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Neutrino Mass and Mixing: the only
well-established new physics
been added to the Standard Model
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Accelerator experiments provide crucial inputs:

Discovery of muon and tau neutrinos

Confirm atmospheric v oscillation, the most precise |Am?,|
First observation of appearance, confirm “large” 9,

Initial hints of leptonic CP violation together with reactor v



Some Remaining Questions

Neutrino Mass Hierarchy

CP violation in the

neutrino sector? B B B

Normal f Inverted
Normal or Inverted 1 ° —_—
Mass Hierarchy? T AMZ,,
Octant:
v, >? | =7 | <? v, in v; [ t— 7% .

Dirac or Majorana "
Neutrinos?

* |Is PMNS matrix unitary?

What is the absolute
neutrino mass?

* Any pattern in PMNS matrix?



Search for new CP violation

» Charge-Parity (CP) Violation in neutrino sector

— Crucial for leptogenesis models to explain the large
matter-anti-matter asymmetry in the universe

— Jep IS expected to be sizable, as o.p naturally links
to the CP phase of very heavy “see-saw” partner

Observation

Model calculation
(See-saw type |)
|siné,,sino |>0.11

Pascoli, Petcov, Riotto
PRD75, NPB774, (2007)

siné,, |, 0.15

EXP 0(10'%) matter galaxies
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Mass Hierarchy

* If inverted hierarchy,
planning next-generation
discovery-level neutrino-less 1o*
double beta decay (OvDBD)
becomes clear

” 99.7% allowed
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B
0, = 45° —— 0, cosS « Important input for model
V2 building to explain neutrino
6, =35 +0,C050 mass and mixing (also
6, =32° +6,,c050 precision measurements of
6,, = 45° +6,,c0s S neutrino mixing)




Accelerator v, Appearance
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- Oscillation pattern are very sensitive to the value of O.p,
the mass hierarchy, 0.5, 8,5 (Octant), and Am?,, (5/7)
» Unique opportunity to search for CP violation



Accelerator Neutrino Experiment

7" = i +v,(~100%)
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Beam u —e +v, +;ﬂ (~100%)
K* — z°"v, (~ 5%)

 Accelerator Neutrino Beam

 Far Detector to measure
Neutrino Oscillation

* Near Detector to
categorize Neutrino beam




Recent Accelerator Neutrino Beams
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Recent Experiments

Neutrino | Proton Detector Detector Baseline

Technology | Weight (kt) | (km)

K2K KEK-PS 0.3-2.7 0.01-0.02 Water 50 250

MINOS NUMI 1.0-12 0.4 Steel 5.4 735
Scintillator

OPERA CNGS 5-30 0.5 Lead 1.8 732
Emulsion

ICARUS CNGS 5-30 0.5 Lar-TPC 0.6 732

MiniBooNE BNB <2 0.04 Mineral Oil 0.8 0.54

T2K J-PARC 0.3-1.5 0.75 Water 50 295

NOVA NUMI 1.0-3.0 0.7 Liquid 15 810
Scintillator

MicroBooNE BNB <2 0.04 Lar-TPC 0.08 0.47

First and Second Generation Oscillation Experiments since 98’
Long-Baseline Experiments
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Expected Reach of T2K/Nova

OT2K —
NOVA —
T2K+NOVA —
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e arXiv:1409.7469
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Future Experiments

Beam Energy | Power Detector Detector Baseline
(GeV) (MW) Technology | Weight (kt) (km)

Hyper-K J-PARC 0.3-15 >0.75 Water 1000

Hyper-Kamiokande with J-PARC neutrino beam Y. Hayato

e —— Neutrino 2014

_____
-----

J-PARC Main Ring
Neutrino beamline
( KEK — JAEA )

.......




