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September 2013: Where do we stand?

Can we measure CP violation?

* The measurement of non-zero 6,, has changed the nature of
discussions and presentations about the current experiments.

* I'll go over some experimental issues related to the accelerator
experiments and try to teach you how to compare the experimental

results.
 Emphasis on long-baseline: T2K, MINOS, OPERA
* I'll try to explore what can we expect to know before the next

generation of experiments starts.
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OSCILLATION EXPERIMENTS

How do vs oscillate? —"H'm‘h'

“Flavor” states are mixture of mass states.
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Questions to answer

* What is the pattern of neutrino
masses?

* |s there CP violation in the neutrino
sector? Is it big enough to drive lepto- (Mass)?
genesis and is it related to the quark
sector?

—— sin0),,

Vs I

[

Am:).

atm

VoA
Nl

“Normal”

In a beam experiment, the signal for non-zero
0,3 is v, appearance in a pure v, beam.

There are differences in the rate of appearance
between neutrinos and anti-neutrinos if there is
CP violation and also for the different hierarchies
in matter.
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< How do you build a long-baseline experiment?

S~
A (15t example: K2K -> MINOS -> T2K -> Nova)
o L\‘/"{_ﬁ/ " Japan ‘\\/){/]77
&y, \\ 6PS Satellite
Q&‘ g (broadcasts time) Proton
= # = Synchrotro
SuperK
Detector —— |1 km
Rl e R e R R R i

250 km

Protons

f |
Neutrinos Pions %E

Decay Pipe Magnetic Horns

Near detectors

Always the same pattern:
Accelerator -> Target -> Horns -> Decay Pipe -> Near detector -> Far Detector
09/12/13 Chris Walter - TAUP 2013 5




On and Off-Axis Beams

Neutrino Source

Super-Kamiokande
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Oscillation searches at accelerators

There are two types of searches:
Appearance and Disappearance

* Appearance: MiniBoone, T2K, Nova,

OPERA
40
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rec. v energy (MeV)

CC reaction.
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* Disapearance: MINOS, K2K, SK

- v, disappearance:
. determine 6,5 and Am?,, t
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| |
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- >
Am? E,

I

e

NOT enough energy to produce
lepton in CC reaction.
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How do we measure 6,7

> AmZ L :
P(v, —v,)=sin’6,;sin’ 26, sin® —2=+ sub-leading terms
4EV (sind is in here)
25_"I""I""l""I""I“"I"“I""I""I"_
-, . Schematic figure - V., appearance
C N -V ) is crucial for
F 77 anti-v, | | studying
N\ E #% background v, ) the MH and
L —— signal v, ] CPV!
o |\ E
- : Measure the electron appearance ]
- 'l probability on top of a background -
5 3! —
| ol -
_ PR PUTTY FTTTY FTTTY T e

o0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Reconstructed v Energy

For appearance three main types of background:
intrinsic v, misidentified %, mis-identified charged u

We need a very high intensity beam and a large target. Make a pure
neutrino beam and look for electrons to appear.
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The T2K Experiment

Super-K water Cherenkov Detector as far detector.
Uses the JPARC accelerator complex 295 km away

ECAL TPCs

Far detector: Super-K =
On and off-axis Magaer
hybrid near

detectors
—

. Tracker
Pi-zero

Detector

» 50 Kton Water Cherenkov
Detector

» >11,000 PMTs read out by QTCs

» Image processing for
reconstruction
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Number of v, candidate events /(50 MeV)

T2K observation of v, Appearance

6_

—4— T2K RUN1-4 data
—— Best fit spectrum
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28

Reconstructed neutrino energy (MeV)

events expected background
events observed

A,
@)
2]

8CP

20.4 £ 0.8 events expected @ sin?26 = 0.1

/.50 significance for non-zero 8,4

First ever observation (>5¢) of an explicit v appearance channel

09/12/13

Chris Walter - TAUP 2013

3 __ T T T T | T T T __
- normal hierarchy -
2 in220,; = 0.150+3:932
I -
- 68% C.L.
Uny —90% C.L.
C — Bestfit ]
-1 Runl-4 data (6.393¢20 POT) ]
N normal hierarchy
O Am3,l=2.4x10" eV? -
C sin"20,,=1.0 ]
_3__ | _
3 T T T T T T —]
¥ verted hierarchy
2“_ ]
- $2 — +0.046-
- sin“260;3 = 0.182Z5 040
I -
. 68% C.L.
O —90%C.L. ]
C — Bestfit ]
-1 Runl-4 data (6.393¢20 POT) |
C inverted hierarchy |
2F Am3,1=2.4x107 eV? .
C $in°20,=1.0 ]
—3— 1 | Il | 1 L 1 __
0 0.2 0.4 0.6
sin’20, ,
10



