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Introduction

* The long baseline experiments start off with Vu and
look for disappearance of Vu and appearance of V,

Oscillation probabilities for an initial muon neutrino
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Introduction

* The long baseline experiments start off with Vu and
look for disappearance of Vu and appearance of V,

Oscillation probabilities for an initial muon neutrino
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Introduction

* Their beams pass through matter, and the produced V_s
interact additionally with the electrons in that matter

Oscillation probabilities for an initial muon neutrino Ve B= Vey Vi Vr Ve, V;nK'rz
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Introduction

This extra interaction produces an enhancement or suppression of
the oscillation probability which depends on the mass hierarchy

Oscillation probabilities for an initial muon neutrino Ve e Aol g5 et
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@ At L/E~500 km/GeV, dominant oscillation mode is v, —v,

@~5% of the missing v, should change into v,
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@At L/E~500 km/GeV, dominant oscillation mode is V,—V,
@~5% of the missing v, should change into v,
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@At L/E~500 km/GeV, dominant oscillation mode is V,—V,
@~5% of the missing v, should change into v,
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@ At L/E~500 km/GeV, dominant oscillation mode is v, —v,

@ A few percent of the missing v, should change into v,
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NEW RESULTS THIS YEAR!

NEUTRINO CONFERENCE 2012

UPDATED T2K RESULTS




MINOS

* Final MINOS results were presented at Kyoto on
— 013, 013 Am?, Am?, sin®26,,, combined fit (beam+atmospheric), and v >v;

* Total exposure is
— 10.7x10%° p.o.t in FHC (neutrino mode)
— 03.3x10%° p.o.t in RHC (anti-neutrino mode)

* Original proposal was for 1.6x10%' p.o.t. This has = been achieved

(when special runs are included)
Total NuMI protons to 00:00 Monday 30 April 2012
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Data now analysed 3.01 x 1020 p.o.t. (18% of increase over Kyoto)



Super-K

New Super-K atmospheric neutrino data

e New 1097days of SK4 ( 3903days in total SK1-4)

e Reanalyzed all SK1-4 data/MC with common
improved tools

e Improved neutrino interaction code (NEUT) and
updated Hondall flux

M. Honda et al.,

PHYSICAL REVIEW D 83, 123001 (2011)
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Leading to CP violation measurements and
Mass Hierarchy.
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Events / 10.6 x 10° PoT

w
o

N
o

-
o

and anti-neutrino data of 1.4e21 p.o.t assuming same mixing
parameters for VvV and anti-V

e
=
o

o
o
<

(Area Normalized)
°
>

0'0%.0 ‘ 0.‘2

T T i T T T T T T
_ MINOS Far Detector (Preselected)
[ MINOS PRELIMINARY

v-mode

Monte Carlo

— Background

— Signal

!
0.8

2l |

| |
0.4 0.6
LEM Selection Variable

.0

Library of MC events used for event matching

Backgrounds measured in the ND and extrapolated separately

T T T T T T T T
| MINOS Far Detector (Preselected)
[ MINOS PRELIMINARY

~0.15
5 L
£ r v-mode
©
r Monte Carlo
E 010
§ L — Background
B — Signal
2 g
< 0.05

|
0.4

o T T T ]

0.0%.

0.2 0.8

0.6
LEM Selection Variable

| MINOS PRELIMINARY

| sin%(26,,)=0.053, Am3,>0, §,=0, 2sin’(8,;)=1

—T7T 7T 71— T
~MINOS Far Detector Prediction (0.6 < LEM < 0.7) -

=

1.0

MINOS have updated their measurement of 613 using all the neutrino

lJlJ‘l\l\\J\J\

1 2

3 4 5 6
Reconstructed Energy (GeV)

A U L S e T e B
MINOS Far Detector Prediction (0.7 < LEM < 0.8) | - MINOS Far Detector Prediction (LEM > 0.8)

—~FDData k5 |-MINOS PRELIMINARY —~—FDData - = [ MINOS PRELIMINARY —« FD Data

—| 30— Background— o — Back d—
[ Background J cn' |- Sin*(26,,)=0.053, Am3,>0, 3:,=0, 2sin’(8,5)=1 Jrotne :- 30 | sin?(20,,)=0.053, Am2,>0, 8:,=0, 2sin’(6,,)=1 actgroun

