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Neutrino Mixing

3

Neutrinos have two 
sets of eigenstates: 
mass (propagation) 

and flavor (detection)

PMNS mixing matrix tells 
us how mass and flavor 
eigenstates are related

Normal Hierarchy Inverted Hierarchy



Neutrino Oscillation

๏ Three mixing angles: θ13, θ12, θ23 

๏ Two mass splittings: ∆m
2

21 and |∆m
2

32|
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=

cij=cosθij					sij=sinθij

Detection also depends on the mass splittings: 

๏ The value of δCP 

๏ Mass ordering 
๏ Is θ23 maximal 
๏ More than three? 
๏ Absolute mass 
๏ Nature of mass: Majorana or Dirac?

Known Unknown



5 INGRID

ND280
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tector data samples (Section VI and Section VIII respec-
tively). The fit to near detector data, described in Sec-
tion VII, is used to constrain the far detector rate and as-
sociated uncertainties. Finally, Section IX describes how
the far detector ⌫

e

sample is used to estimate sin22✓
13

.

II. EXPERIMENTAL OVERVIEW AND DATA
COLLECTION

The T2K experiment [31] is optimized to observe elec-
tron neutrino appearance in a muon neutrino beam. We
sample a beam of muon neutrinos generated at the J-
PARC accelerator facility in Tokai-mura, Japan, at base-
lines of 280 m and 295 km from the neutrino production
target. The T2K neutrino beam line accepts a 31 GeV/c
proton beam from the J-PARC accelerator complex. The
proton beam is delivered in 5 µs long spills with a period
that has been decreased from 3.64 s to 2.56 s over the
data-taking periods described in this paper. Each spill
consists of 8 equally spaced bunches (a significant subset
of the data was collected with 6 bunches per spill) that
are ⇠ 15 ns wide. The protons strike a 91.4 cm long
graphite target, producing hadrons including pions and
kaons, and positively charged particles are focused by a
series of three magnetic horns operating at 250 kA. The
pions, kaons and some muons decay in a 96 m long vol-
ume to produce a predominantly muon neutrino beam.
The remaining protons and particles which have not de-
cayed are stopped in a beam dump. A muon monitor
situated downstream of the beam dump measures the
profile of muons from hadron decay and monitors the
beam direction and intensity.

We detect neutrinos at both near (280 m from the tar-
get) and far (295 km from the target) detectors. The far
detector is the Super-Kamiokande (SK) water Cherenkov
detector. The beam is aimed 2.5� (44 mrad) away from
the target-to-SK axis to optimize the neutrino energy
spectrum for the oscillation measurements. The o↵-axis
configuration [32–34] takes advantage of the kinematics of
pion decays to produce a narrow band beam. The angle
is chosen so that the spectrum peaks at the first oscilla-
tion maximum, as shown in Fig. 1, maximizing the signal
in the oscillation region and minimizing feed-down back-
grounds from high energy neutrino interactions. This
optimization is possible because the value of |�m

2

32

| is
already relatively well known.

The near detectors measure the properties of the beam
at a baseline where oscillation e↵ects are negligible. The
on-axis INGRID detector [35, 36] consists of 16 mod-
ules of interleaved scintillator/iron layers in a cross con-
figuration centered on the nominal neutrino beam axis,
covering ±5 m transverse to the beam direction along
the horizontal and vertical axes. The INGRID detector
monitors the neutrino event rate stability at each mod-
ule, and the neutrino beam direction using the profile of
event rates across the modules.

The o↵-axis ND280 detector is a magnetized multi-
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FIG. 1: The muon neutrino survival probability (top)
and electron neutrino appearance probabilities (middle)

at 295 km, and the unoscillated neutrino fluxes for
di↵erent values of the o↵-axis angle (OA) (bottom).
The appearance probability is shown for two values of
the phase �

CP

, and for normal (NH) and inverted (IH)
mass hierarchies.

purpose detector that is situated along the same di-
rection as SK. It measures the neutrino beam compo-
sition and energy spectrum prior to oscillations and is
used to study neutrino interactions. The ND280 detec-
tor utilizes a 0.2 T magnetic field generated by the re-
furbished UA1/NOMAD magnet and consists of a num-
ber of sub-detectors: side muon range detectors (SM-
RDs [37]), electromagnetic calorimeters (ECALs), a ⇡