Future Experiments

Beam Energy | Power Detector Detector Baseline
(GeV) (MW) Technology | Weight (kt) | (km)

LBNO CERN 0580 0.75 Double-Phase  24-70 2300
LAr-TPC +
MIND

|
—— A
Iiquid argon
I volume
| e height
g e e T pomania 1 \
- Croata~—» o 2
| / ) K ".h‘,‘. .Snl‘bll--:- “’-9 Bucfr"l s _ : -
" Y { 3 Bulgaria Black Sea .
L~ o lstantud - -
N An?.xr
Gm? iakey (20 | cathode bottom of tank &
w e light roadout
2012 2012 Soft. Gooole.
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Future Experiments

Beam Energy | Power Detector Detector Baseline
(GeV) (MW) Technology | Weight (kt) | (km)

LBNE FNAL 0.5-5.0 1.2-23 Single Phase  35-70 1300
LAr-TPC

SANFORD LAB
Lead, South Dakota

V

FERMILAB
Batavia, lllinois

SANFORD LAB

— 20 miles
_'l_l'-ll-l'_l - -

800 miles =

Y
"
.
oy

-
-
0
-n-"-"-
iy
LT

FERMILAB
Aim for MH, CPV,
precision measurements of Am?,,,
sin%20,,, sin?0,;, and &.p

FNAL Short Baseline Neutrino Program:
(MicroBooNE) + LAr1-ND, ICARUS-T600 - Continuous LArTPC R&D 14



CP Violation Sensitivity (NH)
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CPV and MH

Mass Hierarchy Sensitivity (NH)
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Unique opportunity to
search for CPV
Unambiguous determination
of MH at high significance




Sensitivity of Precision Measurements

1o sin2(823) Resolution

16 sin%(6,4) Resolution 16 Am?;, Resolution
0.04 T T 2 T T
LBNE s | LBNE
+NOVA + T2K === . +NOvVA + T2K ====1 |
s ]
0.03 X< 15 Am232=2.4x10'3 eV?
o
>
i
5in?(84)=0.5 5
0.02 =
Q
(7]
[}
o
8
(8]
0.01 E 05
4
iz

sin?(6,4)=0.39

i g o g o5 95 o0 § o5 4 Ol @ § §

0 1 1 1 L 0 | 1 1 1 1 ]
0 200 400 600 800 1000 0 200 400 600 800 1000 200 400 600 800 1080
kt. MW.years kt. MW.years kt.years

6,, = 45° +~/26,,c05 5

6, =45° 1 6..coso Ao
23 = — = U3 Hyper-K
J2 /LBNO
0, =35° +6,,C080
~GeV

0, =32"+6,,C080
0, =45 +0,,¢c080

(anti-)v, — (anti-)v, 1300km

(anti-)v, — (anti-) v,

Relative uncer. in %



Outline

* Challenges and Solutions
— Neutrino Flux



Challenge I Experlment Scale

Next generation
accelerator-based =
experiments aim
at 1-2 order
Increase Iin the
overall exposure
underground
(Water + LArTPC)
900-1000 people
~ 1 B$ scale
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We are lucky that the MH/Octant
CPV (if maximal) are within
reach given the large 6,,!




Challenge Il: MW-power Beam

* High-quality

—_ 3 =
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« MW-power is crucial to reach required statistics for
long-baseline accelerator experiments




ChIIenge Il: MW-power Beam

) s - \{f E - Challenges:
I N\ — Thermal shock
— Remote handling
— Cooling
— Radiation protection

— Design of beam
window, target, horn

— Radiation damage

] ]

densities and extreme radiation



Challenge llI. Categorization of
Neutrino Beam
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v, flux is crucial to signal, v, flux is irreducible background
It is crucial to categorize neutrino fluxes with near detector(s)




Absolute and Relative Flux Determination

» v-€ NC elastic scattering
v, te v, +€&

Also v, te v, +u

Vut+ p—oNn+u

Aim ~2% determination of absolute flux

* Low-vy =E, - E, method
(anti-)v, + N — u" + X

S. R. Mishra Proceeding.
A. Bodek et al., EPJC 72, 1973 (2012)
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VPRISM detector concept @TRIUMF

Or take different
combinations

+0.2

Also intrinsic ve flux

Cross section
measurements

Mono-energetic

neutrino beam ...

22/08/14

s
3..
!u
?u
4

P e .
- w0 @
. - L == .

