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The Standard Model

With the discovery of the Higgs Boson,
all particles of the Standard Model
have been found.

Is the standard model complete and
correct?

In the SM neutrinos are massless !

In the SM only left handed neutrinos
(and right handed anti-neutrinos) !

No unique way to give mass to
neutrinos.

⇒ Very probably new degrees of freedom
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Neutrino Physics

Observed phenomenon that cannot be explained by the present Standard Model:
neutrino oscillations: observed in solar, reactor, atmospheric and accelerator neutrino experiments
oscillation probability (in a first approximation) is given by:
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⇒ neutrinos mix and all neutrino experiments can be explained (with some tensions) in the PMNS
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Extension of the Standard Model is mandatory for our understanding of the neutrino physics
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Extension of the Standard Model

Which extension of the Standard Model can generate neutrino masses ?
What are the values of the mixing parameters in the PMNS matrix?

Answering these questions might shed light on fundamental features of the universe

Baryon asymmetry of the universe:
leptongenesis based on Majorana neutrinos is one potential model to explain the matter-antimatter
asymmetry of the present universe.

Dark matter:
right handed neutrinos could be interesting candidates.
what are their masses ?
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Neutrino Masses

Standard Model Dirac mass term only
Majorana mass term
only

Dirac+Majorana mass
terms
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Dirac+Majorana mass terms seems to be the preferred and most convincing scenario
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Neutrino Physics

Current knowledge:

3 neutrino flavors have been observed (νe , νµ, ντ )

All mixing angles have been measured (with different accuracies) (θ23 ' 45◦, θ13 ' 9◦, θ12 ' 34◦)

Two mass splittings are known (∆m2
23 ' 2.4× 10−3eV 2,∆m2

12 ' 8× 10−5eV 2)

Open questions:

Nature of the neutrino masses
(Dirac or/and Majorana)?

Do neutrino transformation violate CP ?

Absolute mass scale of neutrinos?

Mass hierarchy ?

More than 3 mass eigenstates
(Are there non-weakly-interacting
“sterile” neutrinos)?
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Figure 1.5: Flavor neutrino amount in the neutrino mass eigenstates, with their mass di↵erences.

the CP symmetry can be observed by comparing the oscillation probability of neutrinos and
anti-neutrinos
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where we denoted P↵�(⌫) = P (⌫↵ ! ⌫�; L) and P↵�(⌫̄) = P (⌫̄↵ ! ⌫̄� ; L) and ↵� = eµ, µ⌧, or ⌧e.
In the case of oscillation in the vacuum, CP violation means di↵erent probabilities of oscillation
for neutrinos and anti-neutrinos. Note, however, that if neutrinos are travelling in matter in-
stead, their probability of oscillation are di↵erent than anti-neutrinos due to matter e↵ects even
if there is no CP violation (see Sec. 1.4.3).

1.4.2 Two flavor oscillations approximation

Although we now know that all observations have to be understood in the scope of three flavor
oscillations, the measurements were first compared to the case of two flavor oscillations, where
the probability is much simpler. Fig. 1.6 shows the ratio of muon-like data events in SK to
no-oscillation Monte Carlo prediction in the case of two flavor oscillations of ⌫µ ! ⌫⌧ .

This special case o↵ers, a simpler comprehension of the oscillation, where the transformation

matrix is a simple rotation, U(✓0) =

✓
cos ✓0 sin ✓0
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◆
, where ✓0 is the unique mixing angle.

Using 1.13, and replacing m2
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flavors case, �m, we get:
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For L given in [m] or [km], E in [MeV] or [GeV] and �m2 in [eV2], the probability is given by:

P (⌫↵ ! ⌫� ; L) = sin2(2✓0) sin2
⇣
1.27�m2L

E

⌘
. (1.17)

If ✓0 = 0 or neutrinos have the same masses, there are no oscillations.

11

The T2K experiment addresses some of these questions through its physics goals:

study electron neutrino appearance in a muon neutrino beam (νµ → νe) ⇒ measure θ13 and explore CP
violating phase δCP

precise measurements of muon neutrino disappearance ⇒ precise determination of θ23 and ∆m2
23

a search for sterile components in muon neutrino disappearance by observation of neutral-current events

world-leading contributions to neutrino-nucleus cross-section measurements
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The T2K Experiment

Neutrino beam created at J-PARC crosses a Near Detector (ND280) and the Super-Kamiokande (SK) far
detector
Extrapolate and compare the information from the Near Detector (ND280) before oscillation to the far
detector (SK) to study appearance and disappearance probabilities

ND280: composite complex detector
SK: water cherenkov detector

ND280 sees a line source of neutrinos
SK sees a (almost) point source

Extrapolation from near to far detector does not follow a
simple 1/L2 behavior

Far to Near Flux ratio depends on the Neutrino Energy

⇒ Precise understanding of Neutrino Source mandatory

E⌫(GeV )
F
a
r/

N
ea

r
R

a
ti

o ⌫µ

Abgrall,CERN-THESIS-2011-165

Alexis Häsler (DPNC University of Geneva) PhD defense June 22, 2015 7 / 43



The T2K Beam Line
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Energy peak around oscillation maximum (∼ 0.65 GeV)

Neutrino Source created by interactions of 30 GeV protons on a 90cm
long fixed graphite target

Neutrino beam predictions rely on modeling the proton interactions and
hadron production in the target

Precise hadron production measurements allow to reduce uncertainties
on neutrino flux prediction
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Neutrino Source Composition

flux composition at SK⌫µ
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π at low energies
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K and µ: sources for νe
background
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Neutrino Source Production

Different production schemes:

direct contribution:
secondary hadrons exit the target and
decay into ν

target contribution:
secondary and tertiary hadrons exiting
the target and decaying into ν

non-target contribution:
re-interaction in the target surrounding
material

Targetp

Horn

νµ flux composition at SK
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Relevant Hadron Production Measurements

p+C cross-sections at the interaction:

different particle species can be extracted and
used to constrain the neutrino flux prediction
allow to constrain up to 60% of the νµ (νe) flux
at beam pick energy

Hadron production at the surface of the T2K target:

different particle species can be extracted and
used to constrain the neutrino flux prediction
measurements of all charged hadrons exiting the
target allow to constrain up to 90% of the
νµ (νe) flux
the longitudinal distribution of the particles
exiting the target surface is important for the
neutrino flux predictions
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The NA61/SHINE experiment at the CERN SPS is able to deliver such high quality measurements.

Work of this thesis:

extract hadron production measurements in NA61/SHINE at the surface of a T2K replica target
and implement these measurements in the T2K neutrino beam simulation

to constrain the T2K neutrino flux predictions
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The NA61/SHINE fixed target experiment at SPS CERN

H. Dembinski for NA61/SHINE 5

NA61/SHINE experiment @ SPS, CERN
32 institutions, more than 130 participants

University of Belgrade, Belgrade, Serbia

ETH, Zurich, Switzerland
Fachhochschule Frankfurt, Frankfurt, Germany
Faculty of Physics, University of Sofia, Sofia, Bulgaria
Karlsruhe Institute of technology, Karlsruhe, Germany

Institute for Nuclear Research, Moscow, Russia
Institute for Particle and Nuclear Studies, KEK, Tsukuba, Japan
Jagiellonian University, Cracow, Poland

Joint Institute for Nuclear Research, Dubna, Russia
University of Bern, Bern, Switzerland
LPNHE, University of Paris VI and VII, Paris, France
University of Silesia, Katowice, Poland
Rudjer Boskovic Institute, Zagreb, Croatia

National Center for Nuclear Research, Warsaw, Poland
St. Petersburg State University, St. Petersburg, Russia
University of Geneva, Geneva, Switzerland
Jan Kochanowski University in Kielce, Poland
University of Athens, Athens, Greece
University of Bergen, Bergen, Norway
University of Frankfurt, Frankfurt, Germany
University of Wroc law, Wroc law, Poland
Faculty of Physics, University of Warsaw, Warsaw, Poland
Warsaw University of Technology, Warsaw, Poland
Laboratory of Astroparticle Physics, University Nova Gorica, Nova Gorica, Slovenia
Wigner Research Centre for Physics of the Hungarian Academy of Sciences, Budapest, Hungary
Colorado University
Fermi National Accelerator Laboratory
Los Alamos National Laboratory
Department of Physics and Astronomy, University of Pittsburgh
Department of Physics, University of Texas at Austin
Department of Physics, College of William & Mary
University of Hawaii at Manoa
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The NA61/SHINE experiment

NA61/SHINE : SPS Heavy Ion and Neutrino Experiment

Physics programme covering:

heavy ion physics

hadron-production
measurements for cosmic ray
experiments

hadron-production
measurements for neutrino
experiments

Large acceptance spectrometer:

5 TPCs

2 dipole magnets

σ(p)/p2 ∼ 10−4(GeV/c)−1

σ(dE/dx)/(dE/dx) ∼ 0.04

3 ToF

σ(FTOF ) ∼ 120ps

σ(TOF L/R) ∼ 60ps Let’s look at:

Targets and Beamline

TPC’s

FTOF

Combined TOF-dE/dx analysis
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Targets and Datasets

Thin Carbon Target (2cm≡ 4%λI )

length: 2cm; x-section: 2.5× 2.5cm2

ρ = 1.84g/cm3

0.04λI

T2K Replica Target (90cm≡ 1.9λI )

length: 90cm; diameter: 2.6cm

ρ = 1.83g/cm3 (1.804 for the T2K target)

