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Introduction:

	
 Linear Collider design concepts
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• A lepton collider allows for precision measurements 
(clean events, well defined initial state)
- in the TeV range to complement LHC
- linear to prevent synchrotron radiation energy losses 

• Two machine concepts:
- ILC: superconductive accelerator technology - ready to build

- CLIC: two-beam accelerator for higher energies - still in development

source: linearcollider.org source: clic-study.org
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• Precision measurement of the recently discovered (Higgs) 
boson
- Model-independent measurements of 
coupling to fermions and bosons
- Complete study of the Higgs sector

• Precision measurement of standard model particles
- Top quark properties (mass, width, asymmetries)
- Gauge bosons, coupling constants

•  Direct and indirect search for possible BSM physics at TeV 
scale
- particular strength in the weak sector, complementary to LHC

Introduction:

	
 Physics at e+/e- LC
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source: Frank Simon - 
arXiv:1211.7242
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• We need beyond state-of-the-art detector systems, 
including more sensitive calorimeters

• Event reconstruction based on
Particle Flow algorithms
   High granularity in the calorimeter

• Precise timestamping
of all the subdetectors

• Use of tungsten as absorber for
the hadron calorimeter of a 
multi-TeV collider to fit in the magnet barrel

Introduction:

	
 Detectors

5

source: ilcild.org
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Introduction:

	
 Detectors - Particle Flow Algorithms
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Raw data from the detector
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Introduction:

	
 Detectors - Particle Flow Algorithms

6

Track finder algorithm reconstruct charged particles tracks 
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Introduction:

	
 Detectors - Particle Flow Algorithms

6

PFA assign ECAL and HCAL hits to tracks
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Introduction:

	
 Detectors - Particle Flow Algorithms

6

PFA removes assigned hits from the list
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Introduction:

	
 Detectors - Particle Flow Algorithms

6

Remaining tracks are identified as photons or neutral hadrons
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Introduction:

	
 Detectors - Particle Flow Algorithms
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Overall result



Study of hadronic showers with the fastRPC analog readout                                 -   IMPRS YSW 24.07.2013   -                                                Marco Szalay / 26

Introduction:

	
 Detectors - Hadronic Calorimetry
• Several concepts for the hadronic calorimeter:

- Plastic scintillators with SiPMs and analog readout (AHCAL)
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- RPCs with digital readout (DHCAL)

Almost 500000 channels in total: 
a record for a calorimeter system!
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Introduction:
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- RPCs with digital readout (DHCAL)
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with steel or 

tungsten absorber
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Introduction:

	
 Detectors - Hadronic Calorimetry
• Several concepts for the hadronic calorimeter:

- Plastic scintillators with SiPMs and analog readout (AHCAL)

7

- RPCs with digital readout (DHCAL)

- RPCs with semidigital readout (SDHCAL)

38-layer prototype 
with steel or 

tungsten absorber
Almost 500000 channels in total: 

a record for a calorimeter system!

AnalogDigital
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The FastRPC setup:

	
 Overview

8

FastRPC Layer

DHCAL

Mean square
 physicist

Beam direction

Goal of the experiment: measure the time structure of an 
hadronic shower using a high time-resolution analog readout

Understand the 
relevance of the time 
structure for Particle 
Flow Algorithms and 
background rejection

Input for detector 
simulations



Study of hadronic showers with the fastRPC analog readout                                 -   IMPRS YSW 24.07.2013   -                                                Marco Szalay / 26

• High resistance of the electrodes
(~1012 Ωcm)

• High Voltage (6-7 kV     E~55-65 kV/cm)

• Gas Amplification (Gain ~ 105)

• Highly quenching gas mixture to prevent 
streamers

The FastRPC setup:

	
 Implementation - Active layer

9

Gas mixture: R134A 94.5%, 
isobutane 5.0%, SF6 0.5%

source: JINST4_P06003

Resistive Plate Chamber

Glass+Mylar Layer

Readout Board LV for 
preamps

Preamp electronics
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The FastRPC setup:

	
 Implementation - readout

10

Infineon BGA614 preamp

4xPicoscope 6000 (16 channels in total)
8bit - 1.25GHz - 2.4μs sampling window 

USB spill info
scintillator triggers

DHCAL synchronization

15 x 3x3 cm2 pads
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The FastRPC setup:

	
 Overview

11

Experimental setup in place at CERN PS facility

Tail catcher with RPC readout

WDHCAL electronics FastRPC

Almost 500000 channels in total: 
a record for a calorimeter system!
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Testbeam at CERN

• Commissioning at PS
hadrons & muons runs up to 10GeV

• Very good run with ~1.5Mio muon and ~16Mio 
hadron triggers

• Physics run at SPS
hadrons & muons runs up to 180GeV

• ~3Mio muon and ~7Mio hadron triggers (luminosity 
limited by DHCAL trigger rate)

12
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Hadronic Showers:

	
 Development 

13
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Hadronic Showers:

	
 Time development 

14

source: C. Soldner PhD Thesis
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Hadronic Showers:
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Early phase: instantaneous 
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electromagnetic showers)
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Hadronic Showers:

	
 Time development 
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Early phase: instantaneous 
components (mainly 
relativistic hadrons and 
electromagnetic showers)

Late phase: slow neutrons
capture, evaporation, spallation
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Hadronic Showers:

	
 Time development 

14

source: C. Soldner PhD Thesis

Hydrogen content in a gaseous detector is much lower than in plastic 
scintillators      less sensitive to neutron elastic scattering

Early phase: instantaneous 
components (mainly 
relativistic hadrons and 
electromagnetic showers)

Late phase: slow neutrons
capture, evaporation, spallation

Intermediate phase: 
neutron scattering



Study of hadronic showers with the fastRPC analog readout                                 -   IMPRS YSW 24.07.2013   -                                                Marco Szalay / 26









time (ns)
0 20 40 60 80

si
gn

al
 (V

)

0

0.02

0.04

0.06

0.08

0.1

Data Analysis:

	
 Calibration
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Data Analysis:

	
 Calibration Benchmark

16
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efficiency

CALICE work in progress
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Data Analysis:

	
 Charge Distribution
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Good agreement with previous measurements from the Argonne group 
(NIMA A 578:1,88-97(2007)
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CALICE work in progress
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Data Analysis:

	
 Time of 1st Hit

18
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Data Analysis:

	
 Time Resolution

19
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Data Analysis:

	
 ToFH - Projection & Fit
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Data Analysis:

	
 ToFH - Projection & Fit

20
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Data Analysis:

	
 ToFH - Projection & Fit
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Data Analysis:

	
 ToFH - Projection & Fit
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Similar experiment T3B = same readout and absorber BUT plastic scintillators 
as active layer
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Data Analysis:

	
 ToFH - Radial
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Data Analysis:
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Data Analysis:

	
 ToFH - Radial
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Data Analysis:

	
 ToFH - Radial
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Data Analysis:

	
 ToFH - Radial
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Data Analysis:

	
 ToFH - Radial
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Data Analysis:

	
 ToFH - Radial
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Data Analysis:

	
 ToFH - Radial
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Conclusions

• Lepton colliders are a key tool to explore the Higgs sector and 
physics at the TeV scale

• Development of the FastRPC detector to study the time 
structure of hadronic showers in a tungsten HCAL

• Commissioning and data taking campaign at CERN PS and SPS 
facility for almost 5 weeks of beam time

• Data Analysis - RPC are:
- sensitive to late components of the showers, 3 time components 
from different underlying processes in the shower
- comparison with plastic scintillators shows suppression of 
intermediate components from neutron elastic scattering on H 
nuclei

25
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Conclusions & Outlook

• This work has been internally peer reviewed by the CALICE 
collaboration and is now available as a Calice Analysis Note 
(CAN-043) at:
https://twiki.cern.ch/twiki/pub/CALICE/CaliceAnalysisNotes/
CAN-043.pdf

