
Specialization semester at LPNHE
Mid term presentation

Claire Dalmazzone

15/11/2021

1 / 30



Outline

NA61/SHINE
Presentation
Experimental setup

Detector work: TPCs and hardware upgrade

Analysis work: Hadrons spectra with NA61/SHINE
Flux generation
Application
Results

What’s next?

back up slides

2 / 30



NA61/SHINE: A fixed target experiment
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NA61/SHINE: A fixed target experiment

I Multipurpose fixed target experiment

I The incident beam is a secondary beam produced by the
collision of a primary proton or ion beam (extracted from
CERN SPS) on Beryllium targets.

I Applications: Study hadronic production to
I improve cosmic ray air shower models
I study the critical point of strong interaction with

nucleus/nucleus collisions
I improve neutrino flux predictions for neutrino experiments such

as T2K and Fermilab ν beamline
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NA61/SHINE: experimental setup

Setup used for T2K measurements

3.2 Experimental setup
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Figure 3.12: NA61/SHINE setup used for the T2K hadron production measurements.

by rigidity selection are usually mix of different hadrons and leptons with similar rigidity and
therefore must be identified before hitting the NA61/SHINE target. This is done differently for
hadrons and ions. Here, only selection of hadron beam particles will be discussed because it is
used for hadron production measurements. More information on ion beams can be found in [76].
For the hadron beams, identification is done by the already mentioned CEDAR. This counter is
filled with gas, usually with helium for beam momenta lower than 60GeV/c and with nitrogen
for higher momenta. If beam particle enters the counter, it radiates Cherenkov light cone which
is in turn transported by the optical system onto a diaphragm. The diaphragm has a circular
slit through which light passes towards eight photomultiplier tubes (PMTs). The pressure of
the gas can be tuned so that only light coming from desired beam particles passes through
the slit. Signals from at least six channels are used in coincidence for the beam identification.
Furthermore, to increase the purity of the beam, THC is tuned so that desired beam particles
have velocity below Cherenkov threshold and it is used in anti-coincidence. Total number of
misidentified particles is below 0.8%.
Except for two Cherenkov counters, there are several scintillator counters in the beam-line which
are used to ensure that the beam hits the NA61/SHINE target. The list of all scintillator coun-
ters used in the case of the T2K replica target measurements alongside with their dimensions
is shown in Tab. 3.2. Counters with the hole are used in anti-coincidence. The counter S1 is
providing the start signal for the whole trigger system and the reference time. It has four PMT
channels, although only one of them is used in the trigger system. However, other channels are
used during calibration to correct for the time jitter of the start signal.

Counter Dimension [cm]
S1 6×6×0.5
S2 Φ = 2.8, 0.2 thickness
S3 Φ = 2.6, 0.5 thickness
V0 Φ = 8, Φhole = 1, 0.2 thickness
V ′1 30×30×1, Φhole = 4

Table 3.2: List of the scintillator counters used in the trigger logic.

69

Currently being upgraded
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NA61/SHINE: experimental setup

Upstream detectors

I CEDAR and THC: Cherenkov
detectors for incoming PID
(offline selection cut)

I BPDs: proportional gas
chambers, monitor the beam
profile

I Si : scintillators used for the
triggers

I Vi : veto scintillators used for
the triggers

3.2 Experimental setup
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Figure 3.12: NA61/SHINE setup used for the T2K hadron production measurements.

by rigidity selection are usually mix of different hadrons and leptons with similar rigidity and
therefore must be identified before hitting the NA61/SHINE target. This is done differently for
hadrons and ions. Here, only selection of hadron beam particles will be discussed because it is
used for hadron production measurements. More information on ion beams can be found in [76].
For the hadron beams, identification is done by the already mentioned CEDAR. This counter is
filled with gas, usually with helium for beam momenta lower than 60GeV/c and with nitrogen
for higher momenta. If beam particle enters the counter, it radiates Cherenkov light cone which
is in turn transported by the optical system onto a diaphragm. The diaphragm has a circular
slit through which light passes towards eight photomultiplier tubes (PMTs). The pressure of
the gas can be tuned so that only light coming from desired beam particles passes through
the slit. Signals from at least six channels are used in coincidence for the beam identification.
Furthermore, to increase the purity of the beam, THC is tuned so that desired beam particles
have velocity below Cherenkov threshold and it is used in anti-coincidence. Total number of
misidentified particles is below 0.8%.
Except for two Cherenkov counters, there are several scintillator counters in the beam-line which
are used to ensure that the beam hits the NA61/SHINE target. The list of all scintillator coun-
ters used in the case of the T2K replica target measurements alongside with their dimensions
is shown in Tab. 3.2. Counters with the hole are used in anti-coincidence. The counter S1 is
providing the start signal for the whole trigger system and the reference time. It has four PMT
channels, although only one of them is used in the trigger system. However, other channels are
used during calibration to correct for the time jitter of the start signal.