407 Off-axis Flux

o~

. y
- N
‘; ] 77_‘17-—-_i1
E, eV
I
‘ 3
oS : Super-K Flux
[ y vPRISM Flux Fit
"f‘ i AmPag=2 416-3
[ 20 0y~0.8
0| R S
i
n ons 1 s T2 ' Ao
Mark Scott, NuFact 2014 Glasgow 15



Outline

* Challenges and Solutions

— Neutrino Detection
 LAr TPC
» \WWater Cerenkov Detector
» v-A Cross section



Excellent new opportunity
with high res. LArTPC

dE/dx of 1 MIP: Anodeuwi{fe p:{anes:
2.1MeV/cm Liquid Argon TPC /]

m.i.p.ionization:
6000 e/mm
8000 y/mm

Cathode
Plane

o | 5 L
RN - RN ~ 1 . \
S O N S N N S R
Ayt byt i
— ‘ 1

 —
Edrift ~ 500V/cm

First proposed by C. Rubbia, 1977 — ICARUS; time .

Argon: most abundant
noble gas (1.3% by weight)

 Electron drift v: 1.6 km/s
* Position resolution ~ mm

« PID: dE/dx through charge
collection + event topology

shower

| 12 -

glectro”

A
1600} (f“
S Q
12004 —
Recoil proton
660 '[!)D 860 9(50 lOIDO 11'00 iZ}JD

Wire

stopping muon 1%
momentum resolution

16% with multiple scattering
20 MeV resolution for 119
mass



Challenge: LAr Purity

i) Electron lifetime: collected charge

° Ionized eleCtrOn '@4000% Electron IifetimetrendlEa.stcryostat
i 12 {i S R I ;

collide 10" times Eanl  prefiminary #%}
every second wooly ]

e Within the ~ ms gy S SRS I I
drift time, if electron "l " carus h
collides with an S P
impurity and get ot oS '?4}02"1'4}05 -

attached, we lose it

o —Larite / Thitetime
Qcollect ~ erift €

 ICARUS reached 12 ms electron lifetime
« Expect longer electron lifetime in MicroBooNE




Challenge: Detector Size

installation of APAs inside the crypstat

Volume: 15m x 24m x 49m x 2
Total Liquid Argon Mass:

Cryostataccess /

~50,000 tonnes e D
Fiducial Mass for v Physics: e | | S
~35,000 tonnes J i
two setsofi \ :
G,U,V.X wire planes

Cathode Plane Assemblies  Anode Plane Assemblies

TRl R LN

Y P / N

7~———— cold electronicsboards ———~<—"

\ 4 p
A% .
h ) /./,’/ 4 Field Cage
! am [} {
/ 7’ /'./_ A
A1
y am Foam Insulation '
Concrete Liner
|+~— 25m —|
detail cross section of the concept of the APAs, and
electronics enclosures wire wrapping arrangement cross section view of the TPC componets inside the cryostat

* Modular design is the key!
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Importance of going/being Underground

Muon flux vs overburden
A Proposed DUSL Homestake
10° = e Current Laboratories
DUSL - Homestake WIPP
10° = (Shallow)
Soudan
}
E
£ 10 3
s
i Gran Sasso
o
=3
= 3
107 3 DUSL - Homestake Baksan
(Chiorine) Mont Blanc E
10° = Sudbury L
DUSL - Homestake
DUSL - Homestake
g (Deep Option)
. arT 3 . 10"
Significant reduction of cosmic-related PR S S B
10° 10
backgrounds as well as space charge Depth, meters water equivalent

* Enable proton decay, atmospheric neutrino
oscillation, supernova v detection »




Cold Electronics

LBNE 35 kton =2 ~550 k channels

3840 (2304) wires/APA

~ Cavern to

DAQ

I_| ARG UL L 16 channel mixed signal
per channel
W <— Front End ASIC (x8)

-~ =Charge amplifier + filter
zCharge calibration

LAr Cryostat

ﬁ

Bias
Power
Control

Feedthroughs

Bias
Power
Control

=ADC ) | Nx Redundancy
#Zero-suppression
= Buffering
= | =Token passing bus
= o #Register programmable /
f 7
é 240 Mb/s
% | Nx Redundancy
= CM or LV differential
= B digital signaling
= 1 Mb/s
— 128 channel FE 7
Motheboard 240 Mb/s  Optical
l_ Multiplexer/Controller c or
128 ch FE MB ASIC opper
I_ A Driver
128 ch FE MB One APA
\
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Cold vs. Warm Electronics "BeoNE _
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Challenge: Event Reconstruction

