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BROOKSAEN Searching for CP Violation in Neutrino Oscillations

Neutrino Matter/anti-matter asymmetries in neutrinos are best probed using

Oscillations — - . . . A
Internationally v, /D, — Ve/De oscillations (or vice versa):.

The charge-parity (CP) asymmetry is defined as
_ P(vp — ve) — P(Ou — )
- P(Vu — l/e) + P(ﬁ“ — ﬂe)

cos 023 sin 2013sin & [ AmL
sin 023 sin 013 4Eu

Acp

Baselines Agp ~ ) + matter effects
from Z. Parsa, BNL

The CP phase ., is unknown. CP is violated when d, # 0,

The 3 most important things to know about v CPV
m A, x 1/sin6013 = Large 613 makes CPV searches HARDER.

m A, x 1/E, = CP asymmetries are larger at lower energies

m A, < L = CP asymmetries are larger at longer baselines



""““"‘ﬁ""“ Neutrino Interaction Cross-sections

Neutrino Neutrino CC cross-sections are very small and scale with energy:
Oscillations
Internationally

&AMl Miniflsabil .J/

Baselines

CC neutrino cross saction (10™ cm?)

% 1273 4 5 68 7 8 98 10
E, (GeV)

Long baseline oscillations over 100’s km and > 200 MeV
energies needed to probe CPV



""““"'ﬁ""" Matter Effect on Neutrino Oscillation

O’;‘:;I‘a'tiil‘zs 1978 and 1986: L. Wolfenstein, S. Mikheyev and A. Smirnov propose
Internationally the scattering of v. on electrons in matter adds a coherent forward
scattering amplitude to neutrino oscillation amplitudes. This acts as a
refractive index => neutrinos in matter have different effective mass

than in vacuum.

Baselines

e \Y

e
The matter effect on v. scattering can be used to detect the unknown

neutrino mass ordering using vx — v, oscillations through matter



Snooesneer  Matter Effect on P(v, — ve)

P(v,=v), NH
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Snooesneer  Matter Effect on P(v, — ve)
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ooy \atter Effect on P(v, — ve)
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Neutrino CP asymmetriesin v, - v at 1 osc. node
Oscillations

Internationally o [
T /
%,0.9, NH,ucp =0
@O of vacuum, 8., =-90°
e vacuum, o, =-45°
0.7F vacuum, ch =:20°
E vacuum, 8, =-107
0.6
Baselines 0-5; /
0.4F
0.3
0.2
= ~
= -
0.1: —
o=
10? 10°

Baseline (km)
Impact of the mass hierarchy on asymmetry is

very large in long baseline experiments

CP and Matter Asymmetries vs. Baselines for fixed
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srootinie  CP Asymmetries and the Mass Hiera

Neutrino v, — U, oscillation maxima occur at
Oscillations

Internationally

n 2.5Am3,(eV?)L(km
E.(GeV) = (23:'(_ 1))7r( ) n=1,23...
L = 290km
Total Asymmetry at 290km
_ 0.8-5 — 1st osc. node
Baselines F 0 _7&™ — 2nd osc. node
o.sE _______ -
0.4

0.2F

-0.4 E 2 :
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.6 |- g
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At short baselines, irreducible degeneracies with MH,d,
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snoowtindey  CP Asymmetries and the Mass Hierarchy

Neutrino v, — U, oscillation maxima occur at
Oscillations

Internationally

2.5Am%,(eV?)L(km
E.(GeV) = 2(eV7)L(km) n=1,23...
(2n— 1w
L = 1000km
Total Asymmetry at 1000km
& I
& — 1st osc. node
Baselines =08
@0 oF B . — 2nd osc. node
N~ IH
04’/”,“ \
£ . Y,
O
02 /
04l
0.8 -
717‘-‘150‘”-‘106”‘-50‘ L ‘U‘ L \50\ L \100\ L ‘1..;0”

3 - (Degrees)
A baseline > 1000km is needed separate MH from d.,
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Neutrino
Oscillations
Internationally

Baselines

Superbeam Baselines in the U.S.