Counter Dimension [cm]
S1 6×6×0.5
S2 Φ = 2.8, 0.2 thickness
S3 Φ = 2.6, 0.5 thickness
V0 Φ = 8, Φhole = 1, 0.2 thickness
V ′1 30×30×1, Φhole = 4

Table 3.2: List of the scintillator counters used in the trigger logic.
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Figure 2: Upstream part of
NA61/SHINE setup
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NA61/SHINE: experimental setup

Downstream detectors: TPCs tracker (measure energy deposit)

I VTPCs: Vertex TPCs, measure
charge and momentum

I Gap TPC: measure charge and
momentum in forward region

I MTPCs: Main TPCs

I TOF wall: measure time of
flight

3.2 Experimental setup
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Figure 3.12: NA61/SHINE setup used for the T2K hadron production measurements.

by rigidity selection are usually mix of different hadrons and leptons with similar rigidity and
therefore must be identified before hitting the NA61/SHINE target. This is done differently for
hadrons and ions. Here, only selection of hadron beam particles will be discussed because it is
used for hadron production measurements. More information on ion beams can be found in [76].
For the hadron beams, identification is done by the already mentioned CEDAR. This counter is
filled with gas, usually with helium for beam momenta lower than 60GeV/c and with nitrogen
for higher momenta. If beam particle enters the counter, it radiates Cherenkov light cone which
is in turn transported by the optical system onto a diaphragm. The diaphragm has a circular
slit through which light passes towards eight photomultiplier tubes (PMTs). The pressure of
the gas can be tuned so that only light coming from desired beam particles passes through
the slit. Signals from at least six channels are used in coincidence for the beam identification.
Furthermore, to increase the purity of the beam, THC is tuned so that desired beam particles
have velocity below Cherenkov threshold and it is used in anti-coincidence. Total number of
misidentified particles is below 0.8%.
Except for two Cherenkov counters, there are several scintillator counters in the beam-line which
are used to ensure that the beam hits the NA61/SHINE target. The list of all scintillator coun-
ters used in the case of the T2K replica target measurements alongside with their dimensions
is shown in Tab. 3.2. Counters with the hole are used in anti-coincidence. The counter S1 is
providing the start signal for the whole trigger system and the reference time. It has four PMT
channels, although only one of them is used in the trigger system. However, other channels are
used during calibration to correct for the time jitter of the start signal.

Counter Dimension [cm]
S1 6×6×0.5
S2 Φ = 2.8, 0.2 thickness
S3 Φ = 2.6, 0.5 thickness
V0 Φ = 8, Φhole = 1, 0.2 thickness
V ′1 30×30×1, Φhole = 4

Table 3.2: List of the scintillator counters used in the trigger logic.
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Figure 3: Downstream part of
NA61/SHINE setup
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Detector work: the upgrade

Increase the readout rate by a factor 10!

My contribution: helped change the electronics of the MTPCs
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The TPCs
I Gas chambers (Ar and CO2)

with MWPC

I Uniform electric field with
stepwise divided voltage:
25µm wide aluminium strips
around the chamber

I readout planes in
proportional range with a
5 · 104 amplification

I x and y positions determined
from the signal in the
segmented pad plane

I z position determined with
drift time

The NA61/SHINE experiment

The signal is then induced in the segmented pad plane which provides measurements of the
track’s x and y position, while measurement of the drift time provides z position. The readout
of the signal is performed by TPC Front End Electronics (FEE) which replaced electronics from
the NA49 experiment to increase the readout speed. In total 32 channels are available per one
FEE. The electronics cards pre-amplify the charge signal and store it in the capacitor array.
Afterwards, it is digitized by Wilkinson Analog to Digital converter (ADC). Although all TPCs
work on the same principle, there are differences in size (number of sectors), gas composition,
pad size and alignment and drift voltage. These are summarized in Tab. 3.5.