1.9λI

Data taken for the Neutrino Physics Program:

Beam (GeV/c) graphite target year Nx106

p 31 2cm 2007 0.7
p 31 2cm 2009 5.4
p 31 90cm ”T2K replica” 2007 0.2
p 31 90cm ”T2K replica” 2009 4
p 31 90cm ”T2K replica” 2010 10
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The NA61/SHINE Beam Detectors and Trigger System

Schematic position of the counters:

Trigger configurationTrigger configuration
default configuration: config_T2K.cnf

prescaling factor

T1: S1 � S2 � V0bar � V1bar � V1pbar � Cbar � CED 100

T2: S1 � S2 � V0bar � V1bar � V1pbar � Cbar � CED � S4bar 1

T3: S1 � S2 � V1pbar � Cbar � CED � S4bar 200

T4: S1 � S2 � V0bar � V1bar � V1pbar � S4bar 100

V1p is used to block the S1 pretrigger, so it must be included in all triggers

�

CherenkovCEDAR
V1p V1

S3

31 GeV/c secondary proton beam from
the SPS

beam composition given by CEDAR
and Cherenkov detectors: ∼ 83%π,
∼ 15%protons, ∼ 2%K

different combination of counters for
different triggers

3 Beam Position Detectors (BPD)
2D proportional chambers allowing to
reconstruct beam tracks

Triggers:

thin target: include S4 ⇒ interaction trigger

T2K replica target:
T2 trigger⇒ large beam profile covering entire target surface
T3 trigger ⇒ narrow beam profile

TargetCEDAR+
Cherenkov

S3

V1’V0
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Beam Profile on Target upstream face

T2 trigger T3 trigger
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Beam Profile on the target upstream face reconstructed through extrapolation of the fitted beam track
from the BPDs

Resolution on the position of impact of the proton on the target upstream face ∼ 300µm

Alexis Häsler (DPNC University of Geneva) PhD defense June 22, 2015 16 / 43



Reconstructed Tracks in the TPC’s

2 categories of tracks with
different acceptance:

Right Side Tracks
(RST): px · q > 0
Wrong Side Tracks
(WST): px · q < 0

Very forward going particles
cannot be reconstructed
⇒ hole in the acceptance

Large angle tracks (>340mrad)
not considered; hit in TOF
requested for the analysis
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Energy Loss in the TPCs

Number of pad rows in TPC’s:

VTPCs : 3x24 = 72

GAP TPC: 7

MTPCs : 18x5 = 90

Reconstructed points:

more than one pad (row) can be hit
⇒ reconstruct points

apply cuts on the number of points in TPC’s
to get high resolution on dE/dx

Number of Points
0 20 40 60 80 100 120 140 160 180 200 220 240

(d
E/

dx
)/(

dE
/d

x)
m

0

0.02

0.04

0.06

0.08

0.1

  

p [GeV/c]

d
E

/d
x 

[m
ip

]

1

1.5

2

2.5

1

10

210

0.1 1 10

+π +K p d

+e

Sector 5 Sector 6Sector 4

Sector 2 Sector 3Sector 1

24 rows x (182−187) pads
width = 0.35 cm
length = 1.6 cm

10 < angle=f(x,z) < 56
24 rows x (184−188) pads
7 < angle=f(x,z) < 46

length = 2.8 cm
width = 0.35 cm

length = 2.8 cm
width = 0.35 cm

5 < angle=f(x,z) < 37
24 rows x (188−191) pads~6

8 
cm

~70 cm ~69 cm ~69 cm

Figure 2: VT1

VT1, sect 1

Figure 3: VT1 sector 1 and 4

2

Alexis Häsler (DPNC University of Geneva) PhD defense June 22, 2015 18 / 43



The Forward Time-of-Flight Wall

built at the University of Geneva (A.Bravar et al.)

80 scintillator bars (120× 10× 2.5cm3)

Read out on both sides by PMT’s

Overlap between the bars insure good coverage

m2 of the particles can be computed from the
recorded time of flight

m2 = p2

(
c2 × tof 2

L2
− 1

)

the momentum p and track length L are
determined by the track reconstruction
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Construction and calibration of the Forward Time-of-Flight detector 71

readout. The bars and light-guides were wrapped in aluminium foils to ensure light reflection
towards the light-guide and covered with black plastic foils and tape. To ensure proper optical
contact between the PMTs and the light-guides, a so called “silicone cookie” is inserted in the
interface. It consists of a 3 mm thick silicone cylinder, which matches the diameter of the PMT
and light-guide. A few pictures of the construction procedure are shown in Figure 4.2. A top
view sketch of the experiment and a zoom around the ToF-F with the corresponding channel
mapping is presented in Figure 4.3.

(a) (b) (c)

(d) (e)

Figure 4.2: Pictures showing the different stages of the ToF-F construction. The scintillators are
wrapped in aluminium foil (a), covered in black tape (b) and mounted on 10 independent aluminium
frames (c). The frames are then carefully hung and aligned behind the MTPCs in the experimental
hall(d). Finally the 160 PMTs are connected to the HV and coaxial signal cables (e).

Most of the electronics for the ToF-F were inherited from the two NA49 Grid ToFs [142]
which were removed since their acceptance coverage is marginal for the T2K runs.

Each PMT channel is operated near 1700V by LeCroy1461 independent 12-channel high
voltage (HV) cards and the analog signals are transported from the ToF to the counting house by
26 m RG58 50Ω coaxial cables. To obtain fast logic signals and not be influenced by the variations
in amplitude of the PMT response the cables are passed to Constant Fraction Discriminators
(16-channel KFKI CFD5.05 VME module). At the input they include an internal passive divider
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The Forward Time-of-Flight Resolution

FTOF Resolution

Use simultaneous hits in 2 slabs

↪→ consider events with hits in the overlap regions on scintillators
↪→ plot the difference between two measurements in two independent slabs

1cm

10cm

z

x

 t [ps]Δ
-1000 0 1000

en
tr

ie
s

0

500

1000

 = 115 ps2 / σ

Time Resolution

Alexis Häsler (DPNC University of Geneva) PhD defense June 22, 2015 20 / 43



The T2K Replica Target Analysis

Extract particle production
at the surface of the target

Introduce (p, θ, z) binning
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(p, θ, z) Analysis Binning for the T2K Replica Target Analysis

Nominal Beam

46 Chapter 2. Neutrino flux predictions for the T2K experiment

before oscillation. Details about the detectors that constitute the ND280 are given
in [45, 48, 49].

Figure 2.2: The T2K focusing system consists in a set of three magnetic horns (top). The
production target (bottom) is placed in a cooling envelope (Carbon pipe shown in red) surrounded
by a Titanium case (pink) which is embedded inside the first magnetic horn. The target support
(green) consists of Carbon and includes the target head which is accounted for in the total length
of the target. The main Carbon rod considered for our studies is shown in blue.

While the INGRID detector is located on the beam axis, the ND280 detector
complex is actually placed off-axis. The most important element in the design
of the T2K beam facility at J-PARC is that the beam is not pointing directly to
the detector direction. Instead, it is slightly shifted off-axis with an angle of 2.5◦.
This tilt has immediate consequences on the shape and intensity of the neutrino
flux due to simple kinematic relations. All the calculations in this section are
presented in more details in Appendix A which refers to [50]. The polar axis in
the laboratory system is given by the direction of the beam, while for the center-of-
mass system of the decaying meson we take the meson direction as polar axis. The
meson beam is considered divergence-less so that the azimuthal degree of freedom
can be omitted, which reduces the problem to two dimensions. The neutrino four-
momentum is expressed in the laboratory frame from the Lorentz boost applied
to the four-momentum in the pion rest frame:

(Eν , Eν sin θ, 0, Eν cos θ) = (γπE
∗
ν(1 + βπ cos θ∗), E∗

ν sin θ∗, 0, γπE
∗
ν(cos θ∗ + βπ))(2.1)

from which we can deduce a relation for the angle θ between the neutrino and the
pion direction in the laboratory frame as a function of the neutrino angle θ∗ in the
pion rest frame:

sin θ =
E∗

ν sin θ∗

Eν
(2.2)
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before oscillation. Details about the detectors that constitute the ND280 are given
in [45, 48, 49].

Figure 2.2: The T2K focusing system consists in a set of three magnetic horns (top). The
production target (bottom) is placed in a cooling envelope (Carbon pipe shown in red) surrounded
by a Titanium case (pink) which is embedded inside the first magnetic horn. The target support
(green) consists of Carbon and includes the target head which is accounted for in the total length
of the target. The main Carbon rod considered for our studies is shown in blue.

While the INGRID detector is located on the beam axis, the ND280 detector
complex is actually placed off-axis. The most important element in the design
of the T2K beam facility at J-PARC is that the beam is not pointing directly to
the detector direction. Instead, it is slightly shifted off-axis with an angle of 2.5◦.
This tilt has immediate consequences on the shape and intensity of the neutrino
flux due to simple kinematic relations. All the calculations in this section are
presented in more details in Appendix A which refers to [50]. The polar axis in
the laboratory system is given by the direction of the beam, while for the center-of-
mass system of the decaying meson we take the meson direction as polar axis. The
meson beam is considered divergence-less so that the azimuthal degree of freedom
can be omitted, which reduces the problem to two dimensions. The neutrino four-
momentum is expressed in the laboratory frame from the Lorentz boost applied
to the four-momentum in the pion rest frame:

(Eν , Eν sin θ, 0, Eν cos θ) = (γπE
∗
ν(1 + βπ cos θ∗), E∗

ν sin θ∗, 0, γπE
∗
ν(cos θ∗ + βπ))(2.1)

from which we can deduce a relation for the angle θ between the neutrino and the
pion direction in the laboratory frame as a function of the neutrino angle θ∗ in the
pion rest frame:

sin θ =
E∗

ν sin θ∗

Eν
(2.2)
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before oscillation. Details about the detectors that constitute the ND280 are given
in [45, 48, 49].

