Recent accelerator long baseline
neutrino oscillation results

Peter Ratoff
Lancaster University
& the T2K Collaboration

1. Introduction
2. Recent T2K & MINOS results

3. Prospects for the next few years
4. Longer term future (10* years)

21/07/2014 Acc. LB Nu Osc. - Peter Ratoff - SUSY2014



Neutrino physics — a constant source of surprise & mystery!

Vq -

Compared with the quarks and charged leptons,

why are neutrino masses so small? \
Leptons

Neutrino mixing angles are generally much larger than , ., ,

quark mixing angles; large CP violation effects are o routrino,  rostrco,
< 0.0005 < 0.0005 < 0.0005
allowed in the neutrino sector

Quarks/CKM / \ Neutrinos/PMNS M

0.976 0.22 0.004 0.85 -0.54 0.16
-0.22 0.98 0.04 U=1| 033 062 -0.72
0.007 -0.04 1 -0.40 -0.59 -0.70
strange
massless v yMass=1. 9eV/c < “
c
g Neutrinos play a fundamental role in
% the evolution of the Universe
LL
&  Can neutrinos explain the matter-
= antimatter asymmetry of the Universe?
§) e.g. via CP violation and Leptogenesis
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The 3 Neutrino Flavour Paradigm?®

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix

Ve Uel Ue2 UeB 141

Vn = U,ul UNQ U,u3 1% .
Vr UTl U7'2 U7'3 V3 SijzsIn eij

5=CP
Flavour Mass violating

states states phase

“Atmospheric” “Reactor” “Solar”

Ut Ue Ues 1 0 0 13 0 s13e7% ci2 S12 0
U,ﬂ U,u2 ng =10 C23 S923 | X 0 1 0 X | —S12 (C12 0
U U Uss 0 —s23 c23 —si3e © 0 o3 0 0 1

Oscillation phenomena have been convincingly observed using solar, atmospheric,
reactor and accelerator neutrinos, establishing the 3 neutrino flavour SM paradigm

(§ ignoring Majorana phases)
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Neutrino Properties

Known: Parameter Value Precision (%)
- have mass Am? 7.510%eV? 2.6 L
. ~ O
- oscillate between flavours 6,, 34° 54 =9 E
- measured values for ) 7 N
= 0,5, 0,5, 0,5 Am~,, 2.410%eV? 2.6 2=
’ ) N .. a
" Am212; |Am322| 923 42° ~10 §>§ =
O<F
0., 9° 8.5
Normal Inverted
2
Unknown: m;n I m, ) (,:_1_? 4
- order of the mass states (hierarchy) == (Am®),, m; sol” e
- absolute mass of the neutrino (Am?)y, :
- 1s B3 maximal (=45°)? Or which octant? , (ﬂmz}m
- are there more than 3 neutrino types? e (An) (m (Am")y
- Majorana or Dirac? m ’ — mm —
- the value of d¢p Voo WY

Neutrino Mass Hierarchy
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Neutrino Oscillation Measurements at Accelerators

Muon neutrino disappearance (in the absence of matter effects)

P(v, = v,) ~1 — 4 cos?(013) sin®(#a3)[1 — cos®(613)
Survival probability v ¢ip2 (923)] sin? Am3,L
4F

Electron neutrino appearance

2
P(v, — ve) =~ sin® O3 sin” 2613 sin” ATEIL

~sin 2012 sin 2053 G Am3, L 1% 90: « sin? Am3, L
2 sin 913 4F o 4F

+ (CP even term, solar term, matter effect term)

sin dcp

Disappearance channel : sensitivity to 923 and (subleading) to the octant

Appearance channel : sensitivity to 913 and (subleading) to the CP phase
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T2K experiment
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The T2K Off-Axis Beam

Super-Kamiokande

: Off Axis (2.5°
Neutrino Source ND280 Near Detector xis ( )
SR | T 0 —ft_—a)—(i—s ———————————
Proton Beam ‘® ____________ on-axis Neutrino Beam
n monitor = T TTTm===-_C -
Om 120m 280m 295 km
c [
o
S T T T ] S
| The kinematics of pion decay allow | & |
] 0 __
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L 4 1
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T2K Muon Neutrino (Vu) Disappearance Measurement

CCQE

/
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> [ T T T T T T T T T T T T T T T T T T T ]
0 - _

&) B - oATA 120 selected events |
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o‘ L Best-fit Expectation with Oscillations |
é 40 - —— MC Expectation without Oscillations _|
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= 20.50 f 3
K O OE . ‘ . . 3

0 1 2 3 4 >5

Reconstructed v Energy (GeV)

Phys. Rev. Lett. 112, 181801 (2014)

Deficit of v, CCQE events
at Super-Kamiokande

Maximal mixing is not the same as maximum
disappearance if 8., is not zero!