0

detector (P0D [38]) and a tracking detector. The tracking
detector is composed of two fine-grained scintillator bar
detectors (FGDs [39]) sandwiched between three gaseous
time projection chambers (TPCs [40]). The first FGD
primarily consists of polystyrene scintillator and acts as
the target for most of the near detector neutrino inter-
actions that are treated in this paper. Hence, neutrino
interactions in the first FGD are predominantly on car-
bon nuclei. The ND280 detector is illustrated in Fig. 2,
where the coordinate convention is also indicated. The
x and z axes are in the horizontal plane, and the y axis
is vertical. The origin is at the center of the magnet,
and the magnetic field is along the x direction. The z

axis is the direction to the far detector projected to the
horizontal plane.

NEW! UK involvement in SK

Breakthrough 
Prize 2016



T2K UK Leadership
๏ International Co-Spokesperson: M. Wascko 

๏ Operations: DAQ, ECal, electronics, Run 
Coordination, Calibration 

๏ Oscillation Physics: 2 analyses and the ND280 
analysis for OA are UK-led 

๏ ND280 Physics: cross sections,  π
0
, νe, exotics, 

ND280 leadership
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The UK is leading all aspects of T2K 
Second largest member of T2K, after Japan
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FIG. 4. The 68% and 90% confidence regions for sin2(✓
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)
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| assuming normal hierarchy. T2K ⌫ [13], SK ⌫ [5]
and MINOS ⌫ [4] 90% confidence regions are also shown.

no indication of new physics, and are also in good agree-
ment with similar measurements from MINOS [4] and
SK [5]. The results presented here, with the first T2K
anti-neutrino dataset, are competitive with those from
both MINOS and SK, demonstrating the e↵ectiveness of
the o↵-axis beam technique.
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[16] T. T. Böhlen et al., Nuclear Data Sheets 120, 211 (2014).
[17] R. Brun, F. Carminati, and S. Giani, Report No. CERN-

W5013 (1994).
[18] C. Zeitnitz and T. A. Gabriel, In Proc. of International

Conference on Calorimetry in High Energy Physics, Tal-
lahassee, FL, USA, February 1993.

[19] N. Abgrall et al. (NA61/SHINE), (2015),
arXiv:1510.02703 [hep-ex].

[20] Y. Hayato, Acta Phys. Polon. B40, 2477 (2009), version
5.3.2 of NEUT library is used that includes (i) the multin-
ucleon ejection model of Nieves et al. [21] and (ii) nuclear
long range correlations for CCQE interactions, treated in
the random phase approximation [22].

[21] J. Nieves, I. Ruiz Simo, and M. J. Vicente Vacas, Phys.
Rev. C 83, 045501 (2011).

[22] J. Nieves, J. E. Amaro, and M. Valverde, Phys. Rev. C
70, 055503 (2004), [Erratum-ibid. C 72 (2005) 019902].

[23] C. Wilkinson, In Proc. of 16th International Workshop
on Neutrino Factories and Future Neutrino Beam Facil-
ities (NUFACT 2014), Glasgow, Scotland, UK, August
2014 .

[24] C. H. Llewellyn Smith, Phys. Rept. 3, 261 (1972).
[25] M. Jacob, Gauge Theories and Neutrino Physics (Else-

vier Science Ltd, North-holland/amsterdam, 1978).
[26] A. A. Aguilar-Arevalo et al. [MiniBooNE Collaboration],

Phys. Rev. D 81, 092005 (2010).
[27] A. A. Aguilar-Arevalo et al. (MiniBooNE), Phys. Rev.

D88, 032001 (2013).
[28] G. Fiorentini et al. (MINERvA Collaboration), Phys.

Rev. Lett. 111, 022502 (2013).