Figure 2.2: The T2K focusing system consists in a set of three magnetic horns (top). The
production target (bottom) is placed in a cooling envelope (Carbon pipe shown in red) surrounded
by a Titanium case (pink) which is embedded inside the first magnetic horn. The target support
(green) consists of Carbon and includes the target head which is accounted for in the total length
of the target. The main Carbon rod considered for our studies is shown in blue.

While the INGRID detector is located on the beam axis, the ND280 detector
complex is actually placed off-axis. The most important element in the design
of the T2K beam facility at J-PARC is that the beam is not pointing directly to
the detector direction. Instead, it is slightly shifted off-axis with an angle of 2.5◦.
This tilt has immediate consequences on the shape and intensity of the neutrino
flux due to simple kinematic relations. All the calculations in this section are
presented in more details in Appendix A which refers to [50]. The polar axis in
the laboratory system is given by the direction of the beam, while for the center-of-
mass system of the decaying meson we take the meson direction as polar axis. The
meson beam is considered divergence-less so that the azimuthal degree of freedom
can be omitted, which reduces the problem to two dimensions. The neutrino four-
momentum is expressed in the laboratory frame from the Lorentz boost applied
to the four-momentum in the pion rest frame:

(Eν , Eν sin θ, 0, Eν cos θ) = (γπE
∗
ν(1 + βπ cos θ∗), E∗

ν sin θ∗, 0, γπE
∗
ν(cos θ∗ + βπ))(2.1)

from which we can deduce a relation for the angle θ between the neutrino and the
pion direction in the laboratory frame as a function of the neutrino angle θ∗ in the
pion rest frame:

sin θ =
E∗

ν sin θ∗

Eν
(2.2)
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before oscillation. Details about the detectors that constitute the ND280 are given
in [45, 48, 49].

Figure 2.2: The T2K focusing system consists in a set of three magnetic horns (top). The
production target (bottom) is placed in a cooling envelope (Carbon pipe shown in red) surrounded
by a Titanium case (pink) which is embedded inside the first magnetic horn. The target support
(green) consists of Carbon and includes the target head which is accounted for in the total length
of the target. The main Carbon rod considered for our studies is shown in blue.

While the INGRID detector is located on the beam axis, the ND280 detector
complex is actually placed off-axis. The most important element in the design
of the T2K beam facility at J-PARC is that the beam is not pointing directly to
the detector direction. Instead, it is slightly shifted off-axis with an angle of 2.5◦.
This tilt has immediate consequences on the shape and intensity of the neutrino
flux due to simple kinematic relations. All the calculations in this section are
presented in more details in Appendix A which refers to [50]. The polar axis in
the laboratory system is given by the direction of the beam, while for the center-of-
mass system of the decaying meson we take the meson direction as polar axis. The
meson beam is considered divergence-less so that the azimuthal degree of freedom
can be omitted, which reduces the problem to two dimensions. The neutrino four-
momentum is expressed in the laboratory frame from the Lorentz boost applied
to the four-momentum in the pion rest frame:

(Eν , Eν sin θ, 0, Eν cos θ) = (γπE
∗
ν(1 + βπ cos θ∗), E∗

ν sin θ∗, 0, γπE
∗
ν(cos θ∗ + βπ))(2.1)

from which we can deduce a relation for the angle θ between the neutrino and the
pion direction in the laboratory frame as a function of the neutrino angle θ∗ in the
pion rest frame:

sin θ =
E∗

ν sin θ∗

Eν
(2.2)
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before oscillation. Details about the detectors that constitute the ND280 are given
in [45, 48, 49].

Figure 2.2: The T2K focusing system consists in a set of three magnetic horns (top). The
production target (bottom) is placed in a cooling envelope (Carbon pipe shown in red) surrounded
by a Titanium case (pink) which is embedded inside the first magnetic horn. The target support
(green) consists of Carbon and includes the target head which is accounted for in the total length
of the target. The main Carbon rod considered for our studies is shown in blue.

While the INGRID detector is located on the beam axis, the ND280 detector
complex is actually placed off-axis. The most important element in the design
of the T2K beam facility at J-PARC is that the beam is not pointing directly to
the detector direction. Instead, it is slightly shifted off-axis with an angle of 2.5◦.
This tilt has immediate consequences on the shape and intensity of the neutrino
flux due to simple kinematic relations. All the calculations in this section are
presented in more details in Appendix A which refers to [50]. The polar axis in
the laboratory system is given by the direction of the beam, while for the center-of-
mass system of the decaying meson we take the meson direction as polar axis. The
meson beam is considered divergence-less so that the azimuthal degree of freedom
can be omitted, which reduces the problem to two dimensions. The neutrino four-
momentum is expressed in the laboratory frame from the Lorentz boost applied
to the four-momentum in the pion rest frame:

(Eν , Eν sin θ, 0, Eν cos θ) = (γπE
∗
ν(1 + βπ cos θ∗), E∗

ν sin θ∗, 0, γπE
∗
ν(cos θ∗ + βπ))(2.1)

from which we can deduce a relation for the angle θ between the neutrino and the
pion direction in the laboratory frame as a function of the neutrino angle θ∗ in the
pion rest frame:

sin θ =
E∗

ν sin θ∗

Eν
(2.2)
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before oscillation. Details about the detectors that constitute the ND280 are given
in [45, 48, 49].

Figure 2.2: The T2K focusing system consists in a set of three magnetic horns (top). The
production target (bottom) is placed in a cooling envelope (Carbon pipe shown in red) surrounded
by a Titanium case (pink) which is embedded inside the first magnetic horn. The target support
(green) consists of Carbon and includes the target head which is accounted for in the total length
of the target. The main Carbon rod considered for our studies is shown in blue.

While the INGRID detector is located on the beam axis, the ND280 detector
complex is actually placed off-axis. The most important element in the design
of the T2K beam facility at J-PARC is that the beam is not pointing directly to
the detector direction. Instead, it is slightly shifted off-axis with an angle of 2.5◦.
This tilt has immediate consequences on the shape and intensity of the neutrino
flux due to simple kinematic relations. All the calculations in this section are
presented in more details in Appendix A which refers to [50]. The polar axis in
the laboratory system is given by the direction of the beam, while for the center-of-
mass system of the decaying meson we take the meson direction as polar axis. The
meson beam is considered divergence-less so that the azimuthal degree of freedom
can be omitted, which reduces the problem to two dimensions. The neutrino four-
momentum is expressed in the laboratory frame from the Lorentz boost applied
to the four-momentum in the pion rest frame:

(Eν , Eν sin θ, 0, Eν cos θ) = (γπE
∗
ν(1 + βπ cos θ∗), E∗

ν sin θ∗, 0, γπE
∗
ν(cos θ∗ + βπ))(2.1)

from which we can deduce a relation for the angle θ between the neutrino and the
pion direction in the laboratory frame as a function of the neutrino angle θ∗ in the
pion rest frame:

sin θ =
E∗

ν sin θ∗

Eν
(2.2)
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before oscillation. Details about the detectors that constitute the ND280 are given
in [45, 48, 49].

Figure 2.2: The T2K focusing system consists in a set of three magnetic horns (top). The
production target (bottom) is placed in a cooling envelope (Carbon pipe shown in red) surrounded
by a Titanium case (pink) which is embedded inside the first magnetic horn. The target support
(green) consists of Carbon and includes the target head which is accounted for in the total length
of the target. The main Carbon rod considered for our studies is shown in blue.

While the INGRID detector is located on the beam axis, the ND280 detector
complex is actually placed off-axis. The most important element in the design
of the T2K beam facility at J-PARC is that the beam is not pointing directly to
the detector direction. Instead, it is slightly shifted off-axis with an angle of 2.5◦.
This tilt has immediate consequences on the shape and intensity of the neutrino
flux due to simple kinematic relations. All the calculations in this section are
presented in more details in Appendix A which refers to [50]. The polar axis in
the laboratory system is given by the direction of the beam, while for the center-of-
mass system of the decaying meson we take the meson direction as polar axis. The
meson beam is considered divergence-less so that the azimuthal degree of freedom
can be omitted, which reduces the problem to two dimensions. The neutrino four-
momentum is expressed in the laboratory frame from the Lorentz boost applied
to the four-momentum in the pion rest frame:

(Eν , Eν sin θ, 0, Eν cos θ) = (γπE
∗
ν(1 + βπ cos θ∗), E∗

ν sin θ∗, 0, γπE
∗
ν(cos θ∗ + βπ))(2.1)

from which we can deduce a relation for the angle θ between the neutrino and the
pion direction in the laboratory frame as a function of the neutrino angle θ∗ in the
pion rest frame:

sin θ =
E∗

ν sin θ∗

Eν
(2.2)
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before oscillation. Details about the detectors that constitute the ND280 are given
in [45, 48, 49].