W
[\
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68% (dashed) and 90% (solid) CL Contours

98]
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- 2
NH: sin%(6,;) =0.514 sin“(8,5)

NH:Am?, =2.51x10%eV?

For 6,5 given by reactor experiments
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Number of events /(50 MeV)

T2K Electron Neutrino (ve) Appearance Observation
Phys Rev. Lett. 112, 061802 (2014)

V.CCQE @ Super-K
10 ————————

—4¢— T2K dam

Reconstructed neutrino energy (MeV)

4.92 + 0.55 events expected background

28 events observed

21.6 events expected @ sin?26,;= 0.1
Ocp= 0, sin?0,,= 0.5

7.3 o significance for non-zero 6,

N

& 3

TTT T[T T T T[T T T T[T TTT T[T T T T [TTT
| | | | \ |

01405

—Best fit 7
68% C.L. -
—90% C.L. 2

Runl-4 data

Normal hierarchy .
sin 923—0 5, E
Am3,|=2. 4><10 ev2

(=)

S 02702503 035 04

[ DL BNy =
hierarchy:
170085

—Best fit 7
68% C.L. -
—90% C.L. J

Runl-4 data

Inverted hierarchy -
sin 623—0 5, =
IAm32I 2. 4><10 ev2

03 035 04
s1n2613

First ever observation (>5g) of an explicit v appearance channel
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T2K Joint V, + Vv, Analysis : Constraints on O

7

=R
< - — Normal Hierarchy
. T . g 6~ —— Inverted Hierarchy
Combined likelihood ratio fit to the ~ ——_FC90% Ax; (NH)
- FC 90 % A2 (IH)
Ve_and v, CCQE samples 00 % erolirbd (UH)
Using PDG 2013 0,5 value,T2K © [ 90 % excluded (H)
finds a (slight) preference for 6., =-/2 [
and the Normal mass hierarchy 3 -

Similar results from an independent
T2K analysis using Markov chain MC g
producing Bayesian credible intervals 15 -

N 05 0

If Nature has chosen &, = -1/2, this will be very helpful experimentally
AND this solution satisfies the leptogenesis bound with no additional CP violation

|sin 8,5 sin 6, | 20.11
Pascoli, Petcov, Riotta 2007
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Future Sensitivity to CPV using T2K
Sin220,5=0.1, 5= -1/2

— sin’0,,=0.40

10— T T T sin2623=0_45 & S PR T -
—_—l 2 — 100 i K NH E ! NH A
9 N H s!n2623-0l50 50 ‘/." ’ /lH‘ A IH A
8 — S|n2923=0.55 0 '.-"'."' /"/ e E
7 et — 50 ¥4 / :./' r
SII'I 623—0-60 B 100 _' Y 1 : E 4 .‘ ] E
6 150 . '.‘\ . ‘ -\.. . 4 B . \ \. A —: ‘ E
5 o wns [N} s 02 [F 0 X 02 0,25
4 sin’20), sin’20
2 B O
1 100] NH 1 NH =
0 A IR R T T N ST A N R (AT . r""‘. IH 3 IH 3
-150 -100 -50 0 50 100 150 ; i )
6 100 E 4 4
T2K: 50% v/50% anti-v CP owp A4 4 R S SO
o wns [N} LS EY 02 023 0 0 01 018 02 028
sin®20.. sin*20..
100% v (true NH) 50% v/50% anti-v (true NH)
w/ Reactor constraint w/ Reactor constraint

No systematics
5% error on signal, 10% on background =========ssscccx.

