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The Standard Model Building Blocks

e e : e —

* First generation of Matter accounts for
most visible matter. Particles from Il and Il
are increasingly massive (and unstable)
replicas of generation |

* Neutrinos are neutral elementary
particles

 Only couple to the weak force (and
gravity)

» Considered massless in the Standard
Model

* Known to undergo flavor change
« Evidence for neutrino mass was the first

clue of physics beyond the Standard
Model

Alex Sousa - Harvard University



Why Are Neutrlnos Interestlng?

Astrophysms Nucl ysics

————————

@le i  Fundamental
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| || Particles and
RN :
euT 8 Interactions

W

* Masses are anomalously low. From CMB data my < 0.2 eV/c2 = 0.0000004 m.
* Only fundamental fermion that can be its own antiparticle (Majorana particle)
 May open window on the GUT Scale (Agut~10'® GeV) via seesaw mechanism

+ Could explain the matter/antimatter asymmetry of the universe (leptogenesis)
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Seesaw Mechanism

Attempt to provide framework to explain lightness of the neutrino

Since right-handed neutrinos have no weak interactions, they are not confined to
the weak mass scale

« Add a GUT-scale right-handed Majorana neutrino Ng to the SM lagrangian, including both
Majorana and Dirac mass terms

1
Eseesaw — iMN}Q% + )‘(VLa lL) (i;) Ngr + h.c.

The resulting mass matrix is

0 mY 5 x(g) ~ 0100 GeV)

m M
+ The physical masses are obtained from the matrix eigenvalues -
m2 Yanagida;
~ — Gell-Mann, Ramond, Slansky;
my ~ M my M Mohapatra, Senjanovic;
Minkowski

* For M~10'> GeV/c?, the light neutrino mass is my~0.05 eV/c?
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Baryon Asymmetry

+ Matter/Antimatter asymmetry is one of the great mysteries of modern physics

. DB, 6 x 10710 (Big Bang Nucleosynthesis, consistent with WMAP results)
Ny

+ Sakharov (1967):
B=np—ng=0 = B+#0
requires violation of CP symmetry

- CP violation in quark sector of
standard model is not large enough to
explain matter/antimatter asymmetry
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* If the seesaw heavy neutrino exists, Leptogenesis may explain the observed baryon
asymmetry through CP-violating heavy neutrino decays (Fukugita, Yanagida)

[(Ng—v+H?) #T (Ng 5+ H)

« GUT-level (B - L)-conserving interactions convert the lepton-number
asymmetry to a baryon asymmetry

Sphaleron

Process

Initial state Final state
. B. Kayser, Intensity Frontier Workshop, 201 |
Jrom N decays

* CP-violation in heavy neutrino decays is very likely to be manifest in light
neutrinos

* Look for CP violation in light neutrino sector!
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Neutrino Oscillations

* Neutrino oscillations occur because the flavor (weak) eigenstates do not
coincide with the mass eigenstates

Uel UeZ UeS
V) Z vy (a=e, u,T) Upvuns = | Uun Uy Ugs
i UTl U7'2 U7'3 1

+ The neutrinos interact as a flavor state, but propagate as a superposition of the three

mass states. Over a distance L, changes in the relative phases of the mass states may
induce neutrino flavor change

« Assume two neutrino flavors for simplicity:

[ Vy ] _ [ cosf sind ] [ Vo ] v, (1)) = cos fe ™2 uy) + sin fe ™" F3t|u3)

—sinf cos0 V3 E; = 1/p? + m2

* Probability that a vy, remains vy after some time t:

(P(Vu = ) = [(pu|vu(8) [ 1 - sin®(20) sin® (1 27 Amg, ;[[élen\]/])

. . . 100% MUON 100% TAU
+ Neutrino oscillations depend on L, the i HEUTRINO
neutrino energy E, and the mixing parameters = m:mau 0% MUoK

>
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Neutrino Oscillation Discovery

S e o ety e e it e 3 — g e = P N T

« The SuperKamiokande experiment in Japan

Isotropic flux of

it s e

Zenith

measures atmospheric neutrinos with a __ e . /\ .

50 kton Cerenkov water tank

* SuperK compared the angular distribution
of downward-going neutrinos with
upward-going neutrinos

Supet -Karniokande 548 days Prefiminary

T A T ’ T T

* In 1998, SuperK announced the observed | multi-GeV e-like
deficit in upward-going neutrinos is best o 1
explained by vy — Vr oscillations i
100 =

« 2011 results: it -
Amgy?| = 224018 10~y LA g

B . & g
multi-GeV mu-like (FC+PC)

# Data
[ Predicted

— numu-nutau osc.

sin®(26023) > 0.96 (90% C.L.) L i
R.Wendell, DPF 201 | - 'Ofos(zoéiithoaig|e§"6

1-1 -06 -02 02 06

cos(zenith angle)

1
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Solar Neutrino Oscillations

Cerenkov Light

* Sudbury Neutrino Observatory (SNO) in —
Canada used a heavy water (D20) target

to detect solar neutrinos

Protorm
« SNO was sensitive to Ve via charged- reutino
currents and to all three neutrino flavors - (';;m
via neutral currents v e
Deuteron @ neuven

« Confirmed Ve deficit and solar model in
2001

¥ R .
’ “el
- cl

P S T 1
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-. | ‘"'. o wmmco-m Bucter; Powar Dirvescpmsens Co -Ores S% C L
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A — ; ; | ~ Bl 99.73%CL
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Totmes Esaeme Frme G -Hiemin- O . 5} L
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The Karsai Einceric e Co.-O e g g ]
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Fh(‘:a-!an'-h . g .: Towyeo Bl o o —Fystunn Ouey . . Soke L
: . mmmm" i C0n5|stent W|th ..... QS{}Y' ( l
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SO 51 2 40.20 5 %2 |  ERR *
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021 — 34.06_084deg lan-ﬁll

IFIC Colloguium, Valéncia, Dec. 15, 2011 Alex Sousa - Harvard University



IFIC Colloguium, Valéncia, Dec. 15, 2011

Current Three v Oscillation Picture

Two mass splittings

Atmos. + Accelerator Reactor+Accelerator

UPMNS =

1

* Atmos.: AmZim=~ Am?2;3; ~ 103 eV?2

« Solar:

Large atmospheric mixing

e B3~45°

Non-maximal solar mixing

* 012~34°

Mixed sector unknown (is it?)

Neutrino Mass Squared

« 03 known to be small

* ocp #0?7=> P(v, > ) # P(v, = V)

* Neutrino Mass hierarchy unknown

Am2so| ~ Am22| - |0'4 eV2

Ci3
023 “323 1
~Idgp
Sp3 Gy | 513e
Vel
Siﬂ2373 COS(f:
o —
sinfy3
Ay,
sin6yp bin6y 3 ,
e |
Amgy -1
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kindy{ —
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~id¢p
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. cosd =
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O. Mena and S. Parke, hep-ph/0312131
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A Long-Baseline Neutrino Experiment

_—

Vu Beam

Blind to full FD sample until
freezing of analysis procedures

FD Measurement
Analyze beam flavor, rates
Obtain FD energy spectrum

ND Measurement
Analyze beam flavor content,
neutrino flux, rates
Obtain ND energy spectrum

Predict the Far Detector
Transfer ND to FD,
function of flux, cross sections,
efficiency, energy resolution

Fit osc. prediction to data
Derive oscillation parameter
values and uncertainties

» Aim to make precision measurements of osc, parameters, search for 813 and CP violation
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Where can we find them?