Figure 2.2: The T2K focusing system consists in a set of three magnetic horns (top). The
production target (bottom) is placed in a cooling envelope (Carbon pipe shown in red) surrounded
by a Titanium case (pink) which is embedded inside the first magnetic horn. The target support
(green) consists of Carbon and includes the target head which is accounted for in the total length
of the target. The main Carbon rod considered for our studies is shown in blue.

While the INGRID detector is located on the beam axis, the ND280 detector
complex is actually placed off-axis. The most important element in the design
of the T2K beam facility at J-PARC is that the beam is not pointing directly to
the detector direction. Instead, it is slightly shifted off-axis with an angle of 2.5◦.
This tilt has immediate consequences on the shape and intensity of the neutrino
flux due to simple kinematic relations. All the calculations in this section are
presented in more details in Appendix A which refers to [50]. The polar axis in
the laboratory system is given by the direction of the beam, while for the center-of-
mass system of the decaying meson we take the meson direction as polar axis. The
meson beam is considered divergence-less so that the azimuthal degree of freedom
can be omitted, which reduces the problem to two dimensions. The neutrino four-
momentum is expressed in the laboratory frame from the Lorentz boost applied
to the four-momentum in the pion rest frame:

(Eν , Eν sin θ, 0, Eν cos θ) = (γπE
∗
ν(1 + βπ cos θ∗), E∗

ν sin θ∗, 0, γπE
∗
ν(cos θ∗ + βπ))(2.1)

from which we can deduce a relation for the angle θ between the neutrino and the
pion direction in the laboratory frame as a function of the neutrino angle θ∗ in the
pion rest frame:

sin θ =
E∗

ν sin θ∗

Eν
(2.2)
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before oscillation. Details about the detectors that constitute the ND280 are given
in [45, 48, 49].

Figure 2.2: The T2K focusing system consists in a set of three magnetic horns (top). The
production target (bottom) is placed in a cooling envelope (Carbon pipe shown in red) surrounded
by a Titanium case (pink) which is embedded inside the first magnetic horn. The target support
(green) consists of Carbon and includes the target head which is accounted for in the total length
of the target. The main Carbon rod considered for our studies is shown in blue.

While the INGRID detector is located on the beam axis, the ND280 detector
complex is actually placed off-axis. The most important element in the design
of the T2K beam facility at J-PARC is that the beam is not pointing directly to
the detector direction. Instead, it is slightly shifted off-axis with an angle of 2.5◦.
This tilt has immediate consequences on the shape and intensity of the neutrino
flux due to simple kinematic relations. All the calculations in this section are
presented in more details in Appendix A which refers to [50]. The polar axis in
the laboratory system is given by the direction of the beam, while for the center-of-
mass system of the decaying meson we take the meson direction as polar axis. The
meson beam is considered divergence-less so that the azimuthal degree of freedom
can be omitted, which reduces the problem to two dimensions. The neutrino four-
momentum is expressed in the laboratory frame from the Lorentz boost applied
to the four-momentum in the pion rest frame:

(Eν , Eν sin θ, 0, Eν cos θ) = (γπE
∗
ν(1 + βπ cos θ∗), E∗

ν sin θ∗, 0, γπE
∗
ν(cos θ∗ + βπ))(2.1)

from which we can deduce a relation for the angle θ between the neutrino and the
pion direction in the laboratory frame as a function of the neutrino angle θ∗ in the
pion rest frame:

sin θ =
E∗

ν sin θ∗

Eν
(2.2)
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46 Chapter 2. Neutrino flux predictions for the T2K experiment

before oscillation. Details about the detectors that constitute the ND280 are given
in [45, 48, 49].

Figure 2.2: The T2K focusing system consists in a set of three magnetic horns (top). The
production target (bottom) is placed in a cooling envelope (Carbon pipe shown in red) surrounded
by a Titanium case (pink) which is embedded inside the first magnetic horn. The target support
(green) consists of Carbon and includes the target head which is accounted for in the total length
of the target. The main Carbon rod considered for our studies is shown in blue.

While the INGRID detector is located on the beam axis, the ND280 detector
complex is actually placed off-axis. The most important element in the design
of the T2K beam facility at J-PARC is that the beam is not pointing directly to
the detector direction. Instead, it is slightly shifted off-axis with an angle of 2.5◦.
This tilt has immediate consequences on the shape and intensity of the neutrino
flux due to simple kinematic relations. All the calculations in this section are
presented in more details in Appendix A which refers to [50]. The polar axis in
the laboratory system is given by the direction of the beam, while for the center-of-
mass system of the decaying meson we take the meson direction as polar axis. The
meson beam is considered divergence-less so that the azimuthal degree of freedom
can be omitted, which reduces the problem to two dimensions. The neutrino four-
momentum is expressed in the laboratory frame from the Lorentz boost applied
to the four-momentum in the pion rest frame:

(Eν , Eν sin θ, 0, Eν cos θ) = (γπE
∗
ν(1 + βπ cos θ∗), E∗

ν sin θ∗, 0, γπE
∗
ν(cos θ∗ + βπ))(2.1)

from which we can deduce a relation for the angle θ between the neutrino and the
pion direction in the laboratory frame as a function of the neutrino angle θ∗ in the
pion rest frame:

sin θ =
E∗

ν sin θ∗

Eν
(2.2)
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Input modified simulation variables to simulate
two longitudinal bins in Z

position of the peak energy not influenced by number of
z bins

absolute flux at beam peak energy is affected by
number of z bins

Murakami,T2K beam group

important to reconstruct the exit position of the
particles on the target surface
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Backward Extrapolation to the Target Surface

Extrapolate the tracks from the TPCs back to the target surface.

pca
pca pca

z [cm]
-660 -640 -620 -600 -580 -560

r [
cm

]

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

hrzpca
Entries  259281
Mean x  -603.5
Mean y   1.302
RMS x   27.53
RMS y  0.4564

1

10

210

310

hrzpca
Entries  259281
Mean x  -603.5
Mean y   1.302
RMS x   27.53
RMS y  0.4564radial distribution of pca versus z

pca

pca

PCA within its uncertainty has to
touch the target surface

Reconstructed position of particles exiting the target surface
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!! Very important to precisely know the target position with respect to the TPCs !!
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Determination of the Target Position
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Determination of the target position
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x-y dstr on tgt upstream facex-y beam profile on the target upstream face under T2 trigger consider tracks with 100 < ✓ < 180

determine (x, y) position with beam particles:
(x, y) = (0.16, 0.21) cm

determine z position with TPCs tracks :
z = �657.62 cm

relate longitudinal uncertainty to transverse
uncertainties:
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Determination of the target position
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x-y dstr on tgt upstream facex-y beam profile on the target upstream face under T2 trigger consider tracks with 100 < ✓ < 180

determine (x, y) position with beam particles:
(x, y) = (0.16, 0.21) cm

determine z position with TPCs tracks :
z = �657.62 cm

relate longitudinal uncertainty to transverse
uncertainties:
�x = �z · tan(0.18)

uncertainties on target position :
(�x, �y , �z) = (0.04, 0.04, 0.36) cm
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Particle Identification

ToF − dE/dx analysis:
combine information from dE/dx and ToF

⇒identify π±, K± and protons
in each (p, θ, z) bin

here: (1.9 < p < 2.3, 60 < θ < 80, z2)
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Combined TOF-dE/dx Analysis for the T2K Replica Target

for each (p, θ, z), bin construct a 2D distribution in m2 − dE/dx for positively and negatively charged
particles

fit each distribution with four 2D Gaussians (π±,K±, (anti)− protons, e±) using a binned maximum

likelihood method; the fits are initialized with the m2 and dE/dx parametrizations
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the returned amplitude of the gaussians gives the number of particles in each (p, θ, z) bin

correct the spectra using bin-by-bin MC corrections

normalize the spectra to the number of protons on target (allow comparisons between different analysis or
between data and simulations)

plot the results in different (θ, z) intervals as a function of momentum

π+ and π− spectra are extracted following this procedure.
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Breakdown of the Corrections

φ cut:

VTPC1
left sectors

VTPC1
right sectors

Vertex Magnet 1

Vertex Magnet 1

x

y

z
�

π loss:
pions decaying before reaching the forward TOF

reconstruction efficiency:
> 0.98 reconstruction efficiency

forward TOF efficiency:
∼ 0.98 efficiency, mainly due to double hits in a
same slab (more important for the forward region)

feed-down:
particles decaying into pion before entering the
spectrometer
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π+ Spectra on Target Surface
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Systematic Uncertainties

Six Components of systematic uncertainties:

PID: 1 Gaussian versus 2 Gaussians
to describe dE/dx

Feed-down: 30% on model dependent corrections

Reconstruction efficiency: evaluated to 2%

FTOF efficiency: evaluated to 2%

π loss: effect on last point measured in TPCs

Backward extrapolation:
precision on reconstructed target position
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Systematic Uncertainties

PID: 1Gaussian versus 2 Gaussians to describe dE/dx

1 Gaussian versus 2 Gaussians to describe dE/dx
distributions

f (x) = 0.7 · G(x,m,w) + 0.3 · G(x,m, 2w)

small effect (less than 5%) for π as they are well
separated from other species

visible only for larger momentum where TOF is
not used

Systematics related to PID
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Feed-down: 30% on model dependent corrections

particle exiting the target, decaying before the
TPC’s and being reconstructed as a pion exiting
the target

corrections are up to ∼ 15% for low momenta and
upstream part of the target

assign 30% of the correction as the systematic
uncertainty

fit with an exponential in order to remove
statistical fluctuations due to limited MC sample
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Systematic Uncertainties