CC event rates per 100kt.MW.yrs (1 MW.yr= 1 x 10* p.o.t) for
sin? 2613 = 0.1, 6, = 0, NH:

(B9t [ v, CC [ v, CCosc [ v NC [ webeam [ v — v [ v — o7 |
Ash River 810km
Hmstk 1300km | 29K | TIK | 50K | 280 | 1100
CA2500km | TIK | 20K | 16K | 8 | 760 | TBD |

Need MW beams and 100 kton detectors regardless of baseline!

13 /43




Superbeam /Neutrino Factory/Beta Beam Baselines

NATIONAL LABORATORY

in Europe

Neutrino
Oscillations
Internationally

Mary Bishai
Brookhaven

National
Laboratory

Institute of Underground
Science in Boulby mine, UK

Baselines

Pointer 52°41'20.12" N_'10°56728.22" E

chnologies

Image © 2006 FarraMeteics - 75 o -

Image :izumi NASA

suummg 11111111 100%
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Baselines

European Strategy in Neutrino Physics Draft
Report 2013

2013 Proposed Update of the European Strategy for Particle Physics
(Draft): CERN should develop a neutrino programme to pave the way
for a substantial European role in future long baseline experiments.
Europe should explore the possibility of major participation in leading
neutrino projects in the US and Japan”
https://indico.cern.ch/getFile.py/access?resId=0O&materialld=
0&confId=217656
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BrookfinveN - Neutrino Oscillation Baselines in Japan
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Baselines




Massive Neutrino Detectors: The LBNE LAr-TPC
7 (USA)

. qpnomﬁm

Neutrino U.S. technology decision 2012: massive LAr-TPC
Oscillations

Internationally A 35 kton fiducial Liquid Argon Time-Projection-Chamber:

Mgy 2 Cryogenics - cold box, buffer storage

Cryostat septum
LAr filtration system

Detectors

Detector Module
2 high x 3 wide x 18 long drift cells x 2 modules
216 APAs, 224 CPAs

35 kton (underground) : ~ 660$M FY10$ (incl. 40% contingency)

17 /43



Massive Neutrino Detectors: Hyper-Kamiokande
(Japan)

Bllllﬂl(ﬁlﬂl

NATIONAL LABORATORY

Neutrino Japanese technology decision 2013: massive water Cherenkov
Oscillations
Internationally

Detectors

m Two cylindrical tanks lying side-by-side. Each tank 48 (W) X 54
(H) X 250 (L) m.

m The total fiducial mass is 0.99 (0.56) million metric tons = 20
(25) X Super-K.

m The inner region viewed by 99,000 20-inch PMTs ( 20%

coverage).
g ) 18 /43



m/v Massive Neutrino Detectors:
\B]IID l'llEIl

P GLACIER/LENA/MEMPHYS (EUROPE)

Neutrino
Oscillations Netrogartile Physics for Europe
Internationally

Mary Bishai S MEMPHYS
3ro | i ‘l‘m\\\ 600 kton water

'\

Detectors

GLACIER
100 kton liquid argon 13,

Christian Spiering, DESY, ESPP12
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BROOKSAEN Comparison of Underground Detector Locations

Neutrino

it :; 10 3 ® WP
e - Soudan
Ed 10° B Kamioka
|.T=. ; Boulby
é 10° = A Gran Sasso
I r V¥ Frejus
Detectors 2107 = ® Homestake: Measured
; Homestake: Predicted
10° = Sudbury
10°

5
Equivalent Vertical Depth (km.w.e)
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Physics Potential with Different Under
Detectors

BIIDOI(@EH

NATIONAL LABORATORY

Neutrino Pnysics potentinl of the 3 [ypes of defectors for profon decay and neuirino astrophysics

Oscillations
Internationall GLACIER LENA
! Tepics G0kn G0k (500 k)
proton decay,
sensitivity(10 years)
o 2.5%10% - 15 = 10%
ani-vE ("4 510" 410" 2.5 % 10
SN at 10 kpe,
# events ~ 19,500 ~16,000 ~250,000
cC 0.8 % 10* (v,) 1.3x10* (anti-v.) 2.5 % 10° (anti-v,)
NC 1.1 =10* 1.0x10° -
ES 0.4 % 10° () 6.2+10" (e) 1.3 % 10°(e)
Elastic scatt. P - 2.6x10’ (p) -
Detectors Diffiise SN
#Signal/Baclground ~50/30 ~60/10 ~120/100
events (10 years) {1 module with Gd)
Solar neutrinos BES: 1.5~ 107 "Be: 3.6x10° BES: 1.2 = 10°
# events, 1 year Abs: 0510 pep: 1.0:10°
(dependeat on the *B: 2.9x10°
achicvable threshold) CNO: 7x10°
Atmospheric v
# events, 1 year 5% 10° 5% 10° 5= 10°
Geo-neutrinos
# events, 1 year Below threshold 1.5:10° Below threshold