] ?2 | v-mode ] 13 | v-mode

4 X | <

— © 20 — © 20—

4 = . o r

_ - _ - [

b ; Merged for Fit b »n [ Merged for Fit

- - 2 - E r

. g 10 § 10

j o 1 1 o

! | L | T |,

0 | ! ! \_ﬁ—_"_g 0, 2

7 8 1 2

3 4 5 6
Reconstructed Energy (GeV)

(-]

3 4 5 6 7
Reconstructed Energy (GeV)

-]



0, 5 4000, S
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* T2K have doubled previous dataset and g i
used ND28O to: z(;(;l:OOxIO'\"p.o‘t. —:
— constrain backgrounds L
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* MINOS new analysis i Am?>0
. — MINOS Best Fit ]
performed with §=68%C.L.
il o0%c.L.

d (m)

i+ CHOOZ 90% C.L. .
2sin’6,, = 1 for CHOOZ

8.2x10%%p.o.t
* Used a look up library of

signal and background
events
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* Data driven
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backgrounds
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Am?>0

New analysis performed
with 10.71x10%p.0.t and lmosBestrn o
Ml co%c.L. ]
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MINOS has a respectable

measurement to finish

with!

T2K now really using
the power of the L/E
choice, near detector
etc....

Possible tension in NH

points to IH solution
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* MINOS is sensitive to

matter effects from long

baseline

* With non-maximal 0.,

each octant

* Theoretical predictions fron

Yanagida (Kyoto 2012):
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Hierarchy?

$2,=0.5, inverted hierarchy
s3,=0.6, inverted hierarchy

1.15 :— ....... 32,::.:. norma: ::orarc:v
» e $2,=0.6, normal hierarchy
. Multi-GeV v-like
* Super-K look at low energy o F
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Status today
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The new precision frontier!




* MINOS have combined atmospheric and
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* MINOS have combined atmospheric and
beam neutrinos and anti-neutrinos for
most precise Am? and sin“20,, < 1.0

* Super-K have done full 3-flavor analysis

to give sin“20,, < 1.0
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Super-K have done full 3-flavor analysis g—
Super-K analyze which octant 0,
0, is the new 0,

LBL measure combination of 6,, and

913 so precise knowledge is important

Normal hierarchy
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In to the (near) future

Fermilab, NuMI, MINOS+, NOVA




Fermilab-NuMI

NuMI beam will be upgraded to NOVA configuration (ME) and 700kW, 6e20/y

MINOS+ will search for any non-standard effects at high precision (10,000 events
in 3 years near oscillation maximum)

NOVA is the flagship experiment for mass hierarchy and CP violation

Full exploitation of the NuMI facility could provide opportunities for augmentation
of present suite of experiments
— Large Liquid Argon detectors — Water Cherenkov detectors? — LSc detectors?




MINOS+
Starts April 2013 for three years

b

April 2013-2016




* The overarching reason to run MINOS in the NuMI-NOVA beam is to
look for new physics in a previously unexplored region

* 3000 events/year between 4-10 GeV near oscillation maximum

L e L A e
B MINOS+ Simulation ]
B i Simulated v Beam
B - - i 5.4 kton, 6 x 10°° POT
2 | . Q
% B (5 1000}
~ \ -
-8 » ’ MINOS+
£ . —
o c ! — NOvA
g ﬁ¥_+:+_ | 2 ' MINOS
g 0.5 —— 20 N W 500/ r
U)i . == gn;nc:os;gg:m POT | ) ! Preliminary
> X (&) s
= 1.2x102' POT |
- —— I 1 5<10% POT 1 >1
| 1
0 L 1 | | 1
0 10 15 20

5
Neutrino Energy / GeV



The overarching reason to run MINOS in the NuMI-NOVA beam is to
look for new physics in a previously unexplored region

3000 events/year between 4-10 GeV near oscillation maximum

Unique high statistics experiment with charge sign measurement
— different energy region

— different systematics (beam, x-sec comp )

G. Zeller
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Search for sterile neutrinos could be interesting

Odd dip will have to wait for MINOS+ for more study

Oscillation spectrum pretty insensitive to primary oscillation parameters in

this region

No sterile neutrinos

AmZ, = 2x102 eV, sin(26,,) = 0.2
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| MINOS+ sterile reach
|Ug,|2=5sin%0,,

|U,,|2 = cos20,, * sin20,, ( http://lanl.arxiv.org/abs/1109.4033)
u
sin?(20,,.) = 4|Ugy|* * [U 47