Reconstruction efficiency: evaluated to 2%

systematics related to reconstruction efficiency :
2% (as for 2007 published data and 2009 thin
target analysis)

estimated by studying reconstruction capabilities
for Monte-Carlo samples (same reconstruction
algorithm is used in data and Monte-Carlo)

confirmed by eye scans of data in the event
browser, performed with the 2007 data set

FTOF efficiency: evaluated to 2%

consider only hits in the FTOF if the up and down
PMTs time measurements are consistent

correct for this “inefficiency”

corrections are position “x” dependent (more
double hits in the central region with higher track
multiplicities)

corrections are based on the limited data set
statistics ⇒ estimated to 2%

tu

td z
x

y
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Systematic Uncertainties

π loss: effect on last point measured in TPCs

for the T2K replica target analysis at least 35
measured points are required in MTPCs

vary the number of requested measured points in
MTPCs

check the differnces and assign them as
systematics

fit with an exponential function in order to
remove fluctuations
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Backward extrapolation:

precision on reconstructed target position

(x, y , z) = (0.16, 0.21,−657.62) cm
(δx, δy , δz) = (0.04, 0.04, 0.36) cm
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Transversal uncertainties
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Comparing Thin Target and Replica Target Results

T2K uses thin target measurements to re-weight the neutrino flux predictions.
Before implementing T2K replica target results in the T2K neutrion flux predictions:
compare the pion spectra predictions re-weighted with thin target measurements and the T2K replica target
results.

Each simulated interaction is stored at the
simulation level to be tuned later with
measurements (priority to NA61/SHINE)

Tuning of hadron multiplicities:

W (pin,A) =

[
dn

dpdθ (pin,A)
]
data[

dn
dpdθ (pin,A)

]
MC

Tuning of production cross-section:

W =
P(x ;σ′prod )

P(x ;σprod )
=
σ′prod

σprod

e
−x(σ′prod−σprod )ρ

σ′prod
σprod

= 1 if particle decay or exit the target

before interacting

FLUKA generator is used to model all interactions
inside the 90cm long carbon target

⇒ all weights are computed with respect to
FLUKA

Targetp

Horn

Compare pion spectra at the surface of the target
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Thin Target Measurements

Double differential cross section dσ
dpdθ in (p, θ) bins extracted for 7 particle species:

π±, K±, K 0, Λ, protons

Hadron multiplicity:

dnα

dpdθ
=

1

σprod

dσα

dpdθ
where σprod = σtotal − σelastic − σquasi−el.
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Thin Target Measurements

Production cross-section:
σprod = σtotal − σelastic − σquasi−el.

Definition of σquasi−el. is ambiguous:
photon emission or knock out of proton included in σquasi−el. ?

σquasi−el. can be estimated based on models (Glauber,
Bellettini):
for p+C@31GeV/c: σquasi−el. ≈ 30 mbarn

σFLUKA
”prod” = 241mb for p+C@31GeV/c

vary it by 2/3× σquasi−el. ≈ 18 mbarn @ 31 GeV/c

current thin target measurements
give few information on the different
cross-sections

longitudinal distribution of particles
exiting the T2K replica target
surface is determined by the different
cross-sections
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Comparing Thin Target and Replica Target Analysis
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T2K neutrino flux predictions with T2K replica target measurements

Implementation of T2K replica target measurement in the T2K neutrino beam simulation to produce neutrino
flux predictions constrained by the T2K replica target measurement.

re-weight pions at the surface of the target

W (pin,A) =

[
dn
dp (θ, z)

]
data[

dn
dp (θ, z)

]
MC

apply thin target procedure for any other particles
than pions exiting the target surface and
re-interactions in the beam material

NA61 and T2K have different beam profiles

T2K replica target results are given with respect
to NA61/SHINE beam profile
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it has been shown that it is possible to go from
one beam profile to the second one by
re-weighting the pion spectra at the surface of the
target with respect to the different beam profiles.
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Propagation of uncertainties

Propagating the T2K replica target uncertainties means propagating the uncertainties on the weights ωj

Each (p, θ, z) bin contribute differently to each Eν bin ⇒ linear combination:

Eωνi
=

N∑
j=1

aij · ωj where ωj =
nNA61
j

nFLUKAj

Two methods:

1 propagation via an “overall 1σ shift” ∆ω of the T2K replica target results

∆Eων = Eω±∆ω
ν − Eων

2 propagation via “covariance matrices”: for each error source

CE = Fω · Cω · FT
ω

with

Fω =

a11 . . . a1n

.

.

.
. . .

.

.

.
ap1 . . . apn

 and Cω =


σ2
ω1

. . . σω1,ωn

σω2,ω1
. . . σω2,ωn

.

.

.
. . .

.

.

.
σωn,ω1

. . . σ2
ωn


“overall 1σ shift” ≡ “covariance matrices” with σωi ,ωj

= 1

For this special case, both method should give the same results ⇒ nice way to cross check algorithm and code
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T2K flux uncertainties

propagate the uncertainties of T2K replica target
measurements only to the fraction of the neutrino
flux at SK that can be re-weighted

very small contribution from statistical error of
the T2K replica target measurements; they are
considered as uncorrelated

consistent comparison with the official T2K
predictions using the thin target measurement is
complexe

larger contribution comes from the interaction
length; not present with the T2K replica target
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T2K neutrino flux prediction with T2K replica target measurements

compare T2K neutrino flux predictions with both, thin target and T2K replica target re-weightings

consider systematic uncertainties

for the thin target re-weighting:
apply multiplicity weights and vary σprod by 18 mbarn
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Requests of future long base line neutrino experiments
Possible improvements in NA61/SHINE measurements

Future Requests

future long base line neutrino programmes will use a combination of near and far detectors (as T2K)

Nexp.
FD (νe) = Ndata

ND (νµ)× ΦFD (νµ)

ΦND (νµ)
× P(νµ → νe)× εFD (νe)

εND (νµ)
× σFD (νe)

σND (νµ)

far-to-near flux ratio has to be constrained to typically < 2% to reach the physics goals

Hyper-Kamiokande, LBNO and DUNE (LBNE) mention the importance of NA61/SHINE hadron
production measurements to reduce the systematic uncertainties related to the neutrino beam predictions

typically, a 5% uncertainty on the flux prediction is required.

Possible improvement in NA61/SHINE to reach the desired precision on hadron production measurements:

For T2K replica target measurements, backward extrapolation to the target surface is the larger
uncertainty on current analysis
1) mount the target closer to or within VTPC1
2) use a vertex detector surrounding the target

acceptance gap in the very forward region
1) take data with different magnetic field settings to bend forward going particles
2) cover forward region with new TPCs

production cross section and quasi-elastic cross section entangled
1) new TPCs in forward region with PID capabilities could allow to better disentangle σelastic , σinelastic , σqe

2) model independent measurement of production cross section
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Summary

Long baseline neutrino experiments need precise neutrino flux predictions to reach their physics goals.

The NA61/SHINE experiment has proved its ability to deliver high quality data used for Neutrino Physics
programs and further improvements are possible.

Replica Target measurements are of importance as they allow to constrain the major part of the neutrino
flux.

Comparisons of thin target and replica target measurements allow to constrain the issue of production
cross sections.

NA61/SHINE plans to continue taking hadron production measurements for future neutrino program at
Fermilab in the U.S. and discussion has started for the Hyper-Kamiokande experiment in Japan.

The work accomplished in this thesis covers:

extraction of π+ and π− spectra at the surface of the T2K replica target
estimations of systematic uncertainties of these spectra
comparisons of thin target and T2K replica target results, based on a framework developed by the
T2K beam group
predictions of the T2K neutrino beam at the near and far detectors using the T2K replica target
measurements
estimations of the T2K neutrino beam uncertainties when using the T2K replica target
measurements to constrain the neutrino fluxes
estimations of the effect of different proton beam profiles on the pion spectra off the surface of the
T2K replica target

The NA61/SHINE collaboration plans to publish the results of this thesis in an article

The T2K collaboration is currently working on implementing the work of this thesis in the T2K neutrino
beam prediction framework
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Thank you for your attention

Thank you to the members of the jury and my colleagues 
for the interesting discussions and guidance
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Hadron production experiments for neutrino physics

Few examples of hadron production experiments for neutrino experiments:

HARP, CERN-PS
1.5 - 15 GeV Beam

Mini- Sci- Micro- BooNE at Fermilab
K2K (KEK to Super-Kamiokande)

NA20 & SPY/NA56, SPS
400 - 450 GeV Beam

WANF (NOMAD, CHORUS)
CNGS (OPERA, ICARUS)

NA49, CERN-SPS
160 GeV Beam

MIPP, FNAL-E907
120 GeV beam

NuMi Beam Line in Fermilab
MINOS, MINERvA, NOvA

NA61/SHINE, CERN-SPS
13-400 GeV Beam

T2K (Tokai to Super-Kamiokande)
NuMI (MINOS+,MINERvA, NOvA)
Future Long Base Line Experiments

(LBNF, LBNO, T2HK)
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NA61 and T2K Beam Profiles
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Figure 4.22: Two dimensional histogram with contour plot showing the fit result for the second
longitudinal bin z2 in the polar angle bin 60 < θ < 80 mrad and momentum 2.27 < p <
2.88 GeV/c (top). The different particle species are well separated in different “islands”. Bottom
plots show the projection on the m2 (left) and dE/dx (right) axes.