T2K studies indicate our best sensitivity will be for 50% v/50% anti-v

running. Anti-nu running also opens a large new physics program.
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M | N OS High energy on-axis beam

MINOS= Main Injector Neutrino Oscillation Search

Soudan Mine
Far detector
Vi ve

Nebraska

Fermilab
Near detector

477 km

| | [ I ‘ H

Pointer 44"25'37.22/YN 490°33'05.39" W Streaming ||||1||{|] 100%
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MINOS 3 Flavor Oscillation Analysis

» Analysis combines:

® Full MINOS v,-CC and v,-CC disappearance sample - PRL 112, 191801 (2014)
® Full ve-CC, ve-CC appearance sample, described in PRL 110 171801 (2013)

@ Full MINOS and new MINOS+ atmospheric neutrino samples

» Sensitive to 013, 023 octant, mass
hierarchy, and &cp from ve sample

» Sensitivity enhanced by atmospherics:
® Matter effects in multi-GeV, upward- 100}

going events

@ Effect seen in neutrinos or
antineutrinos, depending on hierarchy

» MINQOS first to probe effect with
event-by-event charge separation
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(10%eV?)

2
32

Am

MINQOS 3 Flavor Oscillation Analysis

Most precise measurement of |Am,,?|

T T T T T T T T T T

- consistent with Maximal Mixing

™\ + r r r. [ r 11 1| 1 Tt 1 T [ T T T T [,°T

I T T I
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. 3.36 x10°° POT v -enhanced beam 1 - -~ Normal hierarchy S
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L - (@)) IR ’ _
I~ - (@) \\ ,/
i 1 3 (.0 90%C.L. . -
2.4+ -
2.2 - A
B Normal hlerarchy 7] 2.2 2 3 2.4 25 2.6
1 1 _3 2
- Inverted hierarchy | | i IAm32| (10 eV )
221 ] 1 T 1 1 T
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i 1
i 1 L
B 1 <<
2.6~ -1
i ; - 68% C.L. 7
. * Best fit -
28K — 90% C L _|
i N 1 0 R R B R
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Comparison of T2K with MINOS Disappearance/Atmospheric Results

=
g 90% CL
A -2AInL;,
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4 L
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N OVA High energy off-axis beam
NOvVA = NuMI Off-Axis v, Appearance

Ash River
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Image © 2007 DigitalGlobe VlJ
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| I [ I - Image NASA
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First Neutrino Interactions Observed in NOVA!

NOvA+T2K hierarchy resolution 36x10%° POT NOvA
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What next (mid-2020’s)?

LBN(E/F) Sens:tlwty of 6
10— |-
= _I Hyper_Kl | Normal mass h|erarchy
8:— —— LBNE (34kt LAr, 1.2MW 6yrs)
6F
SR A o, W WA A AN
4F
- 39 -
, 2F
o uFermllabao‘ - | | | / | 1
5 S 0 -150 -100 - 0 50 100 150
Comprehensive CP Violation, Mass Hierarchy, Non-Standard Interactions SCP
and Matter Effects Need Longer Baseline -
and High Intensity Broadband Neutrino/Anti-Neutrino Beam 76% ( 36 ) of the § is covered

by J-PARC + Hyper-Kamiokande

LBNE Liquid Argon TPC |

GOAL: 235 kt fiducial mass
Volume: 18m x 23m x 51m x 2
Total Liquid Argon Mass:
~50,000 tonnes

Based on the
ICARUS design ﬂ

Actual detector design will evolve
with input from new partners, and may
involve multiple modules of different designs.
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Summary & Conclusions

During the last 1.5 decades the study of neutrino interactions has revealed many
unexpected discoveries, establishing the 3 neutrino flavour mixing paradigm (PMNS)
which implies new physics beyond the Standard Model.

The field is entering the few % precision era due to dedicated experimental efforts on
4 continents.

The experiments are becoming sensitive to CPV effects via the interplay of reactor
and accelerator observables.

Major efforts are ongoing towards answering the remaining open questions and
providing precise tests of the current model.
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Neutrino Oscillations

In a simplified 2 flavour model... If neutrino flavour eigenstates are different to
neutrino mass eigenstates, propagation over a
baseline L of a neutrino of given flavour induces
a phase shift, with the possibility of the
appearance of the other neutrino flavour

cosO sinB
—sin® coso

Ve:
AY

Vi
vV,

w

v, = -sin 6 v, +Cos 0 V, v, > exp (-ipx) v,

v, =2 exp (-ip,x ) v,
A® = Am-?L/(4E)

Y, W

o\ A R

TRV AL '\,’\,'
\ \ \’ ]
YWy v iy

A% ViV,
Prob(v —v )= sin%(20) sin® (Am“L/4E)
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The T2K Experiment Overview

Uses the J-PARC accelerator complex for the beam.

Magnect
yoke

Magnet
coils

Far detector: Super-K
at 295 km.