T2K in Summer 2015
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Kirsty Duffy   •   NuFact 2015   •    23/35 

ν𝑒 appearance: data 
• The current data set contains 3 events 
• Prediction (using T2K ν-mode oscillation parameters) is 3.7 events 

under β = 1 and 1.3 events under β = 0 

Event selection criteria at Super-K 
• Electron-like PID 
• Fully contained in fiducial volume 
• Only 1 reconstructed ring 
• No decay electrons 
• pe > 100 MeV 
• 𝜈 Erec < 1250 MeV 
• Passes 𝜋0 rejection 

Data and prediction binned in 𝝂  Erec 

PRELIMINARY 

Erec p-theta

p-value 0.16 0.34

BF 1.1 0.6

First Antineutrino Analyses

7x1020 ν POT 
4.4x1020 ν ̅POT



T2K in Summer 2016
๏ Added 3x1020 ν ̅POT for a 

total of 7.4x1020 and beam 
power exceeded 400 kW 

๏ Joint ν-ν ̅analysis, including 
water target data at the ND  

๏ ν+ν ̅gives powerful insight 
into δCP constraints

8

δ C P V S .  θ 1 3

• Left: δCP vs. θ13 (fixed Δχ2
, fixed hierarchy) 

• T2K-only 

• T2K with reactor sin
2
2θ13= 0.085±0.005 

• Below: δCP with Feldman-Cousins critical 
values and reactor θ13

δCP = [-3.02, -0.49] (NH),  [-1.87, -0.98] (IH)  @90% CL

T2K Run1-7b 
PRELIMINARYT2K Run1-7b 

PRELIMINARY

T2K Run1-7b 
PRELIMINARY
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T2K Run1-7b preliminary
note change in horizontal scale

22

+ reactor 
constraint

Note change in x-axis limits

Obs δCP=-π/2 δCP=0 δCP=+π/2 δCP=π

νe 32 27.0 22.7 18.5 22.7

νe̅ 4 6.0 6.9 7.7 6.8

sin2θ23=0.528, NH



T2K in Summer 2016

๏ T2K+reactor combination prefers δCP=-π/2  

๏ Excludes no CP-violation at the 90% level  

๏ Prefers NH around 3:1 
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T2K Run1-7b Preliminary MCMC  

with Erec

plep/θlep 

flat δCP prior

• Left: posterior probability distribution in δCP 
marginalizing over all other parameters 

• negligible dependence on priors except for δCP  

• (flat in δCP vs. sin δCP) 

• Bottom: posterior probability distributions for 
θ23 octant and hierarchy with MCMC analysis 

• mild preference for θ23 >π/4 and normal hierarchy

N H I H S U M

sin2θ23 ≤ 0.5 0 . 2 1 8 0 . 0 7 2 0 . 2 9 0

sin2θ23 > 0.5 0 . 5 2 9 0 . 1 8 1 0 . 7 1 0

S U M 0 . 7 4 7 0 . 2 5 3 1 . 0 0 0

P4.023 K. Duffy

sin2θ23≤0.5 sin2θ23>0.5 Total

NH 0.218 0.529 0.747

IH 0.072 0.181 0.253

Total 0.290 0.71 1.0



Non-Oscillation Physics
๏ Based on UK Theses: 

๏ Single π Cross Section on Water 
๏ Coherent π production on Carbon 
๏ Charge Current 0π on Carbon 

๏ Other Cross Section 
๏ νe 

๏ Novel kinematic variables 
๏ π

0
 

๏ Short baseline steriles 
๏ 13 posters by UK students and postdocs about T2K at 

Neutrino2016 (hosted in London by Imperial!)
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http://arxiv.org/pdf/1605.07964
http://arxiv.org/pdf/1604.04406
http://arxiv.org/pdf/1602.03652
http://neutrino2016.iopconfs.org


SK in the UK
๏ Sheffield, QMUL, 

Liverpool, Imperial, and 
Oxford are now 
officially members of SK 

๏ Responsibilities: 

๏ Calibration 

๏ Gd in water 
cherenkov detectors 

๏ Analysis

11

05/12/2016 Adrian Pritchard  
 University of Liverpool 5 

SK Laser Calibration 
• Data has been collected using the 

horizontal injection points, but never 
analysed 
 

• I would like to look at analysing these 
events in a similar manner to the 
vertical analysis 
 

• Look at TOF corrected timing 
distributions for hits in PMTs outside 
beam region 



Looking Forward
๏ T2K has now taken ~18% of 

expected POT, and will add 
another 10% in the next 12 months 

๏ T2K will begin autumn running in ν 
mode to maximize statistics  

๏ Expect a lot of physics very quickly!