4.4.5 Monte-Carlo corrections

The raw particle yields as returned by the fitting procedure have to be corrected for different
effects like the limited acceptance of the NA61/SHINE spectrometer or the decay of particles in
flight. The corrections are based on a Monte-Carlo simulation. As mentioned in section 3.3.1,
10 millions events have been produced with the specific beam characteristics of the 2009 data
set as well as the same target alignment and position. The corrections to be applied to the raw
particle yields are computed bin-by-bin as the ratio between the number of reconstructed tracks
passing the analysis cuts over the number of simulated tracks. The global corrections can be
split into different factors. They are presented for the angular interval between 60 and 80 mrad
in fig. 4.23 (see appendix A for the correction factors of the entire phase space). The different
factors can be listed as follows:

• φcut : as mentioned in section 4.4.1, the acceptance of the NA61/SHINE spectrometer
is limited for the φ angle ranges. In order to avoid having a rapidly varying acceptance,
specific cut on the φ angle depending on the polar ranges are applied. Hence the φcut

corrections depend on the θ bins.

• π loss : the combined ToF-dE/dx analysis requests to have a hit in the forward time of flight
wall. Nevertheless, pions exiting the target can be lost before reaching the scintillator wall.
Two main reasons can be mentioned. The pions can interact within the detector materials,

113
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NA61 and T2K Beam Profiles
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Beam Profile Re-weighting

NA61 and T2K have different beam profiles

T2K replica target results are given with respect to NA61/SHINE beam profile

weights should be applied to T2K beam profile

⇒ show that it is possible to go from one beam profile to the second one by re-weighting the pion spectra at
the surface of the target with respect to the different beam profiles.

Start with NA61 beam: number of pions at the surface of the target

π
N
i =

∑
j

cijb
N
j (1)

with i ≡ (p, θ, z) analysis bin; cij contribution for the beam bin j with number of entries bj
if the contributions cij are identical for the NA61 and T2K beam settings then

π
T
i =

∑
j

cijb
T
j =

∑
j

cijd
N
j bN

j (2)

where dJ is the ratio for each beam bin j between the NA61 and T2K beam profile.
⇒ compare the reweighted spectra with a T2K simulation for each (p, θ, z) bins; see if they are consistent
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Beam profiles

NA61/SHINE

T2K

NA61/SHINE

T2K

ratio of T2K/NA61 taken for each
beam bin
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Contribution of the beam bins to the (p, θ, z) bins

(p, θ, z)

(r, φ)
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Ratio of reweighted NA61 spectra over T2K spectra

4 million protons on target for T2K and NA61 simulations

Start with NA61 spectra, use the above matrix and multiply it by the column vector containing the T2K
beam profile: 

c1,1 c1,2 · · · c1,n
c2,1 c2,2 · · · c2,n

.

.

.
.
.
.

. . .
.
.
.

cm,1 cm,2 · · · cm,n

 ·


bT
1

bT
2

.

.

.bT
m

 =


πNrw

1

πNrw
2

.

.

.
πNrw
m

 (3)

compute ratios of
π
Nrw
i
πT
i

and related uncertainties
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Ratio of reweighted NA61 spectra over T2K spectra
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dE/dx and m2 resolutions

Initialization of µj
dE/dx and σj

dE/dx

The initialization of µj
dE/dx and σj

dE/dx is based on the parametrization of the dE/dx distributions

by Bethe-Bloch curves. In order to fit the energy loss distribution of each particle species
separately, some simple selection can be applied. In the case of protons, for example, using the
m2 information at low momentum allows to clearly identify them. At higher momenta, a cut on
the measured dE/dx allows to significantly remove pions. A quite clean sub-sample of protons
remain and the energy loss of this sub-sample can be plotted as a function of momentum. The
determination of σj

dE/dx is done by taking slices of the two-dimensional distributions along the

momentum axis. Each slice is fitted with a simple gaussian. The result of the fit returns directly
the width of the distribution for each momentum slice as well as the mean value. As mentioned
in section 3.2.3, the resolution of the energy loss depends on the number of measured points
along the tracks. By applying the analysis cuts on the number of measured cluster in the TPCs,
we saw that this resolution is fairly constant around 4%. This is confirmed by fig. 4.18, where
the width of the fitted gaussian for each momentum slice is presented.
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Figure 4.18: Parameterization of the dE/dx resolution for pion-like particles used for the initial-
ization of the two-dimensional fits

Fitting the mean value of each slices allows to get the parametrization of the Bethe-Bloch
function that describes the energy loss. It is expected that the Bethe-Bloch curves for the
different particle species should fall on top of each others when they are expressed as a function
of βγ. Due to limited detector resolution, one can see some differences between the curves as
presented on fig. 4.19. Proton and kaon curves overlay well on top of each others while a small
shift for the pion curve can be observed. Nevertheless, this discrepancy is small enough to be
neglected. Furthermore, these curves are only used as the initialization of the two-dimensional
fit parameters and hence will be later on allowed to vary during the fitting procedure of the
m2 − dE/dx distributions.

Figure 4.20 shows the different curves as a function of momentum for each particle species.
They are superimposed on the dE/dx distributions.

Initialization of µj
m2 and σj

m2

As in the case of the energy loss, slices in momentum are considered in the mass squared versus
momentum distributions. Each slice is fitted with a simple gaussian function. The width of the
gaussian gives the estimation of σj

m2 , while the mean returns µj
m2 . The mass squared distribution

is expected to be independent of the momentum. Hence, the means for the different slices in
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Figure 4.21: Mass squared distribution and resolution as functions of momentum.

Initialization of the amplitude factors Aj

The integral of each of the four bi-dimensional gaussian functions has to be initialized in order
to have a rapidly converging fitting algorithm. From the initial parameters for the means of the
mass squared and energy loss, an ellipse for each particle species with axis equal to three times
the value of the width of m2 and dedx is considered. The total number of entries lying in the
ellipses gives the initial value for the amplitude of the gaussians.

Two-dimensional fit results

For the fitting procedure, all parameters are initialized as explained above. None of the para-
meters are fixed but different constrains are set to each parameter limit. For pions, µj

dE/dx and

σj
dE/dx are allowed to vary by 20% around their initial values while µj

m2 and σj
m2 can vary by

25%. For electrons, σj
dE/dx can vary by 25% but µj

dE/dx is limited within 7% of its initial value

set at 1.5 . This ensures that at high momenta (typically above ∼ 8 GeV/c) the electron peak
will not interfere with the pion peak. Kaons and protons are not well separated through the
dE/dx distributions, hence the constrains on the limits of µj

dE/dx for those two particle species is

tighter and the parameter is only allowed to vary within 5% around its initial value. These tight
constrains for protons and kaons are actually specially important for the extraction of kaon and
proton yields. Nevertheless, also in our case, where we extract pion yields, it is important to have
a correct definition of other particle species as we still fit the full two-dimensional distributions
with a sum of four gaussians describing the four different particle species.

Typical results of the fit procedure can be seen on fig. 4.22. It shows an example of the two-
dimensional distribution m2 versus dE/dx. The result for the fitted function given in eq. (4.3)
is overlaid as a contour plot. The projections of the fit results on the m2 and dE/dx axis show
that the particle species can be well separated and the function of a sum of four two-dimensional
gaussians fits correctly the data.

The integral of the four two-dimensional gaussians returns the fitted particle yields. The
uncertainties on the fitted amplitude for pions are thus propagated as the statistical uncertainties
of the pion multiplicities.

112
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Coefficients of Pions for each Neutrino Energy Bin
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Thin Target Measurements

Double differential cross section dσ
dpdθ in (p, θ) bins extracting for 7 particle species:

π±, K±, K 0, Λ, protons

Derivation of spectra:

dσα

dpdθ
=

σtrig

1− ε

(
1

N in

∆ninα
∆p∆θ

− ε

Nout

∆noutα
∆p∆θ

)
Hadron multiplicity:

dnα

dpdθ
=

1

σprod

dσα

dpdθ
where σprod = σtotal − σelastic − σquasi−el.
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νe νµ: thin target kaon production
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Figure 5.1: Spectra of neutrino parent particles for νµ (top left), ν̄µ (top right), νe (bottom left)
and ν̄e (bottom right) at SK calculated using JNUBEAM.

of the number of pions exiting the target surface. By lowering the proton-carbon production
cross-section, lower spectra are obtain for the predictions of the number of pions exiting the
surface of the graphite target. This gets translated into a smaller νµ flux prediction for neutrinos
at SK.
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Fig. 27: (Colour online)a Statistical and systematic uncertainties obtained using the 2009 ds ata-set for K+.
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Fig. 27: (Colour online)a Statistical and systematic uncertainties obtained using the 2009 ds ata-set for K+.