VTPC-1 VTPC-2 MTPC-L/R GTPC
Size (L×H×W) [cm ] 250×200×98 250×200×98 390×390×180 30×81.5×70
# of pads/TPC 26886 27648 63360 672
Pad size [mm ] 3.5×28(16) 3.5×28 3.6×40, 3.6×40 4×28
Drift length [cm ] 66.60 66.60 111.74 58.97
Drift velocity [cm/µs ] 1.4 1.4 2.3 1.3
Drift field [V/cm ] 195 195 170 173
Drift voltage [kV ] 13 13 19 10.2
Gas Mixture Ar/CO2 (90/10) Ar/CO2 (90/10) Ar/CO2 (95/5) Ar/CO2 (90/10)
# of sectors 2×3 2×3 5×5 1
# of padrows 72 72 90 7
# of pads/padrow 192 192 192, 128 96

Table 3.5: Parameters of the VTPCs, MTPCs and GTPC [76].
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Figure 12: Schematic drawing of the assembly of one of the VTPCs showing the support plate
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Figure 14: Schematic layout of the TPC readout chambers. Note that the drift is vertically
upwards.
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Figure 3.14: Schematic drawing of the VTPC (a) and TPC readout scheme (b) [84].

While TPCs measure trajectory of the particle, additional pieces of information are needed
for measuring particle yields. Therefore, VTPCs and GTPC are immersed into the field of two
superconducting dipole magnets for measuring charge and momentum of the particles. The
magnets have a total bending power of 9Tm, and at the standard setting, the field is around
1.5T in the first and 1.1T in the second magnet. This setting is used for beam momenta larger
than 150GeV/c, and it is optimized to maximize spectrometer acceptance. For lower beam
momenta, the magnetic field is scaled down. Otherwise, most of the low momentum tracks are
bent out and never reach the MTPCs. Additional information about magnets, gas system and
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The NA61/SHINE experiment

The signal is then induced in the segmented pad plane which provides measurements of the
track’s x and y position, while measurement of the drift time provides z position. The readout
of the signal is performed by TPC Front End Electronics (FEE) which replaced electronics from
the NA49 experiment to increase the readout speed. In total 32 channels are available per one
FEE. The electronics cards pre-amplify the charge signal and store it in the capacitor array.
Afterwards, it is digitized by Wilkinson Analog to Digital converter (ADC). Although all TPCs
work on the same principle, there are differences in size (number of sectors), gas composition,
pad size and alignment and drift voltage. These are summarized in Tab. 3.5.

VTPC-1 VTPC-2 MTPC-L/R GTPC
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Figure 3.14: Schematic drawing of the VTPC (a) and TPC readout scheme (b) [84].

While TPCs measure trajectory of the particle, additional pieces of information are needed
for measuring particle yields. Therefore, VTPCs and GTPC are immersed into the field of two
superconducting dipole magnets for measuring charge and momentum of the particles. The
magnets have a total bending power of 9Tm, and at the standard setting, the field is around
1.5T in the first and 1.1T in the second magnet. This setting is used for beam momenta larger
than 150GeV/c, and it is optimized to maximize spectrometer acceptance. For lower beam
momenta, the magnetic field is scaled down. Otherwise, most of the low momentum tracks are
bent out and never reach the MTPCs. Additional information about magnets, gas system and
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Electronic upgrade: installation

Figure 5: New electronic cards

Front End cards (big one):
reused from ALICE experiment
Input cards (small ones): to
connect to the TPCs readout

Figure 6: Installation on the MTPCs

25 sectors per MTPC
12 cards per sector
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Electronic upgrade: test

Regularly test with a pedestal
(∼ 1 count) input signal

Output signal should be uniform
through each channel (otherwise
false contact or dead electronic)
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Electronic upgrade: test

VTPCs electronic upgrade finished

Figure 7: Tracks of particles produced in p+Pb interactions observed in
the VTPCs with the new electronics
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Analysis work: Hadrons spectra with NA61/SHINE

Hadron production in NA61/SHINE: comparison between
experimental data and simulations
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Hadrons spectra with NA61/SHINE

Hadron production in NA61/SHINE: comparison between
experimental data and simulations.

I π±, K±, p, p̄, Λ, Λ̄ and K 0
S (identification process explained in

back up slides)

I Produced in π−- C collisions at beam momenta 158 and 350
GeV

I Experimental data from 2009 with two data sets:
I target Removed: R
I target Inserted: I

I GOAL: compare double-differential p - pT spectra extracted
from experimental data to simulation results from FLUKA and
GiBuu codes
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Application

I Tuning models of
particle production
in EAS for cosmic
ray studies

I Pions are the most
abundant
projectiles in EAS

I Carbon is used as
a proxy to
Nitrogen
(atmosphere).