12



The NoVA Experiment

13

NOvA Detectors 

¨  Designed for electron ID 
¤  Low Z materials 
¤  65% active 

¨  ND: Underground at FNAL 
¨  FD: On the surface at Ash River 

P. Vahle, Neutrino 2016 6 

Strong 
involvement in 
νμ→νμ analysis



NoVA Results 2016
๏ 2.5σ preference for sin2θ23 ≠0.5  

๏ Analysis for δCP is complicated 
by θ23 measurement, but tends 
away from IH and δCP=+π/2

14

Contours 

Maximal mixing excluded at 2.5σ 

P. Vahle, Neutrino 2016 18 
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No FC Correction 

Contours 

¨  Fit for hierarchy, "CP, sin2θ23 

¤  Constrain Δm2 and sin2θ23 with NOvA 
disappearance results 

¤  Not a full joint fit, systematics and other 
oscillation parameters not correlated  

¨  Global best fit Normal Hierarchy 
 

 

¤  best fit IH-NH,  Δ!2=0.47 

¤  both octants and hierarchies allowed at 1σ 
¤  3σ exclusion in IH, lower octant around 
"CP=π/2   

 

P. Vahle, Neutrino 2016 27 

Antineutrino data will help resolve degeneracies, 
particularly for non-maximal mixing 

Planned for Spring 2017 
CPδ
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Looking Forward
๏ NoVA still has data in the can 

from 2016  

๏ Expect to double dataset in the 
next year 

๏ Begin antineutrino running in 
Spring 2017

15
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MINOS+
๏ New results on PMNS disappearance 

๏ New results on steriles, exotics, and 
non-standard interactions 

๏ Last data taken at the end June! 

๏ Many leadership roles: cospokesperson, 
analysis coordinator, steriles
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Epilogue
The last ever MINOS beam neutrino

26 

After 2.62x1021 protons on target 
29th June 2016 

Manchester, Cambridge, UCL, Oxford, Sussex, Lancaster



Global Combinations
๏ T2K, NoVA, and SK data 

is generally in agreement 
about δCP 

๏ Combinations are 
pointing towards stronger 
evidence 

๏ Doesn’t have full 
systematic correlation, but 
experiments are at the 
beginning of that process
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Pre-Neutrino2016

Post-Neutrino2016

Bari group, Neutrino2016

1σ

2σ

3σ



T2K-II
๏ There is ~5 years between 

the nominal end of T2K and 
the start of HK 

๏ Continuing to run the beam 
can triple the POT to 
~20x1020 in the intervening 
time 

๏ J-PARC PAC hearing proposal 
this week 

๏ All UK institutions on T2K 
have expressed interest in 
extending work on T2K to 
T2K-II
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FIG. 1: Anticipated MR beam power and POT accumulation as function of Japanese

Fiscal Year (JFY) which starts 1 April of the corresponding calendar year.

PAC in July 2015[6] and anticipated beam power of 1.3 MW with 3.2⇥1014 ppp and a

repetition cycle of 1.16 seconds are presented at international workshops[7, 8]. Figure 1

shows our projected data accumulation scenario where five months of neutrino operation

each year and running time e�ciency of 90% are assumed. In this scenario, we expect to

accumulate 20 ⇥ 1021 POT by JFY2026. If six months operation each year is assumed,

this goal can be accomplished by JFY2025.

The T2K collaboration is also working intensively to increase the e↵ective statistics

and sensitivity of the experiment per POT. Increasing the electromagnetic horn current

from the present 250 kA to the designed 320 kA will result in 10% greater neutrino

flux. The current e�ciency to select oscillated ⌫
e

CC events at the far detector, Super-

Kamiokande (SK), is 66%. The main ine�ciency results from only selecting events with a

single Cherenkov ring from the outgoing lepton without additional rings or decay electrons

that may arise from pions produced in the interaction. We expect to increase the e�ciency

to 70-80% by selecting additional events accompanied with a decay electron and multi-ring

events with an improved event reconstruction algorithm at SK. This algorithm may also

allow the fiducial volume at SK to be increased by 10-15%. Taken together, the beamline

upgrades and analysis improvements can potentially increase the e↵ective statistics of T2K

by up to 50%.

