NSF Preliminary Design Review (PDR).

— Project readiness, plan will be assessed at this milestone.

« Spring '11: Presentation of DUSEL MREFC package to NSB.
+ FY13: Earliest construction funding (MREFC) start, if approved.

Planning with potential partners (DOE, international, etc.)
being integrated into above schedule.

DUSEL and
LBNE




s The Long Baseline Neutrino Experiment

Completing A Long Baseline Neutrino Experiment (LBNE) from Fermilab to megaton
scale detectors at Homestake is now being designed. CDR late 2010.

the Neutrino
Mixing Matrix

Mary Bishai
Brookhaven
National
Laboratory

Neutrino
mixing: A
brief overview

Neutrino
mixing matrix
2009

< Yates Shaft

Existing Drifts
The hunt for 9 D Moles
013 20m x 20m x (50, 75, 100m)
Reactor
experiments
Off-axis

CP violation
and the mass

hierarchy Neutrino Detectors 3 R & e 7
DUSEL and 9 Staging Area
LBNE New Drifts 15m x 15m

Neutrino Detector
8 5
Access Drifts il
10m x 5m

Water Level

Large Cavity
50 - 60 m span
Approaches the
technically feasible limit

Summary

Ross Shaft




mowinim  DUSEL-LBNE is supported by DOE and NSF

e m Two DOE project offices have now been established to organize

Mixing Matrix efforts and support university groups: FNAL LBNE Project
Office and the BNL Detector Project Office.

m UC-Berkeley manages DUSEL (NSF) and oversees the efforts
needed for DUSEL construction within NSF’s MREFC Account.

DUSEL and
LBNE
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Neutrino
mixing: A
brief overview

Neutrino
mixing matrix
2009

The hunt for
013

CP violation
and the mass
hierarchy

DUSEL and
LBNE

Summary

Instltutlons ANL Boston ,BNL Cal

plorado

CoiI;boration meeting 2/26-2/28, 2009 at UC Davis, CA
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3 100kT models Small prototype in the NuMI

~ 55m diameter, ~ 60m height beam. Hand scanning and prelim
60K 10" PMTs/module (25% automated MC studies (Tufts U.,
coverage) Yale).

DUSEL and Known technology 2 — 3Xx SuperK  High efficiency and purity

LBNE

Higher backgrounds, low efficiency  Requires 100X scale-up - unproven.




oot DUSEL spectra

Completing
the Neutrino . . . .
Mixing Matrix A preliminary on-axis wide-band beam for LBNE based on the NuMI

focusing system has been developed. Water Cerenkov response is

ary Bishai
based on the SuperK MC. LAr is modeled as a near-perfect detector.
Natior
Ll 300 kT WCe, 3 yrs IMW beam 50 KT LAr, 3 yrs, IMW beam
1200 730 1077 PoT, 300kT WCh signal + bkg: 100 ™30 107 PoT, 50KT LAr __ signal + bkg;
= [ . b =+85°(771) | B .. C - — 5_=+45" (536
(ﬂy’ normal hierarchy cp (F71) é’ 9o hormal hierarchy cr (636)
@ 100 SiM" 28, = 0.04 § 0= 0" (891) | 5 TE sin2g,=0.04 § b=0 (761)
3T — bep=-d5” (1023) & 80 — bp=-45" (888)
s [ background: 3 _E background:
g sof Wl @7 | § "¢ W all (244)
Wl G beam v, (202) | @ go& } ¥ beam v, (241)
60~ 50
[ 400 *
40 E
30
20 2F ;
105
g’ 1 Z 3 45678910 s’ 1 2z 3 4 5678910

EI;JNSEL ant neutrine energy [GeV] neuttino energy [GeV]
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DUSEL Sensitivities

WCe, 2.3MW beam, 3 yrsv + 3 yrs

the Neutrino _1e0

Mixing Matrix -

v +v 300kt WCh
70+70 10°°PoT

3T @ami> 0
25 ami<o

="%°F V4% 300kt WCh
n L 70470 10 PoT
1200 50.(Amn> 0) ¢
E Fam<o
GO
of
-0
DUSEL and =
LBNE F
C Il
180" 10°

|
107

CP violation @ 3,5 o

107

g’

inz
sin?20,

[ v+v, 300kt WCh
E 70+70 10ZD PoT
120: — 2z am,>0
E 85 @ty <o)
60—
o
-s0—
-1zo0f
1896 107 10!

sin“20,,

Summary of sensitivities

The smallest value of sin’26:3 @
30:

613 #0 sign(Am?) CPV
all 6cp 50%61:;)
0.014 0.012

Mark Dierckxsens, APS 09

0.004
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DUSEL Sensitivities

LAr, 2.3MW beam, 3 yrs v + 3 yrs U

180

Mixing Matrix

[ v+ 50kt LAr
E 30430 10°°PoT y
25 ami >0
27 amg< 0]

|
107

CP violation @ 3,5 o

°

DUSEL and
LBNE

-1z0

v +%, 50kt LAr
30430 10°° PoT

2T @ami>0)
3z ami<o

-18Q =

10°

107

g’

inz
sin?20,

[ v+, 50kt LAr
E 30+30 10°°PoT
120: — 2z am,>0
E 85 @ty <o)
60—
o
-s0—
-1z0F
-18Q N 1ot

sin“20,,

Summary of sensitivities

The smallest value of sin’26:3 @
30:

613 #0 sign(Am?) CPV
all 6cp 50%61:;)
0.012 0.013

Mark Dierckxsens, APS 09

0.005
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3 flavor neutrino mixing is now well established, but STRANGE. Large off
diagonal terms and almost maximal mixing.
BUT- what we dont know is even more important:
= How small is sin? 20137 Is it close to the current limit (0.1) or is
it very small? Is it 07
m Is there CP violation (and LFV) in the lepton sector?

m What is the mass hierarchy?
m Are there only 3 generations of leptons?

The next decade of reactor and conventional accelerator neutrino
experiments will push the sensitivity limits of sin® 2613 to < 0.005 and can
see evidence for CPV and the mass hierarchy down to sin? 2013 of 0.01.

TO BE CONTINUED: neutrino factories - see Steve Geer’s talk!
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EXTRA SLIDES FOR DISCUSSION
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Measurements of d¢p in LBNE

) Measurement

Mark Dierckxsens

1 MW 2.3 MW
F1800 WCh 300kt S8 . WCh 300kt
C @ @ v a3 0 E @ w5 a3 0
E 30430 16 PoT| E 70470 16" PoT
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Sensitivity vs Exposure

Completing The potential physics reach From hep-ph/0703029:
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