Let’s think about these reglons'

P(ve) vs. P(v,) for sin (2923) =1

—~ 0.09
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Ratio to no

Events / (0.1 GeV)

35

T2K v, Results (Run I-11l)

IIII|IIII|IIII|IIII|IIII|IIII|IIII

T2K data E
No oscillation hypothesis =

T2K best fit E

205 +- 17 events expected =
(no oscillation)

IAmZ,| (eV?/c?)

N W l 1 —
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58
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09/12/13

Maximal mixing is not the same as maximum
disappearance if 6,5 is not zero!

T L L B I B B R LR B
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New MINOS Results

> L
_.' ln
| Near 1 kton‘.J_

Appearance:

Far5.4 kton

raws Sam

Use statistical separation based on
a pattern matching library
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Monte Carlo
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'MINOS PRELIMINARY

Neutrino beam (10.71x 10%° POT);
contained-vertex v,

—— MINOS data
— Best fit (3v)

—— No oscillations -
I NC background

0 2 4 6 8 10 12
Reconstructed v, Energy (GeV)

Combine Beam and Atmospheric data:
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Updated results:

10.7 x 10%2° pot neutrino
3.4 x 1020 pot anti-neutrino
37.9 kton-years atmospheric

T. VAHLE (W&M)

ospheric neutrinos,
contained-vertex v, and ¥,

%0 05 00 05 1.0
cos(0,)

1

LV | E, =3-10GeV

90 05 00 05 10
cos(6,)
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T. VAHLE (W&M)

PUTTING IT ALL TOGETHER

I T T ’ I f ’ ! f I T ’ ! f I T ’ ! T I LA L L L L B L L
28 MINOS PRELIMINARY - 6 o —
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sin“0,, sin6,,
o Solar mixing parameters fixed
0 8,, fit as nuisance parameter, constrained by reactor results

06cp, 053, Am? unconstrained

o major systematic uncertainties included as nuisance parameters



T. VAHLE (W&M)

MINOS CP6 Dependence

Appearance Only Appearancet+Disappearance

I MINOS ] : MINOS PRELIMINARY -

5 v, — V. appearance, PRL 110, 171801 (2013) 7] 5 B v, disappearance + v, appearance 7]

-10.6 10" POT v,-mode, 3.3 x10°” POT v,-mode - -10.71x10% POT v,-mode, 3.36 x10%° POT ¥,-mode, |

i ] i 37.88 kt-yr atmospheric neutrinos j

4  — Am§2<0, 0,,<mn/4 ] 4 B 2 g " N

| eeeen Am§2<0, 0,,>7/4 ] A Am§2< » Oy ]

- : - Am§2>0, 923<Tc/4 : — : ------ Am%2<0, 923>1tj4 ........ :

) af AMZ,>0, 6,,>7/4 ] ) A —_— imgzzg, 323<n/j: P ]

8’ [ 90% C.L. o . 8’ S R, 90% C.L."
< <
N N

| | | | | | | | I'. %‘—‘l L | | | | | | | | | |
%.0 0.5 1.0 1.5 2.0 %.0 0.5 1.0 1.5 2.0

Ocp/ T Ocp/ T

Preference for inverted hierarchy: —2A log L = 0.23
Preference for lower octant: —2A log L = 0.09
Preference for non-maximal mixing: —2A log L = 1.54 (= 79% C.L.)
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Let’s compare experiments!

~~, 0.004
q B :
3 : SK 1+2+3+4
o - T2K Run 1-3 : :
NE‘V, 0.0035 - MINOS vu-disapp.-we-appear.-i-atm ................. ..................... , ............
< I
0.003

0.0025

0.002——
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T. VAHLE (W&M)

MINQOS+ is coming....

Simulated v Beam

% I 5.4 kton, 6 x 10®° POT
(5 1000~
~ B —_—

2', MINOS+
c — NOVA
O i

I.I>J 500 MINOS
(@) - Preliminary
o

=
> -
T I T I

MINOS will continue to run in
the NOVA era

ME beam peaks above the
oscillation dip on axis

But they get a lot of events!