* some numbers strongly depend on model assumptions and give a qualitative rather than an exact quantitative comparison.
** this channel 1s particularly prominent in SUSY theories. Indications for SUSY at the LHC wonld boost its importance.

Christian Spiering, DESY, ESPP12
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BRI  Sensitivities vs Baseline - Superbeams

Neutrino

Oscillations Starting from the MI 120 GeV, we produced an optimized horn
el focused beam based on NuMI designs for each baseline. For shorter
baselines we used off-axis angles. For 35 kTon LAr-TPC.

v, — Ve Appearance. Normal Hierarchy

BLOPT 300km v mode BLOPT 1300km v mode BLOPT 2500km v mode
F
Sin’(20,,)=0.09 sin'(26,,)=0.09 sin'(20,,)=0.09
Detectors S o Signal, 3p=-90° (N=523.6) S o Signal, 350" (N=023.3) S o Signal, 350" (N=798.9)
é;m 1 sionel (N=4779) %1007 I ignal (N=767.0) %)1 o0 I Signal (N=6139)
i — Signal, ;=00° (N=327.2 — Signal, ;200" (N=556.) — Signal, i.;=00° (N=498.6)
8 I Beamy, (5307) 8 I Beamy, (=1492) 8 B Beamy, (V=725)
3 I NG+ GO, (Ne2112) N I NG + GGy, (N:1615) N I NG + €G-y, (N:688)
~ ~ ~
0 () 0
- - -
C 5 C 5 C 5
[} [ []
> > >
w w w N

6 8
Ereco [GeV]
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BRI  Sensitivities vs Baseline - Superbeams

Neutrino

Oscillations Starting from the MI 120 GeV, we produced an optimized horn
gl focused beam based on NuMI designs for each baseline. For shorter
baselines we used off-axis angles. For 35 kTon LAr-TPC.

v, — Ue Appearance. Normal Hierarchy

BLOPT 300km v mode BLOPT 1300km ¥ mode BLOPT 2500km ¥ mode
sin'(26,,)=0.09 sin'(26,,)=0.09 sin'(20,,)=0.09
D it S o Signal, 350" (N2125.3) S o Signal, 350" (N=165.) S o Signal, 3g=-00° (N=70.3)
0,00 1 Signal (N=168.) 0109 1 Signal (N=2265) 0,00 1 signal (N=987)
2 — Signal, 3,;=00° (N=170.8) 2 — Signal, 3,,=00° (N=244.4) 2 — Signal, 3,,=00° (N=1025)
8 B ooy, (N3163) 8 B Beamy, (N=T56) 8 B Beamy, (N=365)
S [ NC + CC-, (N=1325) g [0 NC + CC, (N=99.6) g [ NC + CCv, (N=386)
2 2 2
C 5 C 5 € 5
[ [] []
> > >
w w w
6 8 2 4 6 8 2 4 6 8
Ereco [GEV] Ereco [GEV] Ereco [GEV]
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BRI  Sensitivities vs Baseline - Superbeams

ONe_Tltri_no Starting from the MI 120 GeV, we produced an optimized horn
|nt:,cn'aiit;:§|y focused beam based on NuMI designs for each baseline. For shorter
baselines we used off-axis angles. For 35 kTon LAr-TPC.

Mass hierarchy senstivity at > 3o

c 12
S r
g r
Detectors L 1.0
P
IOO r
- No v, Bkgd
08 - - Bkg
r -we.. With v, Bkgd
0.6
F 30 MH
- Normal Hierarchy
04 sin%(28,,) = 0.09
N 35 kT LAr, 5+5yrs
0.2
0.0C 1 1 1 1 1 1
: 500 1000 1500 2000 2500 3000

Baseline (km)

Baselines of 1300-1500km sufficient to resolve MH at 30
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BRI  Sensitivities vs Baseline - Superbeams

ONe_Tltri_no Starting from the MI 120 GeV, we produced an optimized horn
|nt:,cn'aiit;:§|y focused beam based on NuMI designs for each baseline. For shorter
baselines we used off-axis angles. For 35 kTon LAr-TPC.