‘1:;" :

L ScleRCEphotoLIBRAR

racking Calorimeter

£810km, E»2GeV
Off-axis beam

r

©42011 Google
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48°31'10.44"" N 96°57/09.55" W elev 1147 ft Eyealt 512:87mi
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Where can we find them?
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Where can we find them?

OPERA
1.25 kt
Pb/emulsion

m.,,.,Google'

44°33'10.52"' N 12°29'33.00"E elev -2ft Eye alt 673.68 mi

IFIC Colloguium, Valéncia, Dec. 15, 2011 Alex Sousa - Harvard University 15



Creating a Muon Neutrino Beam

Muon Monitors

, Absorber
Decay Pipe

e 5m | = 18 m
10 m 30m +———— ' Hadron Rock  12m
675 m Monitor
! O E ! e Low ane}gy beam ]
_— : g‘ 25  Near Detector —&—Righ enargy beam (x0-5H]
e - - E Fluka08 MG ]
¥ _’,-"'f"-_':-;‘ « : e . =— "‘-_' 8 20;‘ Tuned MC —j
<" 120 GeV/cp from the FNAL Main Injector ">“‘ 153_ s
-+ Rep rate: 1 spill / 2.2 see : ® F
3.5e13 POT/spill O ]
10 microseconds long -~ w F
. Beam power: 320 kW average Tt 5b =
g : L | | | = - .
w G 5 10 15 20
Reconstructed Neutrino Energy (GeV)
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Neutrino Disappearance Measurements
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Oscillation Parameter Measurement

» Compare unoscillated Far Detector prediction from Near Detector with
Far Detector measurement

* Neutrino oscillations deplete rate and distort the energy spectrum

L
P(v, — v,) ~ 1 — sin*(263) sin” 1.267Am§QE

Input: sin?(20)=1.0, Am?=3.35x 10~ eV?
Far Det v, spectrum

d
>

Monte Carlo

a
-
T

Unoscillated

(=]
(o =] —
|
N
-
Q
2
5
i.
2
Are
_+_
-
_+_
— &

Oscillated/unoscillate

200 Oscillated 8t _
o.s# bip +++
- +
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Oscillation Parameter Measurement

» Compare unoscillated Far Detector prediction from Near Detector with
Far Detector measurement

* Neutrino oscillations deplete rate and distort the energy spectrum

L
P(v, — v,) ~ 1 —sin”(2603) sin” 1.267Am§2§

Input: sin?(20)=1.0, Am?=3.35x 10~ eV?
- Pl
Far Det v, spectrum ® Monte Carlo

Unoscillated

=
o |
200 Oscillated Sos- %M (2923i+++‘HH
Bost 1 47
100 so04f 41
R il
©02- ~*
+*;']_ ~Monte Carlo F(...:‘)I*Amég . .
o2 aTTE TR 0 =23 @& & 1o

Visible energy (GeV)
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» 735 km baseline from
Fermilab to Soudan Mine

MN \ . Lake d U5|ng NuMI V“ beam

Michigan

« 2.5x10" protons/pulse
320 kVV beam power
* 3.3 GeV average EV

Madison §
o

* Detectors are planar steel/scintillator
calorimeters

» Functionally identical

* Magnetized with <B>~1.3T —

Fermilab

* Cancellation of V flux and
cross-section uncertainties
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Detector Technology

« Steel/Scintillator Tracking Calorimeters
+ 2.54 cm-thick steel plates (5.96 cm between
plates)

* | em-thick, 4.1 cm-wide extruded polystyrene
scintillator strips

Extruded |
scint. strips
4.1 x 1 em?

* Both magnetized with <B field>~1.3T

U V planes
+/-45°

| \fi\\ WLS fiber
Clear \§;

'F_iber cables

+ Can measure muon energy from range in
detector or from curvature in B field

* Able to distinguish §* from p-

y [m]

- SER - N - ROV OY -~ IR SN T

Orthogonal

orientations

of strips
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. Separate CC from NC interactions in the ND using a k Nearest Nelghbors aIgorlthm

LN RN A N [N N U B[N ML N NSl B FNEL AN N O i I | ! 1]
- LowEnorgy Beam _ 20? - MINOS Preliminary r
10+ —e— Data . e [ -=Data ]

'6 B MC expectation ® - == MC Expectation
mn. B NC background o 15[~ Il Total Background i
- X - 1
[= —P>  Acce pted = - Near Detector 1
= 'E _'/ 5 10f- 8.65x 10" PoT -
& | e [ :
g | 5 of :
> 5l =
107F L E
S R SR . - ]
5 L ! . el -
0 02 04 06 08 1 % 5 10 15 20

CCINC separation parameter (low energy) Reconstructed ¥ Energy (GeV)

* FD energy spectrum without oscillations is similar to 1/R?-scaled ND but not the same

p Target

E,~ 0.43E, / (1+y,26.2) ND

* Neutrino energy depends on angle with original pion direction pion energy

* Near Detector covers a wider solid angle

+ Higher energy 11 travel further downstream the decay pipe and decay closer to the ND
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» Start with measured Near Detector neutrino energy spectrum

« Use Monte Carlo to provide corrections due to energy smearing

and acceptance

 Obtain Far Detector spectrum from Near Detector using 2 beam

transfer matrix

 Matrix encodes knowledge of meson decay kinematics and

beamline geometry

3 10°
0]
o >
S 200 ) ]
o 4] 3
5 g 10
b )
< g
° L o
<, X 3 10°
% 100 E
£t S
Q
i 2 10°
(]
L — a
%‘ : N il ] 1 1 -I.. A L L LL
5 10 10710
True E, (GeV) 0 5 10 15 20 25 30

Near Detector Neutrino Energy (GeV)

Events/Kton/1-10" POT

10°
0.3
I
L L Far
0.2+
t
01
3 10

True E_(GeV)
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» Charged-current events selected in the Far Detector
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4 I ] b . I k N iy I A 4 ' | ' ! LA
MINQS Far Detector

—4— Fardetectordata  —

— No oscillations

Best oscillation fit |
[ ] NC background -

" Il i

2 4 6 8 10

Reconstructed neutrino energy (GeV)

[~

Neutrino Disappearance ;%

S

oI T

0.5F

Ratio to no oscillation

—T T

| I T——"

RS S U

+

—4— Far detector data
Best oscillation fit
Stats. only decay fit

Stats. only decoherence fit
i ! 1 | E—" L

Reconstructed neutrino energy (GeV)