Thin target K+
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Off Axis beam technique
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Off-axis neutrino beam

Gustav Wikström, Université de Genève                         DPNC Seminar 29 Sept 2010

Reactor term

• Method 1:  use electron anti-
neutrinos from nuclear reactors, 
detect via inverse β-reaction

• Short baseline sensitive to

• Detection amplitude is given by:

• Method 2:  look for      
appearance in a      beam, for 
which the amplitude is:
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Breakdown of Neutrino Flux Uncertainties
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Figure 104: The total uncertainties evaluated on the SK flux prediction. The 13av1 uncertainty
is the current version. The 11bv3.2 is the previous version.
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Figure 104: The total uncertainties evaluated on the SK flux prediction. The 13av1 uncertainty
is the current version. The 11bv3.2 is the previous version.
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Neutrino Nucleon Interactions

Neutrino-Nucleon interactions

⌫µ µ�
p+

n

⌫µ µ�p+

Hadrons
n

⌫µ

p+

n
⌫0µ

CC quasi-elastic

CC non quasi-elastic

NC

,  (hadrons)

(muon momentum and angle
  good energy estimate)

(muon momentum underestimates energy)

(energy estimate difficult)

Determine precisely the neutrino beam energy spectrum

Precise measurements of each of these intercations in ND280 
through TPCs and FGDs
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Neutrino Nucleon Interactions

Neutrino-Nucleon interactions
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� EM shower

Final state can look the same as electron 
CCqe if some particles are missed

⌫µ
⌫0µ

Beam flavour content is important for      appearance, reduce 
the     background in the high      flux

�e

�m2
32

1

�e

�m2
32

1

⌫µ

Precise pi-zero measurements in the P0D
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T2K Analysis Strategy

Analysis flow ( with ND fit)

NA61/SHINE data

INGRID/Beam
Monitor data

Flux Model
+ flux uncertainties

Cross section Model
+ uncertainties from 

external data fits

ND280 Detector Model
+Detector uncertainties

Fit to ND280
 data to reduce

 flux and cross section
 uncertainties 

oscillation fit

oscillation parameters

ND280 data

SK data

SK Detector Model
+ Detector uncertainties

External 
cross section data

Melody Ravonel Salzgeber
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T2K Measurements

Melody Ravonel Salzgeber, University of Geneva

T2K Measurements

✓12 = 33.4 ± 0.85o

✓13 = 8.88 ± 0.39o

✓23 = 45.8 ± 3.2o

�m2
21 = (7.53 ± 0.18) · 10�5eV 2

|�m2
32| = (2.44 ± 0.06) · 10�3eV 2

�CP = [�⇡, 0.14⇡] and [0.87⇡,⇡] 90% interval

Mass hierarchy, CP phase (and Majorana phases) still not known

only possible with long base line experiments

parameters measured by T2K

T2K Measurements

9

θ23=45.8±3.2° 
θ12=33.4±0.85° 
θ13=8.88±0.39°

∆m221 = 7.53±0.18x10-5 eV2 

|∆m232| = 2.44±0.06x10-3 eV2 

δCP = [-π–0.14π] and [0.87π–π] 
(90% interval) 

First measurement of flavor 
appearance with 28 νe 

candidates 
Independent measurement of θ13

First constraint of δCP

World-leading 
measurement of θ23 

Significant measurement 
of ∆m232

Abe, K., et al. Physical Review D 91.7 (2015): 072010.

Parameters measured by T2K
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Reactor Prior Best Fit Point

FIG. 38: The marginal posterior of sin2(✓13) and �CP for T2K-only and T2K+reactor

combined analyses. The credible regions are constructed by marginalizing over both mass

hierarchies.

the T2K-only and T2K+reactor analyses. Note that the contours in Fig. 38 are marginalized1413

over the mass hierarchy; in particular, the most probable value line appears to be o↵set1414

from the center of the credible region. This is because the most probable value line is for1415

the preferred inverted hierarchy, and the credible intervals are marginalized over hierarchy.1416

Fig. 40 shows the posterior probability for �CP with 68% and 90% credible intervals for the1417

T2K+reactor combined analysis. Figure 41 shows the comparison of SK 1Rµ and 1Re best-1418

fit spectra produced from the T2K-only and T2K+reactor combined analyses. The best-fit1419

spectrum is formed by using each MCMC point to produce the corresponding spectrum.1420

Then, the best-fit value of the spectrum is considered to be the mode of the distribution1421

of predicted number of events in each energy bin; that is, finding the most probable value1422

in each bin, marginalizing over all parameters. The fit spectrum for 1Rµ events does not1423

change appreciably when the reactor prior is included, but the 1Re fit spectrum shows a1424

noticeable reduction in the number of events.1425

Figures 42 and 43 show the posterior PDFs for the oscillation parameters both singly and1426

pairwise, using MCMC points from the inverted and normal hierarchy respectively, which1427

reflects the most probable mass hierarchy in each analysis. The plots along the diagonal1428

show the posterior PDFs for each of the four oscillation parameters of interest, marginalized1429

over all other parameters, except for the mass hierarchy. The o↵-diagonal elements show1430
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FIG. 36: 68% (dashed) and 90% (solid) CL regions combined with the results from reactor

experiments in the (sin2✓23, �m2
32) space compared to the results from the

Super-Kamiokande [125] and MINOS [126] experiments.
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T2K Future Sensitivity

3 T2K SENSITIVITY 12
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(b) 50% ν-, 50% ν̄-running, true NH.
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(c) 100% ν-running, with ultimate reactor con-
straint, true NH.
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(d) 50% ν-, 50% ν̄-running, with ultimate reac-
tor constraint, true NH.

Figure 8: δCP vs. sin2 2θ13 90% C.L. allowed regions for 7.8×1021 POT. Contours are plotted
assuming true sin2 2θ13 = 0.1, δCP = 0◦, sin2 θ23 = 0.5, and ∆m2

32 = 2.4 × 10−3 eV2. The
blue curves are fit assuming the correct MH, while the red are fit assuming the incorrect
MH. The solid contours are with statistical error only, while the dashed contours include
current systematic errors fully correlated between ν and ν̄.

7 SUMMARY 40

7 Summary388

To address the charges to the task force, we have performed sensitivity studies with com-389

bined three flavor appearance, disappearance, ν-mode, and ν̄-mode fits at the T2K full390

statistics of 7.8×1021 POT. The sensitivities explored are for the CP violation (sin δCP "= 0),391

non-maximal sin2 2θ23, octant of θ23 and mass hierarchy in addition to the measurement of392

δCP , sin2θ23 and ∆m2
32. It is found that T2K has > 90% C.L. sensitivities in a wide region393

of the oscillation parameter space. In order to fully utilize the statistical power at 7.8×1021
394

POT for the δCP measurement, we should reduce the systematic error for the νe sample to395

5 ∼ 8% level and achieve ∼ 10% level error for the ν̄e sample. The measurement of sin2 θ23396

and ∆m2
32 would be dominated by the systematic error. Hence it is desired to reduce the397

errors as much as possible for the determination of these parameters.398

The sensitivities are significantly increased by combining output from the NOνA exper-399

iment, especially for the mass hierarchy.400

Even though about 4 times more POT is necessary for ν̄-mode to obtain equal amount401

of statistics to ν-mode, we found that high sensitivity is kept for a wider region of the402

oscillation parameter spaces by runing in ν̄-mode for ∼ 50% of the total statistics. This is403

true for either the case of T2K alone or combination with NOνA. These studies will guide404

the decision of the actual run plan.405
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T2K Future Sensitivity

3 T2K SENSITIVITY 17

CPδ
-150 -100 -50 0 50 100 150

2 χ 
Δ

0
1
2
3
4
5
6
7
8
9

10
=0.4023θ2sin
=0.4523θ2sin
=0.5023θ2sin
=0.5523θ2sin
=0.6023θ2sin

σ1
90%

(a) 100% ν-running,
statistical error only.

CPδ
-150 -100 -50 0 50 100 150

2 χ 
Δ

0
1
2
3
4
5
6
7
8
9

10
=0.4023θ2sin
=0.4523θ2sin
=0.5023θ2sin
=0.5523θ2sin
=0.6023θ2sin

σ1
90%

(b) 100% ν-running,
with current systematic error.

CPδ
-150 -100 -50 0 50 100 150

2 χ 
Δ

0
1
2
3
4
5
6
7
8
9

10
=0.4023θ2sin
=0.4523θ2sin
=0.5023θ2sin
=0.5523θ2sin
=0.6023θ2sin

σ1
90%

(c) 50% ν, 50% ν̄-running,
statistical error only.

CPδ
-150 -100 -50 0 50 100 150

2 χ 
Δ

0
1
2
3
4
5
6
7
8
9

10
=0.4023θ2sin
=0.4523θ2sin
=0.5023θ2sin
=0.5523θ2sin
=0.6023θ2sin

σ1
90%

(d) 50% ν-, 50% ν̄-running,
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Figure 13: The expected ∆χ2 significance to resolve sin δCP != 0 as a function of δCP for
various values of sin2 θ23 (given in the legend) in case of the inverted mass hierarchy.
The MH and sin2 θ23 octant are considered unknown (unless it can be constrained by the
T2K data) and a constraint based on the ultimate reactor error is used.
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To address the charges to the task force, we have performed sensitivity studies with com-389

bined three flavor appearance, disappearance, ν-mode, and ν̄-mode fits at the T2K full390

statistics of 7.8×1021 POT. The sensitivities explored are for the CP violation (sin δCP "= 0),391

non-maximal sin2 2θ23, octant of θ23 and mass hierarchy in addition to the measurement of392

δCP , sin2θ23 and ∆m2
32. It is found that T2K has > 90% C.L. sensitivities in a wide region393
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(c) 50% ν, 50% ν̄-running,
statistical error only.
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(d) 50% ν-, 50% ν̄-running,
with current systematic error.

Figure 12: The expected ∆χ2 significance to resolve sin δCP != 0 as a function of δCP for
various values of sin2 θ23 (given in the legend) in case of the normal mass hierarchy. The
MH and sin2 θ23 octant are considered unknown (unless it can be constrained by the T2K
data) and a constraint based on the ultimate reactor error is used.