Mass hierarchy senstivity at > 50

c 12
S r
g r
Detectors L 1.0
105 :
5 = No v, Bkgd
0.8
N -we.. With v, Bkgd
0.6
N 50 MH
- Normal Hierarchy
04 sin%(28,,) = 0.09
N 35 kT LAr, 5+5yrs
02
C 1

1 1 1 1
00206 1000 1500 2000 2500 3000
Baseline (km)

Baselines of 1500-1700km sufficient to resolve MH at 50
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BRI  Sensitivities vs Baseline - Superbeams

ONe_TItri_no Starting from the MI 120 GeV, we produced an optimized horn
Wt focused beam based on NuMI designs for each baseline. For shorter
baselines we used off-axis angles. For 35 kTon LAr-TPC.

CP violation sensitivity at 3o

E 30 CPV

E Normal Hierarchy
.8 ;—sin2(2613) =0.09 ;
0.7E-35 KT LAr, 5+5 yrs -we. With v, Bkgd

= No v, Bkgd

Detectors

8p Fraction

1 1 1 L 1
500 1000 1500 2000 2500 3000
Baseline (km)

Baselines of 1000-1500km best CPV sensitivity for superbeams
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s CPV in Short vs. Long Baseline Accelerator v

Neutrino
Oscillations

Internationally Assuming the MH is already determined:

290km, 1.66MW, 560kton WCD 1300km, 700kW, 200kton WCD

T2HK LBNE
1 Hyper-K (560kt FV) / 1.5yrs v + 3.5yrs v/1.66MW . - . . : : |200 ll(lOl’l IV\IC
Ew —o 16 %“ 15027& Normal Illierarchy E
U DoOoNCOD x| = /))\ O 19 -
EO#@J (@IS} og_;,v.z, Gl g ™
L -so0f— 700 kW
HUOOIS) - § VEe
g R T T
0 0.02 0.04 0.06 008 01 0.12 0 0.02 0.04 0.06 0.08 0.1 0.12 5?612(4292316

sin226,5

Smaller detectors are needed in mid-range baselines (1000-1500km)
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Optimization of NF Baseline and p Energy (P.A
Huber)

Bllllﬂl(ﬁ:lﬂl

NATIONAL LABORATORY

Neutrino
Oscillations
Internationally

Detectors

0.7

4 Sinz?.f’ﬁ:lﬂ_‘
| I | | Ly

1000 2000 3000 4000 5000
Baseline [km]

Using MIND (Magnetized Iron Neutrino Detector) and a single
baseline:
The optimal range is 1400-2600km for E,, from 7 - 15 GeV.
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CPV coverage with Different Experiments (P.A.

Bllllﬂl(ﬁlﬂl

Gl ()

Neutrino
Oscillations

Internationally CPV

\YEY i r signal syst.
0.8F IDS-NF 2010/2.0 ee— 1.4 Y,

\
F MIND L E eo— 1.4 9%
r LBN B 19,
| LBNE+Project X 1% 4
06+ T2HK e 59 2
t T2KH — known MH = 59,
r SPL: 2%
r BB 100 e 29,
04} LBNO — 33kt s 57 1
b LBNO — 100kt ———— 5%
F 2025

Detectors

CP fraction

0.2+ g
00 [ GLOBES 2011 — November 03 I
107 10°¢ 107° 1074 1073 1072 107"

True sin22613

Neutrino factories can determine CPV for values of d., close to 0 and
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Precision Measurements of CP Violation Phase
NATIONAL LABORATORY (P-A- Huber)

Bllllﬂl(ﬁlﬂl

Neutrino

Oscillations Sensitivity to physics beyond 3-flavor mixing REQUIRES high precision

Internationally

measurements of PMNS

25
A6=1/12(1-CPF) \
signal syst.
7 150 MIND LE s—"1 4% B
Detectors @ LBNE 1%
D LBNE+Project X 1%
2 T2HK s 50 N l
4 10F T2KH - known MH 5% 9
SPL e 26 \\\\,—
BB Q) e 26 7_
LBNO — 33! memmmmmm 5% —
50 LBNO — 100kt 5% P
2025 L "
JE—
GLOoBES 2011 — November 03

