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Introduction:

Linear Collider desi

® 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

drive beam 100 A, 239ns
2.38 GeV -> 240 MeV

Quadrupole  POwer-exty, dCtion ang

transfer Structure (PETS)

- main beam 1.2 A, 156 ns

9GeV->15TeV
8Py T~
source: linearcollider.org source: clic-study.org
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Introduction:

Physics at et/e- LC

® Precision measurement of the recently dlscovered (nggs)
boson

o : §
- Model-independent measurements of X107 / UL
coupling to fermions and bosons 1 0f .
- Complete study of the Higgs sector o | ttH ne
o 1 HH v,
source: Frank Simon - 10 — HHZ —
arXiv:1211.7242 ]

10-2 | ] ] ] ] | ] ] ] | ] ] ] ] |
0 1000 2000 3000

. . : /s [GeV:
® Precision measurement of standard model particles ey

- 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
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Introduction:

Detectors

® We need beyond state-of-the-art detector systemes,
including more sensitive calorimeters

—l ‘‘‘‘‘

® Event reconstruction based on
Particle Flow algorithms |
= High granularity in the calorimeter ™

source: ilcild.org

_ Muon Detectors

¢ PreCise timeStamPing Tracking Detector g Z
of all the subdetectors vertex Detector-<BI R T I " ©'Pe

® Use of tungsten as absorber for —
the hadron calorimeter of a Sl Mot Electromagnetic &
] Hadronic Calorimeter

multi-TeV collider to fit in the magnet barrel
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Introduction:

Detectors - Particle |

1000

y/mm

5004

x l ‘)()0 | | 1 3 1 | . b
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x/mm

| Raw data from the detector
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Introduction:

Detectors - Particle |

1000

y/mm

S00-

X l‘")o P A e R - AR
SO0 1000 1500 2000 2500
x/mm

~Track finder algorithm
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Introduction: ’
Detectors - Partic

1000

y/mm

-S00-

& l ‘"m 'l ' 2 1 l A 1 4 1 1 1 1% 1
200 1000 1500 2000 2500
x/mm

LPF:\_ assign ECAL and HC 1
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Introduction: ’
Detectors - Partic

1000
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S0

& l ‘"m 'l ' 2 1 l A 1 1 1 l 1 A 1 1
200 1000 1500 2000 2500
x/mm

A . . . 0 .
PFA removes assigned hits from the list

e—— — — —
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Introduction:
Detectors - Partic
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Introduction:

Detectors - Part

1000
soot-\
2 .
I ey
. \_
e ——
OF— —
. ‘ '
SO0
s
_lm ' 1 A A l 1 1 4 1 ' A 1S 1 1
S00 1000 1500 2000 2500
x/mm

| Overall result!

|
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Introduction:
Detectors - Hadr

® Several concepts for the hadronic calorimeter-:
- Plastic scintillators with SiPMs and analog readout (AHCAL)
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Introduction: I
Detectors - Hadro

® Several concepts for the hadronic calorimeter-:
- Plastic scintillators with SiPMs and analog readout (AHCAL)

N - I ’_;'\‘\

- RPCs with digital readout (DHCAL)
A BEESSSI R | . i

1\
z“ . jg
a record for a calorimeter system! |
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Introduction: |
Detectors - Hadror

® Several concepts for the hadronic calorimeter:
- Plastic scintillators with SiPMs and analog readout (AHCAL)

b T e~

with steel or

| tungsten absorber |

- Almost 500000 channels in total: |
ﬂ a record for a calorimeter system! |




Introduction:

Detectors - Hadroni

with steel or

~ tungsten absorber

gi

- Almost 500000 channels in total:
ﬂ a record for a calorimeter system! |

|
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Introduction:
Detectors - Hadronic

® Several concepts for the hadronic calorimeter:
- Plastic scintillators with SiPMs and analog readout (AHCAL)
<

'~ 38-layer prototype
with steel or ,(

- tungsten absorber |

Almost 500000 channels in total:
~arecord for a calorimeter system!




