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Experiments



Why Neutrinos?
๏ Neutrino mass is a big piece of evidence 

of beyond-the-Standard-Model physics 

๏ There are still many open questions 
about neutrino mass 

๏ Where does it come from? How does 
it relate to the Standard Model? 

๏ What does it mean for the early 
universe? Is it part of the matter-
antimatter asymmetry puzzle? 

๏ We need a full understanding of 
neutrino behavior to address these 
questions
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Neutrino Mixing
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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

4

=

cij=cosθij					sij=sinθij

Detection also depends on the mass splittings: 

θ23=47.1±1.6° 
θ12=33.6±0.85° 
θ13=8.49±0.14°

∆m221 = 7.53±0.18x10-5 eV2 

|∆m232| = 2.55±0.04x10-3 eV2 

δCP = (1.37±0.18) π
PDG 2020



Oscillation Experiments 
in a Nutshell
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ν beam
Near 

Detector

Far Detector

102-3 of km

How many να here?

How many νβ here?
N	=	Φ	×	σ	×	ε	×	P(να→νβ)



Long Baseline Neutrino Oscillation
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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 |�m2

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.
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Location of dip in energy: ∆m232 

Depth of dip: sin2θ23

Magnitude of peak linked to 
sin2θ13, δCP, and mass hierarchy



The T2K Experiment 

30 April 2012 Sam Short 10 

Near detector suite Super-Kamiokande 

Off-axis neutrino beam reduces the spread of 
muon neutrino energies. 
 

Chosen off-axis angle is 2.5o which 
corresponds to a peak beam energy of 0.6 GeV.  

The  most  intense  accelerator  νμ  beam ever built is produced at J-PARC and directed (2.5° off-axis) toward SK. 

7 INGRID

ND280

T2K
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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 |�m2

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.



Current World Status
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Hyper Kamiokande

๏ Increase mass of far detector by 8x 

๏ Increase beam power 

๏ Increase near detector sensitivity
9



DUNE

๏ New LAr technology 
allows for highly detailed 
event reconstruction 

๏ Very long baseline useful 
for MH determination 

๏ Very high beam power
10



What We Do: Beamlines
๏ Long history of 

building targets for 
neutrino beam lines 

๏ Building DUNE 
target 

๏ Developing 
upgrades for 
proton beam power
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What We Do: Neutrino Interactions

๏ RAL leads and maintains 
one of the main 
simulation tools for 
neutrino interactions, 
called GENIE 

๏ Link between theory and 
experimental 
communities 

๏ Cross section 
uncertainties are the 
main source of oscillation 
systematic uncertainties
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What We Do: DAQ
๏ The Data AcQuisition 

system is the brain of 
any detector: what data 
to take 

๏ RAL has built & support 
the T2K DAQ 

๏ Developing new methods 
and systems for both HK 
and DUNE
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Project 1: DUNE
๏ Project is focused on 

ProtoDUNE & other 
prototypes operating from 
2022 

๏ Develop control systems and 
monitoring for DAQ 

๏ Analyze and interpret data 
from test beams 

๏ Hands-on work at CERN 
and/or SLAC
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Project 2: HK
๏ Options open based on 

student interest 
๏ Can work on the design and 

development of the HyperK 
OD (outer detector) 
๏ simulations and analysis 
๏ hardware work in the lab 

(e.g. PMT measurements) 
๏ Work on SuperNova 

triggering and analysis
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Anna Holin Francesca di Lodovico



Both Projects
๏ First year at partner universities 

(RHUL and KCL) where students will 
take University of London lecture 
series 

๏ Located at RAL for the remainder of 
the PhD 

๏ Opportunity for LTA at experimental 
sites: J-PARC, CERN, FNAL
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Conclusions
๏ Neutrino physics is an exciting 

front in BSM physics 

๏ RAL has a huge hand in current 
and future long baseline 
experiments 

๏ Exciting opportunities at RAL
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