2

Phys. Rev. Lett. 106, 181801 (2011)

4 6 8

2467 events predicted w/o oscillations, 1986 events observed

 Best fit to data from neutrino oscillations

* Pure decoherence disfavored

* Pure decay disfavored

> 80
> 60

Alex Sousa - Harvard University
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4.0
+ Best fit values for oscillation parameters 3.5
3 0.12 —3 _x72 o
(A | = 2.807 02 5 10 %W >3.0
sin®(263) > 0.90 (90% C.L.) o
o
—2.5
World’s most precise |Am?,:m| measurement! &
£2.0
<
1.5
* Best measurement of 023 from SuperK:
sin(26023) > 0.96 (90% C.L.) 1.0

Neutrino Disappearance ;%

®  MINOS best oscillation fit

| —— MINOS 90%

— Super-K 90%\
-

[ ~—— Super-K L/E 90% e

== MINOS 68% —

i P T SN LT

0.6 0.7 0.8 0.9
sin®(26)

1.0
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The T2K Experlment

30 GE‘I/M'." -

J-PARC Facility
(KEK/JAEA)

= View to.North

ND28o

of2i \ Fe Next Generation long-baseline
experiment

Far Detector (SuperK-lV) placed 2.5°
off-axis

Two near detectors

Off-Axis (=SK dir.) On-axis INGRID detector to measure
SR beam profile and direction

measure:

-v flux/spectrum Off-axis ND280 detector to measure
- Cross sections .
flux, cross-sections and flavor

E. Zimmerman, I(CHEP 2010 . 4 CompOSition
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T2K Vi, Dlsappearance

T e e e T

—— Data

-~ No oscillation

Selection for muon neutrinos:
i fiducial (88 events).
oy - single mu-like ring (33)

il e il Muon momentum larger than
i —e— data/nominal MC 200 MeV/c (33)

best fit / nominal MC

(sin’28, Am?) = (0.98,2.6x10eV?)

Number of events
—
o
L ]

[3))

L ]

0 or | decay electrons (3 1)

. | - 104 events predicted
== without oscillations

ratio
-

0 05 1 15 2 25 3 35 4

Reconstructed neutrino energy(GeV)

H.Tanaka, Lepton-Photon 201 |

MC w/ 2-flavor oscillation

_ Mc

28.4 | 173 <01 18 | 104

Efficiency 20% | 72% 21% 0.4% 3% | 43%
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Allowed Regions

——— T2K 1.4310°°POT (w/ syst. error fitting), 90% CL (Fit A)
--------- T2K 1.43x10”°POT (wlo syst. error fitting), 90% CL (Fit B)
—— MINOS 7.25x10°°POT, 90% CL

— ——— Super-K Zenith (preliminary, Neutrino2010), 90% CL =1

o 90% CL, MethOd A(B) - ———— Super-K LIE (preliminary, Neutrino2010), 90% CL -

................
----------------
e
-----
e
.......
ar®™
-
-

91 x107% < ’Am2| < 3.1 x 107 %eV?
sin”(26053) > 0.85 (0.84)

L.
.
.
L
......
vvv
---------
L

ol Best-fit (Am?, sin’20)
FitA (2.6x10%eV?,0.99)
FitB (2.6x10%eV?, 0.98)

1 1 l 1 1 1 1 l 1 1 1 1

0.8 0.9 1
sin’(26)

* No oscillation hypothesis excluded at 4.5 O

 Systematics coming from Far and Near detectors efficiencies, cross sections
and beam flux simulations are ~15%

* Analyses with and without fitting for systematics give consistent answers
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?
* Antineutrino oscillation parameters P(V — v ) = P(\_/ — Vv )
known with much less precision 3 3

* MINQOS currently the only experiment that

can perform event-by-event Vv, -
; i v, [
identification 3 A

- Allows for direct precision
measurements of antineutrino
v, [,

oscillations
? 5
atm

+ Differences in neutrino and antineutrino
oscillations could be manifest in the respectivev -
mass- red splitti 2

ass-squared splittings Am?. N

sol

)
<

- would be indication of new physics in "

the neutrino sector!
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Neutrino Running - Reminder V-

30
25

I!IITIIllll]lllllllllllil

LIS RN B N B RN NS E L ) BN AL L AL A N A N

v, Spectrum
Monte Carlo v, Spectrum

Neutrino mode
Horns focus n", K*

v, =91.7%

!IFI!IHIIIIII|III1|H1I|HI

TN

Horns focus 11%, K*, which decay into vy
Higher energy v, from very forward TT-

Most of MINOS beam data taken in this

v, =7.0% configuration

v +V, =13%

ill]ill}!lt]llllli

Flux x o (Arbitrary Units)

O "5 10 15 20 25 _ 30
Epue (GEV) |
Target Focusing Horns Decay Pipe
| " -
120 GeV -
protons e
from Ml <
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Lt M wseeetim 1 £,y spectrum
S sof Monte Carlo v, spectum 3 5§ o Monte Carlo v, Spectrum
2 35F Neutrino mode 1 23 Antineutrino mode 2
£ 30¢ Horns focus 7", K* 4 £ Horns focus 7, K- 3
= 3 e =

L o v, =917%|] < L =39.9%| 3
O E = Q =

o 15 ] & . =58.1%| 3
x ot E , =20%
TR = : e
20 25 30

120 GeV

protons
from MI
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Antineutrino Cross Sections

sreneramceakat i sl T
3 5__ —— GFLUKA E E*BESCWBB
. - e ; 0‘9 = __‘Q'GGH-?S
E PLUKAO1 4 p E j | IHEP-ITEP
: FLUKAOQS e 0.8 H il | = sar
E I % il’ il [ﬁ}}" : LI g Jeal 4= anL
+ ('E ' ‘. 0 0.? :_ .. iw I“,_L I — .I :-E-CRS
= fyin - = ' = com-sps
di se2f - E 0-6 E } } =
o ol S & A{-=s8nL 71t
ﬁ . P : i © 05 —{-+ ccrrr
3 - ?3 : v N |- ccrro0
— 04p ({) C o, b bi -+ cous
X 0.3 f_—'——ﬁ'ﬁi, —Fy .H—Lr +ﬁ‘r T % :_i-T}-IHEP-JINR
bILl.l) : } I { ;—:—ccmsa
02| - wnos
8 3 0.1 - — world cross-section 30-50 GeV -
010 20 30 40 50 60 70 00, 10 20 30 40 50
p [GeVi/c] Neutrino Energy(GeV)
Eur. Phys. J. C 49 897 (2007) Phys. Rev. D 81 072002 (2010)

. Why is the vy peak lower by a factor of 37

x|.3 from lower TT- production

| x2.3 from lower Vu cross section
V.
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MINOS 2010 Vu Measurement . A