¢\|> 102 E T
@® ..[ 12x10%PoT MINOS*
~ 10 g_ Vv, running
(3] -
N 1
E 'F
<] -
10'E . "
= 227 MINOS+ 90% CL sensitivity
L 1 cCFR90% CL
10 = [ MiniBooNE 90% CL
10°F
[ L
107 -
10’ 102
N> 10°E T
o) ~  1.2x10%' PoT MINOS+
~ 10 E Vv, rfunning
®
[aVIRS ¢ 1
e 'F
<] -
10'g
§ /] MINOS+ 90% CL sensitivity
B CDHS 90% CL
10-2 E I:'
=[] ccrreowcL
B - MiniBooNE 90% CL
10°%E _ N
= SciBooNE + MiniBooNE 90% CL
B l
10

10° 102



U2 sin MINOS+ sterile reach
=SsIn
IUZj 2 = cosZE)lj4 * sin%0,, ( http://lanl.arxiv.org/abs/1109.4033)
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DimenSion 5 non-standard MINOS, L = 735 km (without matter effect)

1.0
contact interactions show up in :
o 0.8
the region of study
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NOVA

FNAL’s flagship experiment for the next
decade




2 o
NOVA

Physics Goals:

» Measure the oscillation probabilities of
Minnesota V'.l — Ve and_Vu —_) Ve

O Measure the mixing angle 0.,

' ‘: Michigan . .
) 1 Determine neutrino mass

hierarchy

W'sconsin

) Study the phase parameter for CP
Violation 0,

Mincis Indian

» Precision measurements of Am?,,, 6.,
» As well as;:

Missouri

) v cross sections

1 Sterile neutrinos

J Supernova signals
05.09.2012 Gavin S. Davies, nuTURN workshop 42



N

i

\ - e L\\ %
75,6,,7 \\\\\‘
\:J/ |
ar
Detector
» 0 Massive, Low-Z, 65% active Far Detector
o 15 kton, 810 km from source

‘ o Functionally equivalent Near Detector to
M mitigate systematic uncertainties

"o 220 ton Near Detector, 1 km from
source
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How does it work? Two ways

<E,> = 2.0 GeV; sin’20,, = 0.98

@ The different mass hierarchy and 0,5
octants trace out different ellipses

100 | @ After 3+3 (v + anti-v) running NOvA
— 26 (stat) would have a point on this plot

% | @ 6,5 uncertainty and octant is now
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CP violation discovery potential ()

Period Integ. No. of Proton on Target |Beam Power (kW)
-Jun.2012 3.1E+20 170
-Jun.2013 7.8E+20 200
-Jun.2014 1.2E+21 250(*2
-Jun.2015 1.8E+21 250
-Jun.2016 2.5E+21 300
-Jun.2017 3.2E+21 300
-Jun.2018 3.9E+21 300
-Jun.2019 5.5E+21 700|*1
-Jun.2020 7.1E+21 700
-Jun.2021 8.8E+21 700

*1 Completion time of MR upgrade (assumed to be 2018) is suject to change,

depending on economical situation, readiness and so on.
*2 LINAC upgrade completed
* Beam Energy 30GeV
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[~ Normal hierarchy
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* Combination with NOVA and T2K
will be the quickest way to the
underlying information

* Do we really need anti-neutrinos?

LATEST T2K projection is 8.8e21 by 2021
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[~ Inverted hierarchy
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5
[~ Normal hierarchy
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Period Integ. No. of Proton on Target |Beam Power (kW)
-Jun.2012 3.1E+20 170
-Jun.2013 7.8E+20 200
-Jun.2014 1.2E+21 250(*2
-Jun.2015 1.8E+21 250
-Jun.2016 2.5E+21 300
-Jun.2017 3.2E+21 300
-Jun.2018 3.9E+21 300
-Jun.2019 5.5E+21 700|*1
-Jun.2020 7.1E+21 700
-Jun.2021 8.8E+21 700

*1 Completion time of MR upgrade (assumed to be 2018) is suject to change,

depending on economical situation, readiness and so on.
*2 LINAC upgrade completed
* Beam Energy 30GeV