Figure 8: Illustration of cosmic ray induced EAS
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Derivation of the spectra

Experimental Data

1

Nprod

d2n

dpdpT
=

Csim

N̂I − bN̂R

n̂I − bn̂R
∆p∆pT

I N̂: number of events

I n̂: number of particles in the bin

I b: target removed-factor

I Csim: factor derived from simulation to correct the bias on n̂
N̂

I ∆p and ∆pT : bins width
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Hadrons flux generation with FLUKA and GiBuu

Hadrons flux generation with:

I FLUKA (http://www.fluka.org/fluka.php): MC that
simulates propagation and interactions of particles in matter.
It uses three models according to interaction type and energy.
Usually gives the best predictions of the experimental data in
hadronic interactions.

I GiBuu (https://gibuu.hepforge.org/trac/wiki): Fortran Code
for a unified theory and transport framework for elementary
reactions on nuclei and heavy-ion collisions.
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Derivation of the spectra

Simulation results

I One histogram per p bin

I Normalized by the number of events
I Each bin-value is divided by:

I ∆pT (varying size)
I ∆p (constant in log scale)

NB: The spectra are multiplied by 10m with m ∈ {0, 1, 2}
depending on the p bin for the readability of the plots (several p
bins per plot).
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Figure 9: π+ production spectra in π−-C interactions at
pbeam = 158GeV/c.
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π+/π− at pbeam = 158 GeV
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Figure 10: Ratios of π+ and π− production spectra in π−-C interactions
at pbeam = 158 GeV/c
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Conclusions

I Neither Fluka nor GiBuu is able to predict the experimental
data at pT ≥ 1.5 GeV.

I GiBuu predictions are usually more consistent with the
experimental data at small pT (except for p/p̄).

I For pions especially, the discrepancy between data and
simulation increases with increasing momentum.

I Very high discrepancy data/simulation for Λ/Λ̄ (can be
produced directly or via the weak decay of heavier baryons)

21 / 30



What’s next?
Hadrons spectra from p - C interactions for νµ beam applications
I Produce evolution plots of the double differential p − θ (in

lab. frame) production spectra for an incident beam
momentum of 31 (T2K), 60 and 120GeV (Fermilab)

I Compare experimental data (2009) to FLUKA and GiBuu
generator results
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Figure 11: Evolution plots of K− production spectra in p-C
interactions for pbeam = 31, 60 and 120 GeV.
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Questions?

Thank you for your attention!

Questions?
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PID: dEdx analysis

Identification of outgoing charged particles

I Bethe formula:

〈dE
dx
〉 = f (p,m)

I ”Bethe crossings”: degeneracy
of the fitting templates for
different particles in some p
bins (analysis fails)

I Can also use tof measurement
m2 = p2

c2
( c

2tof 2

l2
− 1)
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Figure 6.1: The energy loss in the TPCs for different charged particles as a
function of momentum p measured for p + p interactions at 80 GeV/c. Theo-

retical curves are also plotted.

points measured in TPC. Simplifying the notation in the fit formulas, peak position of

dE/dx distribution for a particle types i is denoted as xi. Hence, the width of a single

Gaussian distribution is equal to:

σi,l = σ0

(
xi
xπ

)0.625

/
√
l. (6.1)

The width parameter σ0 is assumed to be common for all particle types and bins. The

1/
√
l dependence on path-length is assumed. The Gaussian peaks are allowed to be

asymmetric to reflect the tail of the Landau distribution which still may be present after

truncation. The fitted function for a given dE/dx track x reads

ρ(x) =
∑
i

ρi(x) =
∑

i=d,p,K,π,e

Ai
1∑
l

nl

∑
l

nl√
2πσi,l

exp

[
−0.5

(
x− xi

(1± δ)σi,l

)2
]
, (6.2)

where nl is the number of tracks with length (l) and Ai is the amplitude of each peak.

The second sum is the weighted average of the line-shape from the different track-lengths

in the sample.

The main goal of the fitting-procedure is application of Eq. 6.2 to the dE/dx distribution

for each of the selected bin. The fitting function has 12 parameters (5 amplitudes,

5 positions, width and asymmetry) and therefore it is very difficult to fit all these

parameters in each bin independently. However:

Figure 12: Example of energy
deposit in TPCs along with
theoretical curves
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PID: V0 analysis

Identification of outgoing V0 particles

I GOAL: identify some neutral particles that decay in the
experimental setup like Λ, Λ̄ and K 0

S .