Phys Rev. Lett. 107 021801 (2011)

ci; e _ L Possible explanations in literature:
k" MlNosv 90%  — MINOSv, 90% | . .
@ BF i MINOSY, 68%  ---- winosv,68% | - CPT and Lorentz Violation
%S | e Besty, Fit @ Bestv, Fit 1  L.Liu,J. Tian and Z. Zhao, Phys.Lett. B702 154 (2011)
- 5 1.71x10% POT 724x10°POT 1 | S, Diaz and V.A. Kostelecky, arXiv:hep-ph/1108.1799
S 7 { - Non-Standard Interactions
< 4_— """""""""""""" = J. Kopp, P.A.N. Machado and S.J. Parke,
= {1  Phys.Rev. D82 113002 (2010)
% 3 W.A. Mann, D. Cherdack, W. Musial and T. Kafka,
— I T Phys.Rev. D82 113010 (2010)
g 2:_| THEL TR ERTE TRl TR h . | d
= 05 06 07 08 09 1 Physicsword.com
sin2(29) and sin2(2§) Neutrino surprise emerges from MINOS
e ~ Jun 18, 2010 15 comments
_ o 2a+0.46 ., 10—3,1/2 IheMINOS aprmtvesselip It would ot ust
}A atm} 3.36 —0.40 x 10 eV :nal:indQYMef:sthigh ;Ire!cisi:: demolish any
measurgments ofa oont.rol'led beam particu lar model,
Sln (29 23) = 0. 86+8 5 Certclo sccsiorator anvionment, It wouId require
_J §ach.le)g.)erimeg::ﬂ run ber?;ns at revision of the
_‘ errm.a near tcang re a ; Whole Way We dO
_ 939012 o (=352 T e
‘ AD']'E]'[ 1M ’ T 2 32 —0.08 X 10 ev ﬁeuttrino(s, gaII:d the :uMI befam. gar:’cweiz lysws."
This is fired through the Earth c:;’lege’ x NOpars
S].I]. (2923) > 0_90 (90% C‘L_) towards the Soudan mine in
.

“  Took 70% more v, data for 2010/201 |
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Far Detector Energy Spectrum /%

— T 3I—— S —————
60 —+— MINOS Far Delteclcor IDa'lca o -] B Low Er:ergly Blearh,vit-mlodé o
i Prediction, No Oscillations 0 i 2.95x10%° POT 1
i J_ Prediction, Best-Fit Parameters | S - MINOS PRELIMINARY |
Uncertainty (oscillated) % 2 —
E 40__ (] Backgrounds (oscillated) __ § i + 1
-~ - Low Energy Beam, Vu-mode E @) : __L e :
*UE) - 2.95x10%° POT y > 1 - ! _+7
g - MINOS PRELIMINARY 1 o - ﬁ:‘:J—:F' il
| | - | ——
9 i ]
[T | 4+
i o Of"- —+— MINOS Far Detector Data ]
. 5 Prediction Best-Fit Parameters |
. T P N H R S Lol b b b b b i
5 10 20 30 40 50 0 5 10 20 30 40 50
Reconstructed v, Energy (GeV) Reconstructed v, Energy (GeV)
e N\
Prediction, No Oscillations: 273 events Vy Oscillations Best Fit Parameters
Observed: 193 events |AmZ,, | = [2.6250 35 (stat) £ 0.09(syst)] x 107%eV?
o +0.10
Null-oscillations excluded at 7.30 sin (2923) 0.957¢1; (stat) £ 0.01(syst)

\ V.
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Antineutrinos

|AmZ, | = 26210355 x 107 %eV?

sin?(2023) > 0.75 (90% C.L.)

Assuming identical underlying
oscillation parameters, the vy,
and Vv, oscillation
measurements are consistent
at the 42% C.L.

(was 2% in 2010 analysis)

IAm? or |AM?] (10 eV?)
w NAN 6]

N

Contour Comparisons %

Neutrinos

—2.32"

0.12

)
’Anla 0.08

t111’

x 107 3eV?
sin”(26,3) > 0.90 (90% C.L.)

T T T T | T T | T T T T | T T T T | T T T T
[ 90% C.L.

[ —MINOS¥, 2011  « ¥, Best Fit 2011 |
| — MINOS VM 2010 ° VM Best Fit 2010 N
| — MINOS vy * OV, Best Fit i

b ¢
~ MINOS Preliminary =
- 2.95 x 10” POT,v,-mode -
C T
0.5 0.6 0.7 0.8 0.9 1

sin®(26) or sin*(26)
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World Picture (MINOS, SuperK, T2K)

| 90% C.L. ]

- —MINOS v, 2011 = v, Best Fit 2011 -

5 - — MINOS v, # v, Best Fit B
--= Super-K v, ** — Super-K v, L/IE** -

-- T2K v, w/ Syst. Error Fitting* ]

4 R

w

L | T T | L |
A

* Preliminary (EPS 2011)

o

** Preliminary (Neutrino 2010)

~ MINOS Preliminary !
L 2.95 x 10%° POT,v,-mode

IAm?| or |AM7| (102 eV?)

N

L | Al

| 1 1 1 1 | 1 1 1 1 | 1 1 1 1 T,~4~ | 1 1 1 1

u Ll
0.5 0.6 0.7 0.8 0.9
sin®(26) or sin“(26)

=
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Neutrino Appearance Measurements
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The OPERA Experlment

Osulla’uon PrOJect Wnth Emu|5|on tRacklng Apparatus

Look for v+ appearance to directly confirm vy — VvVt dominant oscillation mode

/ Tams
LHC

ALICE

Halium bags

Target Reflector s
Horm - . | -
e ] - - Fion / Kaon
Proton | | . E i
beam 4 | I ——
o d3dm =t

» 730 km baseline from CERN to Gran Sasso

+ CNGS vy beam from SPS’s 400 GeV protons

* Far detector divided into two Super-Modules
* Target composed of lead/emulsion bricks

* Muon spectrometers magnetized with [.5T
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————

daughter

1000 um

- T — p(m + 7TO) + v, |[BR = 25%)]
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OPERA v Appearance

. o ’ 5
Analyzed 92% of the '08-'09 data Decay channel Number of signal events expected for

. 19 Dm? = 2.5x103 e\
4.8x 107 POT 22.5x10'° p.o.t. Analysed sample
« 2.6 times more data than TOH 1.79 0.39
revious analysis Lix s 2.89 0.63
P Y T>h 2.25 0.49
1 3h 0.71 0.15
Total 7.63 1.65

« Significant improvements in the

analysis and simulation chain. « One tau neutrino observed in
the T = h channel.

* Including better charm cross
sections and reduction of charm .

Observation compatible with
background.

expectation of |.65 signal events
and a background of 0.05+0.01.

* No new tau neutrinos
found

arxiv:hep-ex/1107.2594

- Significance of observation is 95%
(was 98.2% in previous analysis).
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Ve Appearance Search for 613

Probablllty for Ve appearance in a 0 Gl B

A :, o= Ale ]_
Vyu beam is given by: o = A 11 GeV S 1E Am3, 30
e . 9
. _ sin“(A —1)A sin® AA
PV, = Y.) =~ (sin®26,3sin’ 6 + o sin? 2015 cos? fy3 —————

, ~ . , sin AA sin(A — 1)A
—I—Q@m 2015 sin 2053 1 ((A — 1)) cos A
+ sin AA sin(A — 1)A .