107 107 1072 107"

True S\nZQG‘ 1

Comparison not very accurate because of different assumptions of
expt. uncertainties
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Neutrino
Oscillations

Internationally

Reactor v
Experiments

Reactor v Experiments
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Reactor e: Precision Measurement of Two Mixing
Angles

Bnﬂﬂkﬁlﬂl

NATIONAL LABORATORY

Neutrino Atmo_spzheric osc. SOI r OScC.
Oscillations sin 2913 sin 295°|ar

Internationally - 1
o
z2
= 0.8
=]
]
£ = d 3 \
o Pouble Chooz Farf \
Q 0.6 ~1.05km Y=
] . Daya Bay Far
2 ~1.65km
Reactor v g 0.4
Experiments W :
D
RENO Far KamLAND
~1.44km ~180km, for &,
0.2 L 1 1
1 10 1

00
L [km]

In 2012: Measurement of a 3rd mixing amplitude:

sin 613 = 0.0241 &+ 0.0025

Much smaller than sin? Osar and sin? Gam.
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mowines  The Daya Bay || Experiment (China)

Neutrino g g g g g g

Oscillations Muon tracking— 22
Internationally

Previous site

o A7
Stainless steel tank
Mary Bishai

o Qea 4
Brookhaven Water Seal F/ liqud cintlator \ %
. § 20kt 8
LN\J tional Water Buffer 10kt 8
aboratory i
Y lic sphere: ¢34.5m
Oil buffer 6kt <

~15000 20” PMTs
optical coverage: 70-80%

VETO PMTs
Alternate: acrylic -> ballon |

Reactor v Alternate: acrylic -> PET sphere
Experiments

- No oscillation
- 1-P,, oscillation

Cur’rentlsite ' 5
Vi ¥ LR (P

e e Taishan
' \'angjlang LIE (kim/MeV)

Locate experiment at 60km from reactors - where solar osc. is max

25 30

Observe subdominant atm. osc



oot DY B | Challenge 1: Energy Resolution

Neutrino
Oscillations T
Internationally NH -
H
5000 |- BestFitto NHdata ——
000 | B =ONE, |
% '
0}
3 3000
= 2000
o
Z 6000 I .
s
= 5000
2000 O i/Eyis = 6%VE ;s 1
3000 =
Reactor v T T o
Experiments 2000 E E
2 3 F045F
E, [MeV] B E
* Need resolution <3% E -9 E
085
08
0.5 E : : e
E —— resolution = 2GNE
07 E —=— solulion = 3ENE
0.65F - —=— resolution = 45%ANT .
Need resolution < 3%/VE oo i 6 3
ss . 6years,30
s I I I I 10
a0 70 R0 90 100

NMumtbrer of evenls 34 /43
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BrooktinteN DY BI| Challenge 2: Energy Non Linearity

Neutrino * Experimentally measured is
| essentially the reconstructed energy
based on the light collection, which
may not be linear to the real energy
of the particle

- Quenching of the scintillator
- Cherenkov contribution

- Paosition dependence

Reactor v

Experiments - Electronics

» With certain non-linearity, the IH
could behave like the NH, and vice
versa

L
IH: cos ((2|Am§2| — Am}(Ep,L)) E—)
real

NH:  cos ((Q\A’mézHAmi(Eg.Ln = )

Assuming a non-linearity function

2|A'mZ,| + Am? (B, L)

T 9| Am],| — Am} (B, L) real -

g

IH H
!J_“'I 02 o ErBG{Ersal
1. r
SN e
MBE v
0,965 . . .
1 Y 3 10
Es (MeV)

Need to know the non-linearity to <1%

X. Qian et.al. arXiv: 1208.15651 32
35/43



seookinvey - RENO 50km

Neutrino
Oscillations

Internationally

@ Measure large 6, neutrino oscillation Letar
with Skton liquid scintillator at L~50 km
RENO can be used as near detectors.
* w ik LAB (5 kton)
* 2018~ 3|p 3000 107
PMTs
Phxsics anl of RENO-50 ‘
20m
Reactor v W Precise measurement of 6;; 26m
A 3
Experiments 5;:3 :“ ~1.0%(l¢) in a year «— current accuracy - 5 4% J-PARC neutrino beam direction
12 . _— _