® Combination with NOVA and T2K

will be the quickest way to the

underlying information

® Just running with neutrinos does

the job, possibly faster

LATEST T2K projection is 8.8e21 by 2021
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* Combination with NOVA and T2K will be the quickest way to the underlying
information

* Expectation is that sin20,, known to .01 by 2020 (now .04)

° 823 in lower quadrant gives least sensitivity (shown)

* Allowing for all the present uncertainties

6 | Normal hierarchy 6 | Inverted hierarchy
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* Combination with NOVA and T2K will be the quickest way to the underlying
information

* Expectation is that sin20,, known to .01 by 2020 (now .04)
° 823 in lower quadrant gives least sensitivity (shown)

* Allowing for all the present uncertainties

* Running neutrinos only may be fastest way
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Other New Plans

Mass Hierarchy and CP violation : the
sharks are circling!!!




Daya Bay
60km

*Neutrino target: ~20kt
LS, LAB based
*30m(D)x30m(H)

*Qil buffer: 6kt

*Water buffer: 10kt
°PMT: 15000 20~
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Pingu

* Deep Core has proved the
method of reduction of
energy threshold with higher
density strings

* Pingu will push it further...
and they will still have 1
MegaTon!!!

* 2 years running will measure
MH to between 3-110

The Neutrino Detector Spectrum

100 MeV  1GeV 10

Atmospheric

Borexino/KamLand/Daya Bay/Double.

‘ Chooz/SNO/SuierK

~70 active members in feasibility studies:
IceCube, KM3Net, Several neutrino experiments
Photon detector developers

Theorists

Water/ice Cherenkov detectors: IceCube

lceCube «ouwew=

= e = __— 81 smu%ns. each with
omr—

* Total of 86 strings
and 162 IceTop
tanks;

* Completion with 86
strings: December
2010

* Full operation with

all strings since May
2011.

For results:

see talks by G. Sullivan and A. Ishihara
and numerous posters at this conference

6

ohericl
10 TeV

1450 m

2450 m
2820 m

Accelerator based

2 IceTop Cherenkov detector tanks
2 optical sensors per tank
324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string

5160 optical sensors

December, 2010: Project completed, 86 strings

Amanda |l Array
(precurser to IceCube)
DeepCore

8 strings-spacing op
360 optical sensors
Eiffel Tower
324m

ized for lower gi

A. Karle, UW-Madison

—_————

1EeV

Astrophysical

IceCube/ANTARES ~ ANITA/RICE/Auger/

KM3Net/Baikal GVD

ARA/ARIANNA

Non-accelerator based

Slide after:
Darren Grant
NNN 2011



NuMI Plans

* Further exploitation of the § - e CanadaHwy

NuMI beam could be a good
iIdea

* FNAL considering possible
experiments :

— Off-axis at Ash River

— On-axis on surface at Soudan
or beyond

— On-axis underground at
®»  Soudan Laboratory

\‘External ideas could gain
raction!
.




® Of course others
— T2HK : 1Mton water Cherenkov detector in the T2K beam
— INO : 50kt Steel/scintillator detector, India



* 0., in LBL experiments offers more than just 0..!

* MINOS+ will pick up where MINOS leaves off

— Large reach in sterile search
— Any non-standard effects should be seen with MINOS+

* NOVA will start construction shortly and will start taking
data with 5kt in summer 2013

* It seems likely that the mass hierarchy should be known to
at least 90% C.L. within the next decade (Atmospheric,
\TZK, NOVA, PINGU, DB-LB, Other NuMI?)

®* CP violation comes along with MH

2 Ths is THE only place where the Standard Model is
incorrect®(so far..), and much is still to be discovered....



Backup information




The MINOS(+) Experiment

@Tracking sampling calorimeters
@steel absorber 2.54 cm thick (1.4 X,)
@scintillator strips 4.1 cm wide (1.1 Moliere
radii)

@ 1 GeV muons penetrate 28 layers

@Functionally equivalent
@same segmentation
@same materials

systematic effects @same mean B field (1.3 T)

@beam flux mis-modeling

J; =’ "ga 4 2
@ Two detectors mitigate

@Neutrino x-sec uncertainties

@ L/E ~150-250 km/GeV ‘

@ Magnetized: - :
@ muon energy from range/curvatur '
o\inguish W from p ‘q
puy

)