: )Q@m 2015 sin 2053 1 ((A — 1)) sin A

Probablllty depends on 813 and 6(:?

I“’Iatter'J eSffects => dependence on mass hierarchy
0.15g—— oS e
L= 735 km 1 L= 735 km
sini(26,,) = 0.15 sin’(20,,) = 0.15
‘;&; 0.10 n ‘;as 0.10 5=0 g
- L TAmg>0
& 0.05 /2 - & .05 —Am;,<0 5
0G5 7 %6 8 10 0G24 & 8 10
Neutrino Energy (GeV) Neutrino Energy (GeV)
Long-Baseline experiments can measure sin’28 3 by searching for V. events in Far Detector
IFIC Colloguium, Valéncia, Dec. 15, 2011 -

Alex Sousa - Harvard University



MINOS Signal and Backgrounds /¥

[T

Event =

AREEES
‘NC
8 E
E .E 0.2
Reducible |2 A
Background |2 g
7 2-0.2_
: g

e
>
T TT

o
(=]
T TT

11 | 111 | 111 | L1l | 111 | L1 | L1 | 111 11
04 02 0 02 04 06 08
Depth (m)

o
o

=)
»
e
S
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[Y)
o
(%)

Signal
Irreducible

Background

(=]

Transverse Position (m)

(=]

() =) 3
Transverse Position (m)

\
o
(Y

o

FS
I
FS

e
o

v v v v b b gy
0.2 0.4 0.6 0.8

Depth (m)

» Steel thickness ~ 1.4 radiation lengths, strip width > Moliere radius
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MINOS ve Appearance Results -V

* Background/signal prediction and systematic errors finalized before
looking at data in Far Detector signal region

[ T I T I T I T I T I T I T ]
IMINOS Far Detector Best Fit (LEM > 0.7) i
= 30~ —= FD Data ]
Ofl —— Background
S ]
S 7] signal :
20 —
(f, sin%(20,,)=0.041, Am3,>0, 8.,=0 -
0 _ }
P [ Merged for Fit {_
$ 10 —
g ]
w ]
0 1 I | I 1 I Il I 1 i

1 2 3 7

4 5 6
Reconstructed Energy (GeV)

Observed: 62 events

Prediction: 49.5 + 7.0(stat) * 2.8(syst) events
\

« Measurement still very statistically-limited
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i Am*>0 - Assuming Ocp=0,  sin?203=I
g —MNoGHemERE - Best fit for normal (inverted) hierarchy:
. i [ es% CL ’ (
J% : B 90% cL i ) — j
3 e | sin” 26,3 = 0.04 (0.08)
i 2sin’9,,=1 for CHOOZ -
5 * Exclusion limits
] (sin® 26,3 < 0.12 (0.20) at 90% C.L.)
AM? <0 ]
. » sin%203=0 excluded at 89% CL
E ]
> ks
<’ 8.2x10° POT ]
J « Uncertainties in the other oscillation
| MINOS - parameters are included in the contours
i PRELIMINARY 1
0-% = 0-2. o .0:3, PR -0.4
2sin’(20,,)sin0,,

Phys. Rev. Lett. 107, 181802 (2011)
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T2K ve Appearance

- et e e o =~ e s e

« Selection for muon neutrinos: 4+ Data

B Osc.v, CC
\¢TCC

N v, CC

I NC

(MC w '..yt"?u «0.1)

* Single e-like ring (8 events)

Visible energy larger than 100
MeV (7)

No decay electrons (6)

Small invariant mass (6)

Number of events /(250 MeV)
N

o

Ev in oscillation region (6) 3 s S el

Reconstructed v energy (MeV)

Total Vu CC Ve CC NC solar

Vu— Ve

1.5 0.038 0.8 0.6 0.09
* Null oscillations excluded at

Expected Background 1.5+0.3 99.3% C.L.

Phys. Rev. Lett. 107, 041801 (2011)
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Events / 8.2 x 10%° PoT

Events / 8.2 x 10%° PoT
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Double Chooz Reactor Expt.

* Reactor experiments look for disappearance of the reactor Ve flux, thus are
insensitive to CP violation and make an unambiguous measurement of sin?203 :

L4 Atmospheric sector (" 2
optimﬂm distance Plv, —rp.) =1 sinZ 20 +sin? A_m&é
12 % \ KamLAND e e/ — 13 AE
=
SRR 1o 1 O K SN _,._;#. i - o ! . Am“ L
z ## < N\ — cos? 043 sin® 20,5 sin® [ —2—
g 08t . S s
3 VO,
£ 06 4 ILL 3 IJ . . :
iz X Suvannah Rive A * Double Chooz taking data with Far detector since
2 Bugey [ .
04F X Rovmo Solar sector “'lj Ap!‘ll 201 |
& Goesgen . .
Cnovank OSCllation curve g
081 B phansyaes * Near detector turn on in January 2013
B Chooz Double Chooz-sensluwty no oscillations
{}.{}_ 1 1 | | 1 LB | T LA | T l‘.‘gl)gy‘l n }-
? — o SeNsity’
10’ 10° 10° 10* 10° 0141 iy
Distance to Reactor (m)
0.12 =
T2K best fit 0.11 N.H.
[90% C.L)
Double Chooz is a second generation reactor experiment _, ©'f| Far dececter i+ Noar detecions
102 v /s N% - :

1,7

<

v

Oscillated flux

Chooz P.luclo;r Povuv!or Station Noar detector Far deotoctor 0.02] Q, 'b 'b h bu ‘.) 6 6 A
2 cores of 4.27 GW,, each 400m; 1050 m '),0\ 0\ 7,0‘\ Q\ o QQ\ 0\ DSING AN rLO\

ot yp)o\g&\ 50\56‘)\3\5'&‘ »>\o<\ o\w
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MINOS, T2K and Double Chooz

First Double Chooz results announced last month! *[---5o

___AAlj..,f".‘_;;_\,ﬂN(‘)fq_"_16___. NOI’mal
FOI0R A 9.5 ;
H. de Kerret, LowNu 2011 BN et Hierarchy
»n 700 — —TT] —T T il 3 Normal hierarchy
E —— . 9 2t e a |
& 6001 + ------- No Osclllation = 2} ’ 68% (2.27) |
] e o ——— BestFit: sin‘(26,) =0.085 | it 95% (599 [ @
; 7P ekl s mm 99% o2 | = 3
500 s = & 0 : IS x M
- I Fastn - S ®  Bestfit S ™
. e Accidentals . g =
400/ - € i o
u il -2t 5
300} : A < %
- . ‘) g
- : 0 05 1 < &
e g % S €
E - =
100 i Ts
; .. Inverted 5§
= ] o i L >
QBT oo 1 Hierarchy g2
2 3 6 8 10 12 e i S g
Energy [MeV] 5 Tnverted hierarchy | {t =N
‘ 2dof: CL A¥? || Z
Rate + Shape Analysis: %2 , gi‘;g;g 1 z 2
$in2(20,3) = 0.085i0.0Z9(stat)-_l-0.042(syst)| | I — e ®
B A ®  Bestfit
. |7
Combined results disfavor 03=0 il 7
at more than 30! ‘ CHOOZ 90% limit
CA