7 SUMMARY 40

7 Summary388

To address the charges to the task force, we have performed sensitivity studies with com-389

bined three flavor appearance, disappearance, ν-mode, and ν̄-mode fits at the T2K full390

statistics of 7.8×1021 POT. The sensitivities explored are for the CP violation (sin δCP "= 0),391

non-maximal sin2 2θ23, octant of θ23 and mass hierarchy in addition to the measurement of392

δCP , sin2θ23 and ∆m2
32. It is found that T2K has > 90% C.L. sensitivities in a wide region393

of the oscillation parameter space. In order to fully utilize the statistical power at 7.8×1021
394

POT for the δCP measurement, we should reduce the systematic error for the νe sample to395

5 ∼ 8% level and achieve ∼ 10% level error for the ν̄e sample. The measurement of sin2 θ23396

and ∆m2
32 would be dominated by the systematic error. Hence it is desired to reduce the397

errors as much as possible for the determination of these parameters.398

The sensitivities are significantly increased by combining output from the NOνA exper-399

iment, especially for the mass hierarchy.400

Even though about 4 times more POT is necessary for ν̄-mode to obtain equal amount401

of statistics to ν-mode, we found that high sensitivity is kept for a wider region of the402

oscillation parameter spaces by runing in ν̄-mode for ∼ 50% of the total statistics. This is403

true for either the case of T2K alone or combination with NOνA. These studies will guide404

the decision of the actual run plan.405
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(b) θ23 Octant

Figure 18: The region where non-maximal θ23 or the θ23 octant can be resolved (the shaded
region), as a function of POT in the case of 50% ν-, 50% ν̄-running. These plots are made
under the condition that the true mass hierarchy is normal and δCP = 0. The dashed
contours include current systematic errors fully correlated between ν and ν̄. A constraint
based on the ultimate reactor precision is included.
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Figure 19: The expected ∆χ2 significance for sin δCP != 0 plotted as a function of POT.
Plots assume true sin2 2θ13 = 0.1, δCP = +90◦, inverted MH, and various true values of
sin2 θ23 (as given in the plot legends). The solid lines assume statistical error only, while the
dashed lines include current systematic errors fully correlated between ν and ν̄. Note that
the sensitivity heavily depends on the assumed conditions, and that the conditions applied
for these figures (δCP = +90◦, inverted MH) correspond to the case where the sensitivity
for sin δCP != 0 is maximal.
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Alexis Häsler (DPNC University of Geneva) PhD defense June 22, 2015 43 / 43



T2K Future Sensitivity

3 T2K SENSITIVITY 20

3.4 Precision or sensitivity vs. POT219

Plots showing the T2K precision vs. POT for various oscillation parameters are given in220

Figs. 16 – 17 for the 100% ν-running case and the 50%:50% ν:ν̄-running case. Generally, the221

effect of the systematic errors is reduced by running 50% in ν-mode and 50% in ν̄-mode. The222

statistical limit of the 1σ precision of sin2 θ23 and ∆m2
32 is 0.045 and 0.04 eV2 respectively223

at the T2K full statistics. Figures 17 (a) and (b) show the precision of the effective νµ → νe224

mixing angle sin2 2θµe, which is obtained by fixing all oscillation parameters other than225

sin2 2θ13 in the fit. Even though the precision is as good as 0.01 for this parameter, the226

actual precision of sin2 2θ13 is much worse because of the uncertainties of δCP and sin2 θ23,227

as shown in Figs.17(c) and (d). However, the precision of 0.01 for sin2 2θµe demonstrates228

the power of the T2K νe appearance probability measurement.229

Figure 18 shows the sin2 θ23 region where non-maximal θ23 or the θ23 octant can be230

resolved, as a function of POT in the case of 50% ν-, 50% ν̄-running. Although these231

plots are made under the condition that the true mass hierarchy is normal and δCP = 0,232

dependence on these conditions is moderate in the case of 50% ν-, 50% ν̄-running.233

The sensitivity for CP violation (sin δCP "= 0) heavily depends on the true oscillation234

parameters and is expected to be highest for the case δCP = +90 deg and inverted MH.235

Figure 19 shows how the expected ∆χ2 significance evolves as a function of POT for this236

case. These plots indicate the earliest case for T2K to observe CP violation. If the sys-237

tematic error size is negligibly small, T2K may reach a higher sensitivity at an earlier stage238

by running in 100% ν-mode. However, with the current systematic error, 50% ν-mode and239

50% ν̄-mode running gives a generally better sensitivity.240

3.5 Effect of the systematic error size reduction241

TN-151 also reports an extensive study of the effect of systematic error sizes. Even though242

actual effect depends on details of errors (see TN-151 for details), here, we generally sum-243

marize the results of the study. As shown in Tab.4, the systematic error on NSK in the 2012244

oscillation analysis is 9.7% for the νe apearance sample and 13% for the νµ disappearance245

sample. For the measurement of δCP , it is desired to reduce this to246

• 5∼8% for νe sample247

• ∼10% for ν̄e sample248

to maximally achieve the T2K sensitivity. Results are rather independent from the size of249

error on νµ and ν̄µ samples if we can achieve error size on ν̄µ similar to the current νµ’s250

error. For the measurement of θ23 and ∆m2
32, the systematic error sizes are already visible251

compared to the statistical error and there would be benefit of systematic error reduction252

even if the error size is reduced as little as 5%.253

2 EXPECTED OBSERVABLES AND SUMMARY OF CURRENT SYSTEMATIC ERRORS8

Appearance Disappearance

BANFF(flux&cross section) 5.0% 4.2%
cross section not-constrained by ND 7.4 % 6.2%
SK detector and FSI 3.9 % 11.0%

total 9.7 % 13.3 %

Table 4: The systematic error on the expected number of events in the 2012 oscillation
analysis.

The sizes of the systematic errors are shown in Fig. 4 as a function of the reconstructed154

energy for the appearance and disappearance samples together with the corresponding re-155

constructed energy spectrum. Plots showing correlations between bins can be found in156

TN-151.157

The errors on the number of events at SK are summarized in Table 4.158
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(b) Disappearance spectrum and error

Figure 4: Appearance and disappearance reconstructed energy spectra at 3.01×1020POT
(top), and the fractional error size (bottom) in the 2012 oscillation analysis. In the bottom
plots, black histograms show the total fractional error. The colored histograms show the
contribution from the BANFF output (flux & cross section measured by ND) error (red),
cross section uncertainties not constrained by the ND measurement (magenta) and the SK
detector and final state interaction error (blue).

Some of the sensitivities are enhanced by constraining sin2 θ13 based on the reactor159

measurement. We assumed the future uncertainty of sin2 θ13 to be 0.005, which corresponds160

to the systematic error of the Daya Bay experiment[4].161
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Fig. 2. Onset of deconfinement: the ratio of K+ to π+ production in A+A collisions

change rapidly at the low SPS energies.

cludes also the recent results from the RHIC beam energy scan [4] as well
as the LHC point [5]. The RHIC results confirm the NA49 measurements
at the onset energies and a smooth evolution is observed between the top
SPS (17.2 GeV) and the current LHC (2.76 TeV) energy. For details see [6].

The anomalies in hadron production in central Pb+Pb collisions as a
function of collision energy were predicted for the onset of deconfinement [7]
and their further understanding requires new NA61 data. The two dimen-
sional scan of NA61/SHINE will provide data between p+p and heavy ion
interactions as well as improve the quality of the p+p data.

2.2. Search for the critical point of strongly interacting matter

Lattice QCD calculations [8] indicate that the phase diagram of strongly
interacting matter features a first order phase transition boundary in the
temperature (T )-baryochemical potential (µB) plane, which has a critical
endpoint. This critical endpoint may be located in the energy range acces-
sible at the CERN SPS [8].

T and µB are not directly measurable quantities but the T -µB coordi-
nates of the chemical freeze-out points of nuclear reactions can be brought
into one-to-one correspondence with the energy (E) and system size (A) of
the collisions [9]. Therefore, the T -µB coordinates of the chemical freeze-
out points may be scanned via a systematic E-A scan. When the freeze-out
point is near the critical point, an increase of multiplicity and transverse
momentum fluctuations is expected [10]. The scaled variance ω of the mul-
tiplicity distribution and the φpT

measure of transverse momentum fluctu-
ations are expected to increase in the standard NA49 acceptance [10, 11].

Rapidly changing ratio K/pi : Evidence for the onset of the transition to a system of deconfined quarks and gluons

Search for critical point of strongly interacting matter through scans of system size A and Energy E
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NA61 Cosmic Ray Physics Programme

Hadron-Production measurements for the Cosmic Ray Program

Cosmic Ray composition of central
importance for understanding sources,
knee, ankle, ...

Indirect measurements for Ultra High
Energy Cosmic Rays: extensive air
showers seen by a surface array
detector

Strong model dependence of the
reconstructed primary energy from
surface detector signals

Muon production related to hadronic
interaction at fixed target energies

H. Dembinski for NA61/SHINE 2

Overview

Charged hadron spectra from π–  + C → h + X at 158 and 350 GeV
 
c-1

● Motivation: Lab-measurement of last stage of UHECR air showers

● Data analysis

● Comparison to models: Too few hadrons in models at high p
T

● First results on particle identification

UHECR 
air shower

NA61/SHINE
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