................. Track
. . P i i al Particle Event
Raw | : Signal Hit : T P o i
Data | i ") Shaping " Reco| ;i) — v Id. Building
4| Shower | | |

cun

¢ :
H H H
AP RR—-- : Reco
.
H
$
.
H

H. Greenlee, LArTPC13

-------------------

« High-quality
automated event
reconstruction in LAr
IS crucial and in
developing
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Drift Time

Wire Number




 Use a well-defined

charged particle beam

to study LAr TPC

— Single particle tracks
— E&M Shower
— Hadronic Shower

) VME CRATES

WORK DECK
TOP HEAD

BAFFLE
ASSEMBLY

TPC ASSEMBLY

DEWAR ACCESS PORTS/ '
LIQUID ARGON VOLUME
VACUUM JACKET

Test Beam Experiments

Final Beam at 12°, 08 GeV 2™ ary, +0.35 Tesla field

Particles per 300k =x* on Target per 10 MeV/c
-
|

10 v/ u‘ﬁrm 1
A el =

Particle Momentum (MeV/c)

o Lariat (FNAL)
« WA105 (CERN)
e Captain

= Final Beam at 12°
All species

10

T i . 2.3e+00 /spill
Ll 3 —

: f\ — 2t

L . i — K
]

a+:

1.9e+00 /spill ‘
5.8e+01 /spill
5.8e-02 /spill

1.3e+01 /spill

— pt: 2.3e+01 /spill|
— All Other ‘
FNAL test beam

arXiv:1406.5560

Energy response to

neutrons
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Challenges in Double-
Phases LArTPC

Higher Gain, larger fiducial mass,

GEM readout = ultimate 3D
Imaging

HV (~10° V) and ultra LAr purity is 20 kT design
required for 20 m drift distance Qiﬂﬁ%‘iﬁﬁiﬂ”ﬁfﬁ
Light collection: short Raleigh

scattering length and light Extraction stage  EZE35

detector placement
GEM gain uniformity

_ . Cathode
ACt'Ve R&D OngO|ng Scintillation light

readout




Water Cerenkov Detector

IMB 6.8
kton

Kamiokande
3 kton

Cost ffetive fo Iage '_ cheaper than LAr
Focusing on lepton detect., lower efficiency than LAr at high E,



% background
m° Fitter v+N—>Vv+N+7°

* Assumes two electron-like rings produced | Time (No Log Scale)
at a common vertex

e 12 parameters (single track fit had 7)

gamma 1: 405.50 MeV
gamma 2: 315.99 MeV

&z (m)
S
\HH\|\HH

o Vertex (X, Y, 2, T)
e Directions (01, ¢1, 02, $2)

e Momenta (pi1, p2)

e Conversion lengths (ci, c2)

e All 12 parameters are varied RV Wilking
simultaneously (T2K 2013)

« 1.26 NC 1Y backgrounds
/0% removed with new alg. -4000

e Observed 28 events

-2000

— %

o
LILLL]

Ll HMHH'
-400 -2000

r * theta (m)

Good role model for the LArTPC reconstruction
development




v-A Cross Section

LBNE C.P. Zeller

12 - G.P. chlcrl
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* Understanding Neutrino Interaction (nuclear
effect) is crucial for the oscillation experiments

— Neutrino energy reconstruction + normalization




Rapid Progresses
* Experiments:

— Bubble chamber exp. (ANL/BNL) - MiniBooNE,
Argoneut, Minerva, T2K-ND, MicroBooNE ...

* Event Generator: -

— GENIE, NEUT, GIBUU, NuWro ... | oo

— Validation with electron

scattering data from @— ;

(SLAC, MIT-Bates, JLab ...)
* Future measurements: .

— Low-nu method +

Fine Grain Tracker (LB&/7
M. Scott
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Summary

» Accelerator-based neutrino experiments will
continue to deliver high-quality physics results

— Determination of the MH will aid planning neutrinoless
double beta decay experiments

— Establishment of lepton CPV will be revolutionary:
possible explanation of matter dominance in universe

— Excellent opportunities in FNAL, JPARC ...

» Scale of next-generation experiment is well-known,
broad acceptance in the world, and within reach

— There are various technical issues relating to the scale,
but no show stopper

— Issues on how to analyze data: increase signal
efficiency, reduce backgrounds, keep systematics low
IS working out by the entire community