Introduction:

with steel or
~ tungsten absorber

|

|

Almost 500000 channels in total: |
m a record for a calori sste!
- RPCs with semidigital readout (SDHCAL)
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The FastRPC setup:
Ove rview

Mean square
physicist._ | ﬁ

Understand the
relevance of the time |
structure for Particle

Flow Algorithms and |
background rejection |

~ Input for detector |
| simulations




The FastRPC setup:
Implementatlon Actlve

ReS|st|ve Plate Chamber

Signalpads —_— . . — 1
610 board = 'Gas mixture: R134A 94.5%, |
Resistive paint w }[lsobutane 5 O% SF O 5% |
1.2mm gas gap . -HV% * — —
Resistive paint 1.100m glaes T~ Fishing lines
Mylar —
Aluminum foil —

~source: JINST4 P06003 -

T — R S—

Readout Board

® High resistance of the electrodes
(~10'2 Qcm)

® High Voltage (6-7 kV=»E~55-65 kV/cm)

Pres

® Gas Amplification (Gain ~ 10°)

® Highly quenching gas mixture to prevent |
streamers |

. IMPRS YSW 24.07.2013 - MarcoSzalay 926



The FastRPC setup:
Implementation - Active

‘ \ Signal pads

G10 board - 3 _— | < mi y : y 4 0
o = Qas mixture: I0?1 34A 94.? b, |
Resistive paint E__Mmm glass | ‘%SObUtane 50 A), SF6 05 A) i:
1.2mm gas gap . Y HV — — -
o 1.1mm giass
Resistive paint [ T~ Fishing lines
Mylar — —
Aluminum:foil —
~ source: JINST4_P06003 - T

Readout Board

@ High resistance of the electrodes

| (~10'2 Qcm)

|

® HighVoltage (6-7 kV=»E~55-65 kV/cm) |
Prec

® Gas Amplification (Gain ~ 10°)

® Highly quenching gas mixture to prevent |
streamers ‘
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The FastRPC setup: i
Implementation - readout

|5 x 3x3 cm?pads  Infineon BGA614 preamp

. ” ’ y '
‘ ‘ .‘. ‘-:_: : ; A (o

/ spill info
scintillator triggers

DHCAL synchronization

4xPicoscope 6000 (|6 channels in total)
8bit - 1.25GHz - 2.4ps sampling window
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The FastRPC setup:
Overview

Experimental setup in place at CERN PS facility

Tail catcher with RPC readout
TINTe o DR
& | W 8 |

. E
R e, - e

- —

M

WDHCAL electronicé
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® 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)

S YSW 24.07.2013 - Marco Szalay 12/ 26




Hadronic Showers:
Development

Spallation
on o

Ndj‘y Spallation
Ny ¥

Excited State

Te

Evaporation
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Hadronic Showers:
Time developmen

Farly Shower Phase [Late Shower Phase

Cascade
Electromagn. Nucleons
Subshower

Proton

Evaporation
Neutrons

Proton Ee

Ionization Pion Production  Spallation £e = O(100MeV)
=~ O(1GeV) E. ~ O(1MeV)
source: C. Soldner PhD Thesis
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Hadronic Showers: |
Time development

| E arly Ph ase: instantaneous | Iuarlf Shower Phase Late Shower Phase

 components (mainly
relativistic hadrons and |
electromagnetic showers) ‘

~

Cascade
Nucleons

Proton

Evaporation
Neutrons

Ee

\
N
\

Tonization Pion Production  Spallation £e & Oél()OM eV)

- E, ~ O(1MeV)
Er =~ O(1GeV) source: C. Soldner PhD Thesis



Hadronic Showers:
Time development

‘

| Early phase instantaneous
 components (mainly |
relativistic hadrons and

electromagnetic showers)

Early Shower Phase [Late Shower Phase
VS = N

~ Cascade
Nucleons

Proton

Evaporation
Neutrons

Ionization Pion Production  Spallation £e = 02100["1 eV)

- E, ~ O(1MeV)
Ex =~ O(1GeV)) source: C. Soldner PhD Thesis

Late phase: slow neutrons |
capture, evaporation, spallation |

YSW 24.07.2013 - Marco Szalay 14/ 26



Hadronic Showers:
Time development

Early phase instantaneous
components (mainly

relativistic hadrons and
electromagnetic showers)

Evaporation
Neutrons

 Intermediate phase:
ﬂneutron scattering |

,. T, ~ O(100MeV)
~ Sp) lldtl()ll B~ 05 IMeV)
source: C. Soldner PhD Thesis

JTonization Pion Production

Late phase: slow neutrons o OG-

ucapture evaporation, spaIIatlon

= —

s = =——— — e )