— ~4000 muon neutrino CC
events per year expected at
FD

Unigue test of oscillation
paradigm with sensitivity to
exotic signals
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D. DUCHESNEAU (ANNECY LAPP)

OPERA tau appearance experiment

Uses ECC (Emulsion Cloud Chamber)

With automatic scanning
+ Magnetic spectrometer.

Signal "\ Emulsion layers

(also reported on nue search)
09/12/13

SIDE VIEW (Vertica,

P I s s L |
-500 0

Electronic trackers point
Back to bricks.

Ran from 2008 - 2012

3 observed events in the Tt & h, T = 3h and
T =» U channels

This corresponds to 3.2 o significance of non-
null observation (3.5 ¢ significance with a
likelihood approach)
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Nova — Low Z calorimeter

* 14 kton “totally active” liquid scintillator detector

Low Z tracking calorimeter: tracking + allow time for photons to Fals
convert and showers to develop.

,,,,,,

Low Z calorimeter

(near and far detectors)

. Muon Catcher. <
NO B ﬁeld Containment \\ PN

Fiducial
\

Veto

Femilab

M.

15.7m

15.7m

To 1 APD pixel 7
Nova is unique in current generation of experiments for addressing
mass hierarchy using neutrino and anti-neutrino beams.
-—
v .CC BG NC ‘3 l;
o A <21
y p— e e a"
L ."O.....!.. q U

Small shower from 2"y s
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Uses an upgraded version of the current NuMi beam
The NuMi beam will be upgraded from 300 -> 700 kw.

‘o) Milwaukee

i Fernf?laﬁ ——

MiniBooNE |

Gary Feldman SciBOONE Chicago
§. /

800

B o B
4.5 T ™~ o

NuMI turn-on timeline

-
B 600
~

p—
q"j 400

% 200
o
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One of the largest devices ever
constructed from plastic. There has
been an impressive amount of R&D.

Beam turned on last week!
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Dector Status

T‘-,_

|

*
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| |¥
Y

’l
i
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14 kilotons = 28 NOvA Blocks

20 blocks of PYC modules are assembled and installed in place
14.00 blocks are filled with liquid scintillator

4.17 blocks are outfitted with electronics

R0 60X} 400 200 0
800 =

T oo ) 7 e et 3
340():— : . L -]
- 200 [~ - - ]

g :
=0 E
“ s : N B ]

2008 el v . 2 3

L-00f - i TN "
e —— E

600 [ . . 3

100 . N E
1] S ]

isAey o1wson

E . ]
=t >
00 - - . - : .

400F Loir ol s T D - : 3

L T L 3

800 & : —— : N
=800 60X =400

200 0
—north  z(cm) south—

Far detector completed “May 2014

First half near detector ready early
2014
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E X p e Ct e d N Ova NOvA CPV determination, 3+3 yr
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Expected T2K Allowed Regions

sin’20),
100% v (true NH)

“Lucky! (6CP

=-90)”

S s )

AL L) .
e

W

NH

LE
-

IH -

A 1

'
LS E 02 028

sin’20);

100% v (true NH)
w/ Reactor constraint

c& ; [ T l-;
NH
IH
.' 1 l-i
0 0.2 025
sin’20,,

50% v/50% anti-v (true NH)
c& : T Lo Ll T l-;
NH
H 3
.' 1 s 4 1 l-i
0 0 U8} 018 02 028
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50% v/50% anti-v (true NH)
w/ Reactor constraint
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Expected T2K Allowed Regions
“Unlucky! (6CP=0)"

ca " T T L
NH
IH
3 At T 1 i
0 008 0 018 02 028
sin’20,,
50% v/50% anti-v (true NH)
c& ; T 1 T l-;
NH "’
H 3

o T R T R

50% v/50% anti-v (true NH)
w/ Reactor constraint

100% v (true NH)
w/ Reactor constraint
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significance of hierarchy resolution (o)

Fraction of §

3.5

MH using T2K and Nova

NOvA hierarchy resolution, 3+3 yr
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significance of hierarchy resolution (o)
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CPV using T2K and Nova
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NOvA CPV determination, 3+3 yr

d/m

26



Accelerator Neutrino Physics II: Long-term vision
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Our Strategy

Since we have measured 6,, we need to (with high accuracy):

— Measure the phase of 0 and hopefully observe CP violation
— Determine the mass hierarchy [if not already done]

— Make precision measurements of the mixing angles.