26

Outlook
- Full event synchronization with the DHCAL
- Comparison with MC data

https://twiki.cern.ch/twiki/pub/CALICE/CaliceAnalysisNotes/CAN-043.pdf
https://twiki.cern.ch/twiki/pub/CALICE/CaliceAnalysisNotes/CAN-043.pdf
https://twiki.cern.ch/twiki/pub/CALICE/CaliceAnalysisNotes/CAN-043.pdf
https://twiki.cern.ch/twiki/pub/CALICE/CaliceAnalysisNotes/CAN-043.pdf
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Backup:

	
 Physics processes LC
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Figure 1: The two main Higgs production processes at a LC.

250 GeV 350 GeV 500 GeV 1 TeV 1.5 TeV 3 TeV
�(e+e� ! ZH) 240 fb 129 fb 57 fb 13 fb 6 fb 1 fb
�(e+e� ! H⌫e⌫e) 8 fb 30 fb 75 fb 210 fb 309 fb 484 fb
Int. L 250 fb�1 350 fb�1 500 fb�1 1000 fb�1 1500 fb�1 2000 fb�1

# ZH events 60,000 45,500 28,500 13,000 7,500 2,000
# H⌫e⌫e events 2,000 10,500 37,500 210,000 460,000 970,000

Table 1: The leading-order Higgs unpolarised cross sections for the Higgs-strahlung and WW-fusion pro-
cesses at various centre-of-mass energies for mH = 125 GeV. Also listed is the expected number of events
accounting for the anticipated luminosities obtainable within 5 years of initial operation at each energy.

2.2 Higgs Coupling Measurements at
p

s < 500 GeV

The Higgs-strahlung process provides the opportunity to study the couplings of the Higgs boson in a model-
independent manner. This is unique to a LC. The clean experimental environment, and the relatively low SM
cross sections for background processes, allow e+e� ! ZH events to be selected based on the identification
of two opposite charged leptons with invariant mass consistent with mZ. The remainder of the event, i.e. the
Higgs decay, is not considered in the event selection. For example, Figure 2 shows the simulated invariant
mass distribution of the system recoiling against identified Z ! µ+µ� decays at a LC for

p
s = 250 GeV.

A clear peak at the generated Higgs mass of mH = 120 GeV is observed. Because only the properties of
the di-lepton system are used in the selection, this method provides an absolute measurement of the Higgs-
strahlung cross section, regardless of the Higgs boson decay modes; it would be equally valid if the Higgs
boson decayed to invisible final states. Hence a model-independent measurement of the coupling gHZZ can
be made. With a dedicated analysis using also the hadronic decays of the Z the sensitivity to invisible
decay modes can be improved very significantly as compared to the fully model-independent analysis. The
LC provides in fact a unique sensitivity to invisible decay modes of the Higgs boson, extending down to a
branching ratio into invisible states as low as 1%. The precisions achievable on the Higgs-strahlung cross
section and the coupling gHZZ are shown in Table 2 for mH = 120 GeV.

The recoil mass study provides an absolute measurement of the total ZH production cross section and
therefore the total number of Higgs bosons produced would be known with a statistical precision of 3 �
4 %. The systematic uncertainties from the knowledge of the integrated luminosity and event selection are
expected to be significantly smaller. Subsequently, by identifying the individual final states for di↵erent
Higgs and Z decay modes, absolute measurements of the Higgs boson branching fractions can be made.
High flavour-tagging e�ciencies are achievable and the H ! bb and H ! cc decays can be separated.
Neglecting the Higgs decays into light quarks, one can also infer the branching ratio of H ! gg. Table 3
summarises the branching fraction precisions achievable at a LC operating at either 250 GeV or 350 GeV
where model-independent measurements of the Higgs boson couplings to the b-quark, c-quark, ⌧-lepton,
W-boson and Z-boson can be made to better than 5 %.

Preliminary results of ongoing studies confirm that a precision of �gttH/gttH ⇠ 10% can be achieved,
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Backup:

	
 Streamers
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Backup:

	
 pedestal subtracted comparison
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