Hydrogen content in a gaseous detector is much Iower than in plastlc
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Data Analysis:

Calibration |
Threshold cut Threshold cut + derivative

2 - S -
T0.07 - E? 0z E 1]
S C —
7] C —
0.06 — 0.06 [—
0.05 | 0.05
0.04 0.04 F-
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0.02 ;— fising Threshold 0.02 :— Rising Threshold Increment
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- R / 0.01F \ 7
0 b—Al ol i Wj_m“"‘l-r%"_"\-l’”-u""' B o T w
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Triggered wavefom{ ; B [ _
© - -
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Data Analysis: !
Calibration Benchi

6

5 - . e e e e
. good events
. bad events

4 - N e e ]

|

0997
efficiency |

5mV 8SmV 10mV 10mV +5mV +5mV +5mV
enhanced increment increment increment
+FFT filter +TSpectrum

filter
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Data Analysis:

Calibration Bench

s B of 1st Hit (ns)

‘,'_l[
l
!l

P S U LN N || I R N | e _
v S & e | | | = =
= = — . -
T :. L ]
: i N
| LTE
>

>

i

0997

I
I

10mV +5mV
enhanced increment increment | increment |
+FFT filter| +TSpectrum |

. filter *

7.2013 :
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Data Analysis:

Charge Distrib

MIP charge distribution

20

—_
a0

W
o

MIP charge distribution

N
(62}

Charge (pC)

630— Entries 501814
e r Mean x 0.7392
% B Meany 1.319
s 25—

® =90 RMS x 0.7956
('_C) N - RMSy  1.414

10
Tile position

N
o

W
o

MIP charge distribution

Entries 1495791

__|Meanx 1.906
Meany 2221
RMS x 1.733
RMSy 2.387

N
(42}

Charge (pC)

0
Tile position

Entries 1222313
Meanx  2.057
Mean y 1.775
RMS x 1.811

— RMS 'y 2.032

Marco Szalay

Tile position

17/ 26



Data Analysis:

Charge Distrib

MIP charge distribution

MIP charge distribution MIP charge distribution
(@] - Entries 501814 CC)L - E— Entries 1495791 (3_ - Entries 1222313
2 - Mean x 0.7392 - [ _ |Meanx 1.906 - [ Meanx  2.057
qe’-, - ; Meany 1.319 fg’) - : - Meany 2221 qé) - Mean y 1.775
s 25F : RMS x  0.7956 ki 25~ RMSx  1.733 ki 251 RMSx  1.811
o RMSy 1.414 O B RMSy  2.387 o - —— |RMSy 2032

N
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N
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—_
[6)]
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10 0 10
Tile position Tile position Tile position



Data Analysis:
Charge Distribution

MIP charge distribution MIP charge distribution MIP charge distribution
630- Entries 501814 630 E— Entries 1495791 630— Entries 1222313
2 - Mean x 0.7392 2 _ |Meanx 1.906 2 - Meanx  2.057
GEJ, - Meany 1.319 qé) - Meany 2221 qé) - Mean y 1.775
@ 29F : RMS x 0.7956 G 29 RMSx  1.733 g25_ RMSx  1.811
S5 > — _____ |RMSYy 1414 e — RMSy 2387 o . o . |RMSy 2032

0= 20 20==
+ T T 1 T T 1 | I T 1 T [ T T T T [ T T T T | — 77777«777
e S P —] = &% = —

1 = = O 1¢ : : = 10 =
T B¢ : = —=__
=2 Muons ] - 7 —
BN O i - 5 = -
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- 10—1E ....................................................................... —

0 R @ —— 180 geV piOhS 3 10 Y 4 o 3 . T ___
S : : ] ion Tile position
c
() : —
B 102 —
" H h Am li d

| igher Amplitudes

k

m | shower component _

=
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10—4 i‘ CALICE WOr'k in progress 5! B Pt PP
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Marco Szalay 17/ 26




Data Analysis:
Time of Ist Hit

Muons 80GeV pions 180GeV pions

& C e — time of 1st hit ime of 1st hit E
180 —= Entries 785356 £ _— £ Entries 880104 =
= r  — — |Meanx 1.233 : —_— T — - ——— Meanx 2495 =43
L160 S - Meany 0.5 = Meany 27 =
2 = — —RMSx  0.7621 = ——— RMSx  1.786 —
5 140 ——— RMSy 2.204 - =