To do this we need to both increase the intensity of our
Super-beam sources, and increase the mass of our detectors.

J-PARC 0.75 MW (T2K) JPARC-II to Hyper-K

FNAL (Numi) 0.70 MW (Nova) New beam -> LBNE
—>

Water Cherenkov 22.5 kton (SK) 560 kton

Fine Grained 14 kton (NOvVA) 34 kton (LAr)
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http://arxiv.org/abs/1307.7335

The LBNE Experiment

e e

2% Fermilab

A new neutrino beam at Fermilab
700 kW, 60-120 GeV proton beam, 2.3 MW capable
A near neutrino detector
A 1300 km baseline: Fermilab-SURF
A 34 kt Liquid Argon TPC with 4850’ overburden
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The LBNE detector and scoping

34 kton liquid Argon TPC
two 17 kton TPCs

Current situation:

The experiment is funded for a 10 kton far detector on
the surface.

In discussion with international partners to make the detector
bigger and put it underground along with adding a near detector
complex.
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LBNE 10kt Sensitivity

CP Violation Sensitivity Mass Hierarchy Sensitivity
5 | " T2K+NOvA:LBNE10 | | '
I2K+NOvVA 10 T2K+NOvA+LBNE10
T2K r2K+NOVA
NOVA T2K
4 - LBNE10 I 8 NOvA
N LBNE10
= 3 .
< 3 e ~s‘ ge 6
I I
b 2 - "'0' ‘\‘ — 4
1+ \ | \ % 2
0 ! | 0

dcp/m Scp/m
Bands: 1o variations of 0,3, 0,5, Am;,2 (Fogli et al. arXiv:1205.5254v3)
T2K 750 kW x 5 yr (7.8x10%'pot) v

NOVA 700 kW x (3 yr v + 3 yr v) (3.8 x10*'pot)

LBNEI10 (80 GeV*) T00 kW x (S yr v + 5 yr V) *Improved over CDR 2012 120 GeV Ml proton beam
09/12/13 Chris Walter - TAUP 2013
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A. RUBBIA(ETHZ)

<),

CN2PY (Pyhdsalmi)
= |nitial : beam from SPS (S00kW - 750kW)
=  Long term: LP-SPL + HP-PS - >2MW

Laguna was EU FP program to design a
unification and neutrino astrophysics
program in Europe.

IHEP eomplox Protvino
+ 70 GeV (450kW)

Several sites and detectors technologies
were considered and the LBNO program
was one of the products of the process.

CN2FR (Fréjus)
=  HP-SPL + accumulator
5 GeV 4 MW)

‘;- BeamfromSPS(sookW) y

B No near detector
,,‘\ - - ‘*r; poslblllty

<Double phase LAr LEM TPC

e An incremental long-baseline program with a competitive 1st stage guaranteeing high ~ °"°° & "/9°°24 (CRP)

level physics performance from the beginning.
- LBNO Stage 1 is based on a 20 kt fid. LAr detector (double phase) and a
conventional beam from the CERN SPS of 700 kW at 2300 km.
- If the findings from Stage 1 require, the detector and the beam will be upgraded to
70 kton mass and 2 MW proton power.

25m

¢ The costs, possible implementation schemes and physics potentials will be further
studied until the end of 2014 (current preliminary estimates: ~700M€ for underground
70kton LAr + cavern facility at Pyh&salmi)

e Proposed next step: Large-scale detector prototyping with CERN support, with
priority emphasis on a large double-phase LAr demonstrator, using charged-particle field cage

test beams. cathode bottom of tank & light
readout
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Glacier

A different approach:
LNG tank based
detectors.

Electronic

Charge readout plane racks

Charge readout with
extraction &

amplification for long
drifts

Extraction grid/

LAr
purification

Low cost electronics

Field shaping
electrodes

Greinacher voltage Cathode (- HV) "
multiplier up to MV UV & Cerenkov light Large area DUV sensitive
readout photosensors photosensors

09/12/13 Chris Walter - TAUP 2013 33




A. RUBBIA(ETHZ)

Sensitivity to CP violation

Exclude 6cp = 0 and 6cp =

—~ 10¢ 7]
N;e o LBNO L 2300km Runnmg mode 75% nu - 25% anu :
=4 “NH 20 kton LAr + SPS(700kW)}
® 8 10 years 20 kton LAr + HPPS(2MW)
© 77 E_ E
= : 70 kton LAr + HPPS(2MW) 1
6 =

5 ;5.9 .......... _.