Nominal End of T2K: 
7.8x1020  POT

Beginning of HK



T2K-II
๏ Sensitivity also enhanced by 

improvements in data selections 
and systematic uncertainties 

๏ Robust set of proposals for near 
detector upgrades to follow 

๏ Potential for >3σ observation of 
CP-violation by 2026
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FIG. 2: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20 ⇥ 1021 POT with a 50% improvement in the e↵ective statistics, a reduction of the

systematic uncertainties to 2/3 of their current size, and assuming that the true MH is

the normal MH. The left plot is with assumption of unknown mass hierarchy and the

right is with known mass hierarchy. Sensitivities at three di↵erent values of sin2 ✓23

(0.43, 0.5 and 0.6) are shown.

It was surprising that the flavor-mass mixing in the lepton sector is very di↵erent from

that in the quark sector. The current measured value of ✓23 is consistent with maximum

mixing: 45� with 3.2� uncertainty. The precise determination of this value, whether the

mixing is maximal or not, would guide us to understand the origin of the flavor-mass

mixing. We expect that the precision of ✓23 reaches 1.7� or better with this program. The

squared mass di↵erence �m2
32 will be determined with ⇠ 1% precision.

Precise measurements of neutrino-nucleus interactions at the near detectors during

T2K-II would contribute critically to the reduction of systematic uncertainties arising from

neutrino interaction modelling in future accelerator-based long baseline experiments. T2K-

II would also perform searches for physics beyond the standard model. In particular, the

combination of accelerator-based long baseline measurements with ⌫
µ

/⌫̄
µ

beams and reac-

tor measurements with ⌫̄
e

flux would give redundant constraints on (�m2
32, sin

2 ✓23, �
CP

).

New physics could show up as an inconsistency in these measurements.
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FIG. 25: Sensitivity to CP violation as a function of POT with a 50% improvement in the

e↵ective statistics, assuming the true MH is the normal MH but unknown and the true

value of �
CP

= �⇡/2. The plot on the left compares di↵erent true values of sin2 ✓23, while

that on the right compares di↵erent assumptions for the T2K-II systematic errors with

sin2 ✓23 = 0.50.

The above study assumes that equal POT are accumulated in ⌫-mode and the ⌫̄-mode.

The balance could be optimized to enhance the significance for observing CP violation.

Sensitivity to CP violation depends on resolving degeneracies such as the mass hierarchy

and the ✓23 octant. Thus, this optimization requires a detailed consideration over a large

space of neutrino oscillation parameters and the outcome of future measurements. Here,

we verify that ⌫ : ⌫̄ = 50 : 50 running, while not optimal in all cases, is a reasonable

option that achieves sensitivities close to optimal across a range of underlying parameters.

Figure 26 shows the sensitivity to CP violation plotted as a function of POT with seven

true values of sin2 ✓23 and five options of the ⌫ : ⌫̄ running time ratios (in percentage).

In this study, only statistical uncertainty is considered and the statistical enhancement

is assumed throughout. It can be observed that the configuration where data is taken

dominantly in ⌫-mode gives the worst sensitivity to CP violation if the true value of ✓23

is in the lower octant. This is because ⌫-mode running alone has limited power to resolve

the ✓23 octant. On the other hand, while more ⌫̄-mode running improves the ability to

resolve the ✓23 octant, it su↵ers from decreased statistics. We conclude that taking data

equally in ⌫-mode and ⌫̄-mode, while not the optimal configuration for all values of sin2 ✓23,

consistently gives high sensitivity to CP violation overall.