SiIl2 2913 = 0.081 (0087) o 01 02 03 o4 : 1
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OPERA Measurement

£100,

Zoom on the spill peaks

"‘902
gof
70f
60F
soi
402

30F

@

=
Exir.d Exir.2 g L

w4 gl 105 pus

-—

50 ms

10°

—QOODU —5000 0O 5000 10000 15000 20000
A t closest extraction (ns)

A t first extraction (ns)
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Tag neutrino production time using
proton timing measured by Beam Current
Transformer (BCT) device

Tag neutrino interaction time at LNGS

Measure baseline precisely (20 cm over
730 km)

Synchronize beam and detector timing
using GPS common view (| ns error)

Use |5k events (overall precision ~10 ns)
Measure 8t=TOF. - TOF,

CNGS Beam:
SPS protons at 400 GeV/c
Cycle length 6 s

Two extractions of 10.5 psec, separated
by 50 ms.

Pure muon neutrino beam with peak at

17 GeV.

s

GPS
CERN common view LNGS

p
BCT

utc

waveforms

time shift by TOF,

f uTC

data

/K

v

N

target decay tunnel

baseline > (TOF )

z
OPE

8t=TOF, -TOF,

Alex Sousa - Harvard University




OPERA TOF Results

First extraction Second exlraclion

160 B T 5t=0ns 140 E I I m =0ns 50 [ First extraction H
E = 2 ot=1043.4 ns
2 140 | u'lll || 120 F I I'EI.MHIII Ilﬁ# .?f 40
2 E ] B
g 120 :— |I|I -ll-lll V}{"ﬁ 100 : i'] | PI | ?, 30
8 100 - P - ! ||| @ 20
c = 1 l ;l | 80 | i .
BO (i -
> o - ! 10
® e 3 ” i ! b ] | |
40 F ®E, O ™2780 —500 —250 0 250  h400 9500 9800 10000 10200
20 B 20 F (ns) (ns)
;‘ ! | 1 1 . | 1 | -' A -
0 0 5000 10000 Q 5000 10000 @ 50 [~ Second extraction + 50 -
(ns) ) g 4 dt=1043.4 ns g
First extraction Second extracSnon E - =
160 I6t'10434ns 1a0 E Qt-10434ns & :
& 140 1960 E M ||||r l e = -
c ' l - | 10 10 F
E 120 n u! &ﬁg 100 F il : h
D C | C 3
<~ 100 |' - | 0 QU T A )
) I l l 80 I . 0 200 400 600 &0 10400 10600 10800 11000 11200
€ 80 - I
" (ng) (ns)
S 60 B
& ae a0 f * Blind data correction: t=-985.6 ns
20 20 F _
N L | . .. - After fit X2 /ndof ~1: 0t=1043.4 ns
0 5000 10000 Q S000 10000 . . .
o) - * Neutrinos arrive 58 ns earlier!

Ot = TOF.-TOF, = (57.8 + 7.8 (stat.) %3 (sys.)) ns
http://arxiv.org/abs/1109.4897

\ (v=¢)/c =dt /(TOF’. - dt) = (2.37 £ 0.32 (stat.) % *034 (sys.) x107
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Caveat - Supernova 1987a

- e e e e e Y e e L e Tt e

* |l neutrinos from supernova 1987a
(51 kparsec away) were observed at

Kamiokande-Il in time with photons
- PRL 58 1490 (1987).

- IMB [PRL 58 1494 (1987)] and Baksan [JETP
Lett. 45 589 (1987)] also observed in time

neutrinos.
* Total of 24 neutrinos observed MB Kamiokande II
. . ) t(s) | E(MeV)|op (MeV) t(s) | E(MeV) |op (MeV)
* These are electron anti-neutrinos with t=00] 38 7 t=0.0] 200 2.9
. 0.412 37 7 0.107 13.5 3.2
energies ~10-40 MeV. 0650 | 28 6 0303 | 75 2.0
1.141 39 7 0.324 9.2 2.7
1.562 36 9 0.507 12.8 2.9
2.684 36 6 1.541 35.4 8.0
. H : 5.010 19 5 1.728 21.0 4.2
If OPERA result appl-les to all neutrmqs, el B . ol B .
they should have arrived 3.9 years earlier Baksan 9219 | 86 2.7
. t(s) |E (MeV)]|op (MeV) | | 10433 | 13.0 2.6
than the light from the Supernova F=00 120 24 12439 | 8.9 1.9
0.435 17.9 3.6
1710 | 235 4.7 Table from
7.687 17.6 3.5 ,
9.009 | 103 11| J. Ellis et al. (2008)

IFIC Colloguium, Valéncia, Dec. 15, 2011 Alex Sousa - Harvard University



What Happens Next?

3 OPERA took data w:th a smgle extraction of 3 ns
domm - bunches separated by 524 ns
ucol- « Eliminate systematics due to proton time structure

i Results consistent with main analysis:
ns

ol ’ ot = (62.1 + 3.7) ns
P Fermilab Will Double-Check CERN's
ZB000 e upurpge sy W—M‘-L‘\MWWMH /\/Mw FaSter-Than-Light

BE006 6 3E.006 6 GE-006 6 AE006 7.2E006 7 SE-006 T EE006 alSO JPARC' Claim

By Rebecen Boyls Posted 09,26 2011 of 11: 26 am 12 Commonis

S —

« The profound implications of these results call for
independent verification

« MINOS and T2K are in position to remeasure the
neutrino velocity to try to confirm or rule out
OPERA’s perplexing results

« MINOS baseline very similar to OPERA’s (735km)

+ Neutrino energy is lower than OPERA (3.3 GeV)

MINOS Experiment Far Detector NuMUFermiab

IFIC Colloguium, Valéncia, Dec. 15, 2011 Alex Sousa - Harvard University



) t2 =
€ N
«——— ~213us > I: 2449.356us ————>
Kicker fire Neutrinos Neutrinos
signal. hit ND. hit FD.

Measure time of flight as t2 - t|

* Time of flight is measured with neutrinos from
ND and FD

« Cancels out systematics relative to the
proton beam time profile

* 10 ps spill every 2.06 s

* Five or six 1.6 ps batches with 100 ns gaps

3000
2500
2000
1500
1000

500

ND Neutrino Events

5-Batch Spills

o

4 6 8 10
Time Relative to Spill, t (us)

g

FD Events

o0}
III|III|III|III|III|III|III|III

0 2 4 6 8 10
Time Relative To Prediction, (t, - 7) (us)

60 = —126 + 32 (stat.) =64 (sys.) ns

—24x102 < (v——c)/e < 12.6 x 107> 99% C.L.