B Determination of mass hierarchy Am2,,

m Neutrino burst from a Supernova in our Galaxy :
~1500 events (@8 kpc)

M Detection of T2K beam : ~120 events/year

M Test of non-standard physics :
sterile/mass varying neutrinos
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Neutrino
Oscillations

Internationally

Mar

Atmospheric v Experiments

Atmospheric
v Experiments
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smoodinien NS\ Effect in Atmospheric v Oscillations

q P with Travel Through the Earth - 10 GeV, 178
Neutrino o i Trave Though e °

Oscillations 2 — o rary
: AR o E———
Internationally 3
] 1o
Bishai 2 09§
H -4
& 07
National 0.5
05
Labor 04
03
1 0.2
0.1
% ' a0 a0 Gwo 800 10000 | i2000°
Length (km)

Plv,—v,) with Travel Thiough the Earth - 6 GeV, 126

asf-

Earth Density (g/cm3)

Atmospheric
v Experiments

MSW effect sensitive to sign of Am32, (atmospheric)

Normal hierarchy (NH): Am3, > 0
Inverted hierarchy (IH): Am%, < 0
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SROOKEIE At v, Oscillations and Mass Hierarchy

Neutrino Neutrino
Oscillations
Internationally

P @)

P v

P9,

Atmospheric
v Experiments

T
2 04
02
s 10 15 2
E, [GeV] E, [GeV]
Ve — Uy Uy — Uy -~ NH (AmZg, > 0) - - - IH (AmZ,,, < 0)

Effects are largest in the 3-10 GeV range
39/43



SROOKEIE At v, Oscillations and Mass Hierarchy

Neutrino Neutrino
Oscillations
Internationally

P @)

P v

P9,

Atmospheric
v Experiments

T
2 04
02
s 10 15 2
E, [GeV] E, [GeV]
Ve — Uy Uy — Uy -~ NH (AmZg, > 0) - - - IH (AmZ,,, < 0)

Effects are largest in the 3-10 GeV range
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Neutrino
Oscillations
Internationally

ponent.

TABLE XII. Expected number of v,-like and 7,-like events in 10 Hyper-K years for cach interaction com-

Hyper-Kamiokande Atmospheric v and MH

Atmospheric
v Experiments

CCv. CCp. CCuy,+p, NC Total
v,-like sample 15247 2831 3731 4792 26601
- single-ring 6356 1086 1682 1740 10864
- multi-ring 8891 1745 2049 3052 15737
Percentage (%) 57.3 10.6 14.0 18.0 100.0
7-like sample 28309 17255 1232 4559 51355
- single-ring 20470 13401 444 2496 36811
- multi-ring 7839 3854 788 2063 14544
Percentage (%) 55.1 33.6 2.4 8.9 100.0

1.2 =X
T at mesteny o ey
;4=0.5, Inverted hierarchy| 1.45[= =0.4, normal hierarchy

0.4, normal hierarchy

4
Y

.=0.6, normal hierarchy
,=0.5, normal hierarchy

(c) Multi-GeV anti-v-like

0.95-

0.

T I B U D P |
“*1 -08-06-04-02 0 02 0.4 06 038
cos ©

0.9

[ T B R I B P P |
-1 -08-0.6-04-02 0 0.2 0.4 0.6 08
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Hyper-Kamiokande MH Sensitivities with
Atmospheric v
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BROOKENEN  Summary

Neutrino
Oscillations
Internationally

The 3 flavor framework for neutrino oscillations is well established
m Experiments have identified 2 very different mass scales and 3
mixing amplitudes.
m The mass ordering (hierarchy) of the 1 and 3 mass states is still
unknown.

® The mass hierarchy can be probed using the matter effect in
long baseline accelerator v,, — v (US, Europe), long baseline
reactor . disappearance (China, Korea), using atmospheric v
(Japan, US, Europe).

m Discovering v CPV requires many 100kt .MW .yr exposures

Summary

in a very long baseline experiment . Larger detector masses and
independent MH determination are required at shorter baselines.
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