T2K T2K-II



PINGU
๏ Low energy extension of IceCube 

๏ Determination of the neutrino mass 
ordering 

๏ Test of PMNS matrix unitary via ντ 
appearance 

๏ Best sensitivity for spin-dep. interactions 
of low mass DM 

๏ New baseline PINGU geometry: 40 strings 
with 96 pDOM each→26 strings with 192 
pDOM each 

๏ This change does not lose NMO  sensitivity, 
but it brings significant cost savings via:  
๏ only two deployment seasons 
๏ fewer holes to drill

20

This reduces total cost to $47M, and enables PINGU to fit in the NSF 
“midscale” program – proposal is being prepared. 

Updated LoI will be released soon 



CHIPS
๏ Use 3” PMTs in natural water as 

an off-axis detector to measure 
the second oscillation max 

๏ 50 ton prototype tested in 2015 
๏ Attenuation length of water 

measured with recirculation 
๏ Major simulation progress: 

studying PMT coverage—may 
only need 6%  

๏ Design of 1.5 kton 
“slice”underway
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PhyStat-ν 
๏ A UK-led initiative to bring the 

PhyStat workshop series to 
neutrino physics  

๏ First meeting in Kashiwa this 
year was a resounding success: 
90 participants and high praise 
from attendees 

๏ Second meeting at FNAL in 
September 

๏ Timely discussions for the 
exciting physics arriving from 
neutrinos 

๏ Workshops will continue!
22

PhyStat

INTERNATIONAL WORKSHOP
ON STATISTICAL ISSUES IN 
NEUTRINO PHYSICS
THE KAVLI INSTITUTE FOR THE PHYSICS AND
MATHEMATICS OF THE UNIVERSE, KASHIWA, JAPAN
 30 MAY⇡–⇡1 JUNE 2016
Local⇡Organising⇡Committee:⇡Mark HARTZ/Christophe BRONNER/Richard
CALLAND/Yoshinari HAYATO/Yasuhiro NISHIMURA/Kimihiro OKUMURA
 
Scientific⇡Organising⇡Committee:⇡Yoshi UCHIDA/Jun CAO/Daniel
CHERDACK/Robert COUSINS/David VAN DYK/Mark HARTZ/Pilar
HERNANDEZ/Joe FORMAGGIO/Thomas JUNK/Asher KABOTH/Louis
LYONS/Shun SAITO/Subir SARKAR/Elizabeth WORCESTER/Kai ZUBER
 
PhyStatNu_LOC@ipmu.jp conference.ipmu.jp/PhyStat-nu PhyStat-nu@imperial.ac.uk

PhyStat-nu 2016

Scientific Organizing Committee

Costas Andreopoulos, University of Liverpool
Daniel Cherdack, Colorado State University
Robert Cousins, Universityof California, Los Angeles
Kyle Cranmer, New York University
Mark Hartz, Kavli IPMU (WPI), University of Tokyo and TRIUMF
Alexander Himmel, FNAL
Thomas Junk (Chair), FNAL
Asher Kaboth, Royal Holloway, University of London and STFC, RAL
Louis Lyons, Imperial College London and University of Oxford
Gabriel Perdue, FNAL
Yoshi Uchida, Imperial College London
David van Dyk, Imperial College London
Elizabeth Worcester, BNL

Local Organizing Committee

Adam Aurisano, University of Cincinnati
Laura Fields, FNAL
Alexander Himmel, FNAL
Thomas Junk, FNAL
Keith Matera, FNAL
Gabriel Perdue, FNAL

September 19 - 21, 2016
Fermi National Accelerator Laboratory, Building 327

For registration & additional information visit:

 

http://indico.fnal.gov/event/phystat-nu16
Or email us at: phystat-nu-fnal-soc@fnal.gov

PhyStat-nu Fermilab 2016 is the second in a series of international workshops

on statistical issues in experimental neutrino physics. The workshop will bring together

statisticians and experimental physicists to address the challenges in designing future

experiments and producing the most valuable results from running ones.



Summary
๏ The past year has been extremely exciting in LBL neutrino 

physics 

๏ Stronger hints in δCP 

๏ Tighter constraints in θ23 and ∆m
2
32 

๏ New cross section and exotics measurements  

๏ Many more results from Neutrino2016 

๏ The UK holds strong leadership in ongoing experiments and 
drives these analyses 

๏ There is still much to do, and near-term future experiments 
have great potential
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http://neutrino2016.iopconfs.org/programme