I IDEA: Consider each pair of negative and positive particles
tracks with a small enough distance of closest approach

I Calculate the corresponding invariant mass distribution.
I Two contributions:

I Flat background from uncorrelated pairs
I Peaks at the V0s masses
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T2K measurement Triggers
3.2 Experimental setup

MTPC-L

MTPC-R

VTPC-1 VTPC-2

Vertex Magnets

Gap TPC

ToF-F

ToF-L

ToF-R

Target

S3

BPD-3

V1pV0

S2

BPD-2

THC

BPD-1

S1

CEDAR

~13m

~31m

p + T2K replica target @ 31 GeV/c

z

x

y

Figure 3.12: NA61/SHINE setup used for the T2K hadron production measurements.

by rigidity selection are usually mix of different hadrons and leptons with similar rigidity and
therefore must be identified before hitting the NA61/SHINE target. This is done differently for
hadrons and ions. Here, only selection of hadron beam particles will be discussed because it is
used for hadron production measurements. More information on ion beams can be found in [76].
For the hadron beams, identification is done by the already mentioned CEDAR. This counter is
filled with gas, usually with helium for beam momenta lower than 60GeV/c and with nitrogen
for higher momenta. If beam particle enters the counter, it radiates Cherenkov light cone which
is in turn transported by the optical system onto a diaphragm. The diaphragm has a circular
slit through which light passes towards eight photomultiplier tubes (PMTs). The pressure of
the gas can be tuned so that only light coming from desired beam particles passes through
the slit. Signals from at least six channels are used in coincidence for the beam identification.
Furthermore, to increase the purity of the beam, THC is tuned so that desired beam particles
have velocity below Cherenkov threshold and it is used in anti-coincidence. Total number of
misidentified particles is below 0.8%.
Except for two Cherenkov counters, there are several scintillator counters in the beam-line which
are used to ensure that the beam hits the NA61/SHINE target. The list of all scintillator coun-
ters used in the case of the T2K replica target measurements alongside with their dimensions
is shown in Tab. 3.2. Counters with the hole are used in anti-coincidence. The counter S1 is
providing the start signal for the whole trigger system and the reference time. It has four PMT
channels, although only one of them is used in the trigger system. However, other channels are
used during calibration to correct for the time jitter of the start signal.

Counter Dimension [cm]
S1 6×6×0.5
S2 Φ = 2.8, 0.2 thickness
S3 Φ = 2.6, 0.5 thickness
V0 Φ = 8, Φhole = 1, 0.2 thickness
V ′1 30×30×1, Φhole = 4

Table 3.2: List of the scintillator counters used in the trigger logic.

69

Figure 13: Upstream part of NA61/SHINE setup

T1 S1· S2 · V̄0 · V̄ ′1· CEDAR · ¯THC
T2 S1· S2· S3 · V̄ ′1· CEDAR · ¯THC
T3 S1· S2· S3 · V̄0 · V̄ ′1· CEDAR · ¯THC
T4 S1· S2· S3 · V̄ ′1

Table 1: Triggers used for T2K measurements
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Reconstruction

I BPD reconstruction

I cluster finder in the TPCs

I track reconstruction
(individual TPCs tracks
matched together)

I momentum determination
(in VTPCs)

I primary vertex
reconstruction: track are
extrapolated up to the dca
with a beam track

I track refit and momentum
determination with vertex
constraint

I calculation of the maximum
number of clusters which a
given track can have
(so-called potential points)

I energy loss and time of
flight (hits on TOF matched
to tracks)

I V 0 and Ξ finder
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More on FLUKA and GiBuu

FLUKA
I Inelastic hadron-nucleon

interactions:
I Dual Parton Model above

5 GeV/c
I Resonance production and

decay model for 3− 5
GeV/c

I Inelastic hadron-nucleus
interactions:
I Glauber-Gribov cascade

above 5 GeV/c
I +Exciton-based

preequilibrium model
below 5 GeV/c

GiBuu

I Hadrons propagate in mean
fields and scatter according
to cross sections applicable
to the energy range of a few
10 MeV to about 40 GeV

I At higher energies,
pre-hadronic interactions are
implemented to realize color
transparency and formation
time effects.
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T2K and DUNE experiment

Long baseline neutrino oscillation experiments

(a) T2K neutrino beamline (b) DUNE neutrino beamline

A hadron beam (mostly pions) is produced via the collision of an
accelerated beam of protons on a graphite target. The decay of
focused hadrons produce a beam of muon neutrinos with a given
energy and direction. The beam profile is monitored by near
detectors. The appearance of electron neutrinos is measured by a
far detector.
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