687 C.L.| ppys Rev.D 76,072005 (2007)

+ Time distributions in the Far Detector are predicted on the basis of measured neutrinos in
the Near Detector

e MINOS makes a neutrino to neutrino measurement
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MINOS TOF Plans

S.

* ShortTerm (vnéxtvé months) - Ret}dspéctive Analysi
» Analyze data sample increased by a factor of 9 with respect to 2007 result
* Reduce major systematics - remeasure antenna cable lengths and electronics delays
« Medium Term (~| year):
+ Upgrade timing system with atomic clocks to take new data from now up to 2012
shutdown with better timing

« Crosscheck OPERA directly using proton beam timing profile by installing atomic clock
at NuM|

+ Collaborating with external experts from US NIST

* Longer Term (~2013 onwards):
« MINOS+: Run MINOS detectors with 700 kW NuMI beam in the NOvA era

« Resurvey distance between : :
survey distance betw MINOS neutrino velocity schedule
detectors (error~10 cm)
- 2011 2012 2013 2014 onwards
 Use auxiliary detectors to — :
furth trai dout Reanalyze existing data MINOS+ data-taking
urther cons.raln.rea ou ~18-32 ns precision Precision comparable to OPERA
and electronics differences Data up to spring

2012 shutdown
11-18 ns precision
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What about T2K?

« Official Statement:

« “T2K will assess a possibility to improve our experimental sensitivity for a
measurement to cross-check the OPERA anomaly in the future.”

+ Distance between the target and center position at

, == RUN-1 Super-Kamiokande: 295,335.2+0.7 m
§ 15 | = RUN-2
é bunch interval 581nsec * Beam neutrino energy peaked at ~0.6 GeV
- 7 * Proton beam extracted every 3 sec
2 10} * Beam spill width ~5psec
% * 6 bunches/8 bunches before/after Summer’10
S | + ~10 ns bunches separated by 581Ins
© 5[
E 7 » Already uses Rb atomic clocks to provide time base
2 for GPS receivers

O T ll | | \M P R
-1000 010002000 3000 4000 5000 « Shorter baseline and reconstruction resolution
AT, (nsec) makes measurement more challenging
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Off-Axis v, Beams

14 mrad off axis

E(v) (GeV)

aa by g N L PP | R N N .|.|‘-|.||.|.-
2 4 6 8 10 12 14 16 18 2

E, (GeV)

=

s

=
o

= B8 =

—_

8

P(r) (GeV

v, CC events / kt/ 1E21 POT / 0.2 GeV
(2]

80 -

| |4 mrad off-axis

g

&

D S
* on-axis Medium Energy NuMI Beam _|
— T mrad off-uxis e |

— 2| mrad off-axis
L.

VI“ ——A—tVe .
Osc. Probability. -

Flux x CC cross section

(Arbitrary Unit)

JPARC

* Next generation of LBL
experiments focuses on
measuring Vy — Ve and
Vy — Ve

+ Main challenge is rejection of
neutral current background from
high energy neutrino interactions

* Place detectors off beam axis

* Narrow band beam peaked
near oscillation max

p K mllﬂ!: . i v SK FD (3
p O OIS G
% i i P %
Oom 120m 280m

« Use large(r) Far detectors to
increase statistics
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The NOVA Experiment

NuI\/II Oﬁ AX|5 Ve Appearance Experlment

810 km baseline from
Fermilab to Ash River,
in northern MN

Far Detector
63 m

700 kKW NuMI
neutrino beam

Near and Far PYC/
liquid scintillator
detectors placed

|4 mrad off the NuMI
beam axis

- ;
b < o) Milwaukee

Search for vy—Ve and Near Detector o aa® =

T ool Fermi'ab
V= Ve oscillations to: =
Measure 03 o) .
L F Chicdgo :
Determine the neutrino PNt e

e
K__n-

L2007 Eurcpa T«h-wkng-n
Irmage € 2007 Ylulhht.mn
0.22 kton image < zm-ms.a

mass hierarchy

Constrain Ocp

Pointer 43'34'32.847 N 89°0C'SS607W. elev 271 m Sereaming 1111111111 100%
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NOvVA Detector Technology

e e e e, L e § g e

| 6-cell PVC extrusions (15% TiO»)
- 357 120 cells in Far Detector

« Extrusions filled with liquid scintillator
(mineral oil + 5% pseudocumene)

« Each cell read out by a wavelength-shifting fiber into
one pixel of a 32-pixel avalanche photodiode (APD)
- 85% quantum efficiency, cooled to -15°C

Sampling | ‘&%“w L,

0.15 X, per plane] ..~ <. - »
= p “/:i'\f“ . (“;%‘:« ‘@zr}ﬁ'f:_’,} '

Y e e

Near and Far detectors composed of highly reflective

32-pixel APD

" .,/"‘Tf'?t HC:’LD‘ b
Al ] IS
60«\ {, ’_2,][ ! | g |
“<J A <l A ]
3.87 cmy, ~] ,,fr; !f 4
l'. i '1‘ -'/ !//:i
|t [ 2 I
L<] &< Plane of vertical cells
I./
<>
\ Plane of horizontal cells
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Event Topologies

750 Cm.

+ Topologies of basic interaction
channels simulated in the
NOVA detectors

* Low detector density provides
handles in rejection of NC T1°
background

+ Expect to achieve 35%
efficiency for ve CC while
limiting NC—=v. CC
contamination to 0.1%

240 cm

;X‘_
] ///
&
iee "Ew- N \ N
b bl " ‘H__H
kL R S
-m-. =] - )" 1] v};
vu charged-current ST EeaaL Ll
R —
X
- cigL N/’{
"'=i| SE
3 3 . /,”H‘x&ﬁ\e_
141 e
Ve charged-current
T e — E————
hoto
ond P X0
i@ Weak,sec
9% " Wit v 2
-"l=!" : 3 \
i = . TV
neutral-current
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o' IMINOS EéSt fit —— SuperK 90% 1

—— SuperK LE 90%

L = MINOS 90%
F === MINOS €8%

T2K expected
sensitivity

-
L R

08 085 09

. 0.95
sin“20

« Expect 1% measurement of atmospheric oscillation parameters

- Assess maximality of 023

- 5% & & & T @
14 kton Fiducial
18x10%° POT v
18x10°° POT ¥

Input Parameter

-t
* -~

illlllltlll.l

.....