Tracker

Pi-zero
Detector

On and off-axis hybrid near
detectors at 280m
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T2K Near Detector Constraint
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° E

visible

v, event selection

T2K has made improvements in background and error reduction.

Single-ring e-like event
> 100 MeV

* # of decay electron=0
* 0<E, <1250 MeV
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T2K Let’s think about these reglons'

 Comparing with the
external reactor
constraint the best
overlap is for the
normal hierarchy with 05
6.,=—T/2.

dcp (T0)

Am3,>0

< 68% CL
P 90% CL
T = Best fit

|IIII|IIII|IIII

This is a lucky point!

You also need to
increase the 8,; mixing
angle to account for
the number of
observed events.

i .
077005 0.1 0.15 0.2 0.25 0.3 0.35 0.4
2
Note: Marginalized sin"20,;
over 6,; and Am?;,
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T2K Joint v, + v, Bayesian Analysis

New Result:

Use a Markov Chain Monte
Carlo (MCMC) with both
T2K-SK v, +v, and ND280
samples.

Note: Marginalized over
hierarchy.

Can compare the probabilities for
each MH and 8, octant
combination in the posterior
probabilities.

e

Assuming flat priors for sin?6,;, |Am?,,|; P(NH) = P(IH) 0.5

S
o
[O8)

g PRELIMINARY 90% Credible Interval

1 68% Credible Interval
Marginal Posterior

90% CI Inclusion:
dcp €[-1.13, 0.14]n

) )
> = 3
[S=N

) (\S} W

0.01

Probability Density per 1/50

0.005

| III|III|III|II
-08 06 -04 02 O 02 04 06 08

HIIIIlIII

[

m-ﬂ-m

sm2623 <0.5 26%
sin’0,,>0.5 50 24 74%
Sum 68% 32%

21/07/2014 Acc. LB Nu Osc. - Peter Ratoff - SUSY2014 26

AHVYNINIT34d



>
i

=\ fla‘_\v

4

=

-

~

-

. ~ Iy
5l w
i~

'

t—h 0.4+0.08 0.033 + 0.006 2
t—=3h 0.57+0.11 0.155+0.03 1
T—uU 052+0.1 0.018 +0.007 1
T—¢€ 0.61+0.12 0.027 + 0.005 0
Total 2.1+042 0.23 +0.04 4

no oscillation excluded
at 42 o CL

® The evolution of the actual dE/dx from a single track to an e.m. shower
for the electron shower is clearly apparent from individual wires.

' Ey= 2#1 GeV e.m. shower
P, =1.540.7GeV/ic "+ ' buildup I
SRR 56T e s ‘ single pAfp tr
MBI R l 9

. b :

incoming
N :
Brentrino

<— 45cm —»

A'._:. -

»
>



21/07/2014

Available online at www.sciencedirect.com

“ ScienceDirect nucLEArl=Y

s

ELSEVIE Nuclear Physics B 774 (2007) 1-52

Leptogenesis and low energy CP-violation
in neutrino physics

S. Pascoli ®*, S.T. Petcov !, A. Riotto ©¢

& IPPP, Department of Physics, Durham University, DHI 3LE, UK
b SISSA and INFN-Sezione di Trieste, Trieste 1-34014, Italy
¢ CERN Theory Division, Geneve 23, CH-1211, Switzerland

d INFN, Sezione di Padova, Via Marzolo 8, Padova I-35131, Italy

Received 24 January 2007; accepted 12 February 2007

13, . 513 M,
Yp| =2.8 x 107 Bsing|{ == | —— ). 91
¥zl x 107 lsin |(0.2>(109GeV) ©1)

The asymmetry of interest is predominantly in the lepton number L, + L. Thus, in order to
reproduce the observed baryon asymmetry, taken to lie in the interval 8.0 x 10~ < |yp| <
9.2 x 10711, s13|sind| and M1, in the case analyzed, should satisfy

: 513 M,
2.9 < Jsind|{ 2 ) ——L ) <33 92
< Isin l(O.Z)(lO“GeV)N ©2)

Given that s3|sind| < 0.2, the lower bound in this inequality can be satisfied only for M| 2>
2.9 x 10! GeV. Recalling that the flavor effects in leptogenesis of interest are fully developed
for M1 <5 x 10! GeV, we obtain a lower bound on the values of |s13siné| and s13 for which
we can have successful leptogenesis in the case considered:

|sinf13sinéd| 2> 0.11, sinfy3 2> 0.11. (93)
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