3 _30 _______________ -

2

1F :

O T T2 T3 4 s s

All sources of systematics (oscillation parameters + rates) included

L.‘\v'n

09/12/13

Chris Walter - TAUP 2013
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http://arxiv.org/abs/1109.3262v 1

The Hyper-Kamiokande Experiment

* 560 kton fiducial mass
* 99000 PMTs 20% coverage

* Quter veto detector

* Sensitivity studies scale SK
result to large exposure,
i.e. assume the same detector
performance

Running SK for another 10 years will get us 85% of 1 HK year.

Uses an upgraded JPARC beam

Sent to Hyper-K 1 Mton water Cherenkov detector in Kamioka
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Hyper-Kamiokande Sensitivity

- 7.5MWyear
b10 —5% all syst sin220,3=0.1
normal MH

8

74% region of d covered at 30 w/ 5% sys. error

S

(=) N
_'.Nl T
- K

1 L 1 1 1 1 Il 1 1 | 1 1 Il 1
-0.5 0 05 true d (1T) 1

Systematics are key in these experiments!

Note: In HK atmospheric neutrinos
can be used to constrain MH.
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o]

—

o

I
—

Measuring zero OCP is not a failure!

&cp resolution (1o)

assuming 5% systematics on signal, Vy BG, v, BG, v/anti-v

- Hyper-K 60

- 7.5MWyear [ Normal hierarchy (known) — 6=90°

- 0 8 T 5=00

3 ‘ 8 40F

- =) - sin22043=0.1

- o o -

: sk <20° (8=90°), <10° (5=0°)
= 1o 5 % ool 7.5 MW -yrs
T @ ( : : ) ° EN— :

— 3o ¢ T E

E_ ] 1L | - - » L 0:ll||l||ll]llll|llllllllllllllllllll ..... Lo s leaag

0 0. 05 0 1 0.1 5 0 1 2 3 4 5 6 7 8 9 10

sin22613 Integrated beam power (MW-year)
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Long term reach / other options

DAEOALUS

30

25

10 8 Measurement Uncertainty (degrees)

—5— DAEJALUS@Hyper-K
—#— JPARC@Hyper-K (nu-only) 10yrs
=== DAEdALUS/JPARC(nu-only)@Hyper-K

180 135 -90 45 0 45 €0 135 180
M. TouPs (MIT)
1.0 I L "
i Adati1o
/ .’ / / 623=40°
il
0.8 { i / i
, 1/ 1!
o I ! / !
%5 0.6 | 4
c l/ !
2 / / ——— LBNE10 (0.7MW, 10kt)
‘Lé 0.4 [ 1 —-— LBNE (0.7MW, 34kt)
L [ / ! ——— LBNE + Project X (2.3MW, 34kt)
’ I,’ ’-I —-— T2HK (0.7MW, 560kt)
02 o , ’ | , —— Daedalus (8MW) + T2HK,
§ l /1 ——— NuMAX to SURF (1MW, 10kt)
g ‘l I —— NuMAX+ to SURF (3MW, 34kt)
© l i . . . .
0.0
0 10 20 30 40 50 60
Ad[°]
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T extractior;\ Muon Decay
Ring

170 m

Proton absorber

v-beam

Target

nuStorm:
Muon Storage ring
experiment gets
electron and muon
neutrinos with a
enormous flux.
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Conclusion

10,000,000,001 10,000,000,000

T et
. . [ Normal hierarchy
sin220,5 is now known to be non-zero! roliminary
n/2 ;_ ).\ '( N PN 1
Accelerator experiments have sin,,=04
-9 —sin"0,;=0.5 1
measured an appearance signal. 0 - sin'0,=06
Values will get even more precise. 2L 2K Run 1o2eaes ]
; 6.39x10” p.o.t.
Sl AN RN e e e e B e b a
0 04 05 06
Now we can check the full e S0
[ " Inverted hierarchy |
consistency of our models using of olimnery)
accelerators, atmospheric neutrinos R _Smia=04
. & o .\m‘ 13 =05 7
and reactors. Let’s keep working hard, R = sin'e, =06
r PDG2012 (1o)
and and try to measure CPV! w2 T2K Run 1424344 ]
i 6.39 x10% p.o.t.
Iy | o SRR B PP I WP PR S aad o)
0 04 05 06
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