* Greatly improve antineutrino disappearance measurements
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Physics Reach-013

90% CL Sensitivity to sin®(20,,) = 0 s0%CL
2 e [T minos 2011
E & / NOvA T2K 2011
1-8 B B =
b Am?>0
16 e <
1.4 | 3
=
NOVA 12 -
1 L =810 km, 15 kT E
Amy2 = 2.4 107 eV? S
0.8 sin“(26,,) =1 7 1
AmP<0
0.6 3 years at 700 kW, L =
1.2 MW, and 2.3 MW T:? .
0.4 for each vand ¥ o 3
— Am?>0 o s
0.2 — Am?<0 “ E
O ¢ 0005 001 0015 002 0025 003 3
2 sin’(0,,) sin®(26,,) |
? : J T 0.2 03 04
150 i = ex 10 eV 200 gi
£ i dized 2sin’20,,8in%0,,
= I I B
‘g 100 [ 1= 1.9107 oV
L 1 1 ‘.! } Lo
M wiiedhi
& w - e
T2K of

: S ok | | L Factor of 10 improvement over previous
S T best limit from CHOOZ
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* Thanks to its 810 km baseline, NOVA may resolve ordering of neutrino mass hierarchy if
sin220,3 is large enough

+ 95% CL resolution of mass hierarchy for values of sin220,3 to the right of the curves

+ Can improve sensitivity by including additional information from T2K’s baseline

95% CL Resolution of the Mass Ordering

95% CL Resolution of the Mass Ordering 95% CL Resolution of the Mass Ordering

S F nova 0 e T —_ 2 ~ - — 2 -
= P NOVA e G | NOVA +T2K < . G [ L=810km, 15 kT
18 © 18 [ S © 4g [ amyz=2410"eV
r L 3 years for each vand v i sin2(2623) =1
16 16 L NOVA at 700 kW, 16 [ Aam*<o0
r [ 1.2MW, and 2.3MW [
14 14 [ +T2K 6 years of v 14 |
. i at nominal, x2, and x4 [
12 | "."':‘.-., ......... 1.2 } 1.2
1 | L=810km, 15KT B T, N 1
i 3 oN2 e T
[ Am,,2=2410"ev: T L
08 [ sini(2923) =1 08 [ L=810km,15kT 0.8
r Am®>0 [ Am,,2=2.410%eV? : 3years for each v and v
06 [ 06 L sin‘(20,)=1 : 0.6 NOVA at 700 kW,
I 3years for each vand v [ Aam?>0 1.2 MW, and 2.3 MW
0.4 |- NOvA at 700 kW, 04 | 0.4 + T2K 6 years of v
[ 1.2MW, and 2.3MW at nominal, x2, and x4
02 e 0.2 . 0.2
L et T e [ NOvA +T2K .
00““0‘05‘ '(')"1 """ ‘01L5" 0 R A L 0"“‘\"‘ N
: : 0.05 0.1 0.15 0 0.05 0.1 0.15

Normal Hi

erarchy

NOVA alone

2 sin%(8,5) Sin*(26,,)
Normal Hierarchy
NOVA+T2K

2 s5in%(8,5) Sin%(26,,)

Inverted Hierarchy
NOVA+T2K
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CP Violation

* NOVA may begin to constrain the CP violation phase space

- Depends on mass hierarchy and size of 0,3

1 and 2 o Contours for Starred Point for NOVA 1 and 2 o Contours for Starred Point for NOvA
— 2 — 2
G NOvA E NOvA i, -
“ 18 © 18 et
16 16 _,-";\mg,ﬁ =2410% eV
: sin(2 =1
1.4 1.4 : sin ( “23)
H NOvA 3 years
1.2 12 A — Y \ at 700 kW
' “for each v and ¥
1 1 . ‘
e, o \ :Amz >0
L 0.8 :..", 53 .-\m’ <0
0.6 Am,,2=24 10'3 evz S T 0.6 :
sln3?211m) =1 — i:a § g
0.4 = 0.4 d
NOvA 3 years 5L
0.2 at 700 kW . 0.2 -." ™
foreach v and ¥ = 2
0 0.02 0.04 0.06 0.08 0.1 012 0 0.02 0.04 0.06 0.08 0.1 0.12
2 sin(6,,) sin®(26,,) 2 sin%(8,,) sin(20,,)
CP phase constrained to upper half CP phase unconstrained as matter
plane and mass hierarchy resolved effects and CP violation effects cancel
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* NOVA may begin to constrain the CP violation phase space

- Depends on mass hierarchy and size of 0,3

& ()

1 and 2 o Contours for Starred Point for NOVA

2
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1 and 2 o Contours for Starred Point for NOvA
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Status

« T2K has started operations and g |~ Pelivered peuont

Prindes pret pubias For physdes rum

. . #® —— Physics run Protoa per pulseal runsy p
published first results using ER vt B Cycle: 32051 > 2] 2
1.43x10% POT sample 5 Uomweawe g S N

‘ z " Runi - ', o &
* Run stopped since the March’Il & 3 3.2x10% POT I_.tl i ;

. 6 S« gy | : 40

earthquake+tsunami oy foranabset b T shutdown | .3
) Lomom : ¥~ 11.1x10'° POT}e0

. EXPECt to resume beam data taklng o Y ' for analysis ::
1 1 0 Mar/10 May/10 Jul/10 Sep/10 Nov/10 Dec/10 Mar/ II?

within next month b

* NOVA Far Detector building ready

* Far Detector construction to start
in February 2012

* NuMlI beam upgrade for NOVA to
start in Spring 2012

« NOVA operations with full FD
begin in early 2014
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Longer Term Future

3rd Generation LBL experlments |
(next decade) will focus on measuring
CP violation and determining the
mass hierarchy

Milwauke P':C)

. & R L \ > ‘\--\ \
Different Det. technologies proposed: §& enatha 4 & & Fermilab,
Water Cerenkov O(100kton)

* Liquid Argon O(50 kton) |
- Liquid Scintillator O(IOO kton) BRL_

Exploit L/E CN2PY (Pyllasalmu)
S S DS = Initial : beam from SPS (S00KW - 750kW)
dependence ¥l =  Long term: LP-SPL + HP-PS - >2MW

strong matter o ~'52°30"
Possible synergy
effect % =

with a NF beam

T2K 90% CL
Compare
neutrinos and

7 - ol S5y i
V‘ & { l‘;'s ! £ -  § 4 7 ’
antineutrinos i & gl
s ran a350 Lal JT ¢ I
CN2FR (Fréjus) | L.
®* HP-SPL + accumulator - =
Y | CNGS - Umbria
B A H i = Beam from SPS (500kW)
Possible synergy [ Norcordeteaos = X ormal Hlerarchy
/ z

X Da A% U5 Na v o o . ﬂ m
52° 505363 N 9'59'3741 E elev 150 m 0 02 0 04 O 06 0 08 0 1 0 12
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The World of LBL v Experiments

T o R e e T L T T e Ty e B e e Dl et o R T o = s St o S B S

e g = e Za e e B S
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“. NOQvA MINOS'

¥
Running A

Under Construction ?
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Outlook

e

 Long-baseline neutrino experiments are making fundamental
contributions to the measurement of neutrino masses and
the understanding of the neutrino mixing matrix

=2012/2013 should be very exciting.VWith new T2K data and
new reactor experiments,a 50 discovery of non-zere.0s is
possible!

¢+ Determination of neutrino mass hierarchy (may happen during
]Eh'lls decade) and measuring dcp are the major challenges that
ollow.

* Many ongoing R&D efforts for 3rd generation experiments.
Size, scope and funding of these large projects will likely
require worldwide coordination

expect the unexpected
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