Channel # Channel # Channel #

iﬁ“C/IAIE ork in pr;agress

- Muons are instantaneous
- Hadronic showers show
substantial late contribution
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Data Analysis:
Time of Ist Hit

Muons 80GeV pions 180GeV pions

& C e — time of 1st hit : ime of 1st hit
£180 @; Entries 785356 £ = = — = Y s— Entries 880104 E
= ——|Meanx 1.233 : e ﬁ = S — Meanx 2495 —
% 160 & . - Meany 0.5 — = Meany 27 |==

— — —_— —
140 £ —— mzx 02.726(;241 — =———RMSx 1.786 .
o y . ——

—

Channel # Channel # Channel #

iﬁwC/IAIE ork in pr:c)gress {}

- Muons are instantaneous
- Hadronic showers show
substantial late contribution
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Data Analysis:
Time Resolution
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5 e Particle Type |
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Data Analysis:
Time Resolution
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Data Analysis: ,-
ToFH - Projection &

R
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Data Analysis:
ToFH - Prolectlon

1

—+— Muons
o —+— Pions @ 80 GeV

—+— Pions @ 180 GeV
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Data Analysis:

ToFH - Pro]ectlon
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Data Analysis:
ToFH - Projection &

10°°

| —+— Muons
11| —— Pions @ 80 GeV

—+— Pions @ 180 GeV |

—4— Muons
| —+— Pions @ 80 GeV
) CA—— — —+— Pions @ 180 GeV |..

e LI

10

I IIIIIII| I IIIIIII| I IIIIIII| T TTTT
--I--I-J-I-I-LHI--

"""" CALICEpreIImlnary

[ ]
#/ 2 events with FastRPC Hits

#/ 2 events with FastRPC Hits

T M ATTIT AR MR MM ERTIT

I

2

:.1* 2
ot B

3

-i .

Q

2

] Hlllli

—_

—h
Q
(0]
-

107 L SRR R NIRRT
0 50 100 150 200 10 102 10°

Time of 1st Hit (ns) T|me of 1st Hit (ns)

——— — - ———

IL_




Data Analysis:
ToFH - Projection &
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Data Analysis:

ToFH - Projection
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Data Analysis: :
Comparison with Plastic

Similar experiment T3B = same readout and absorber BUT plastlc scmtlllators
ﬂ as active layer

c = N =
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Data Analysis: |
Comparison with Plastic

Similar experiment T3B = same readout and absorber BUT plastlc scmtlllators
ﬂ as active layer

e 1 I
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Data Analysis: :
Comparlson with Plastic

Slmllar experiment T3B = same readout and absorber BUT plastlc scmtlllators
as active layer
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Data Analysis:
Comparlson with Plasti

Slmllar experiment T3B = same readout and absorber BUT plastlc scmtlllators
as active layer
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Data Analysis: |
ToFH - Radial
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1§_|| — Muons
0 [ﬂ _Plons Center of the shower:
L | Dominated by instantaneous
1 contribution from relativistic
U 1 particles, including muons and
g Jm WWW > punch-through pions
10'5;51 IﬁW R P 1 n| |“JLH M

0 20 40 100 120
Time of 1st Hit (ns)

Toward the outside of thew t
| late energy deposition component
fraction gets bigger and bigger |

E—

RS YSW 24.07.2013 - Marco Szalay 23/ 26




Data Analysis:

ToFH - Radial
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Data Analysis:

ToFH - Radial

time of 1st hit

1ﬂ — Muons
o' — Pions
orfiln | b ucdich buee S M%

-20 0 20 40 60 80 100 120
Time of 1st Hit (ns)

' Toward the outside of the shower, the |
| late energy deposition component |

fraction gets bigger and bigger

E—

24.07.2013 -

6cm from center

Marco Szalay

23/ 26



Data Analysis:

ToFH - Radial
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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

time of 1st hit
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ﬁshower separation
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Data Analysis:
Radial Distribution -
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Data Analysis:
Radial Distribution -
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Conclusions

® | epton 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
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® 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

Outlook

- Full event synchronization with the DHCAL
- Comparison with MC data
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Backup:
Physics processes
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Backup:
Streamers
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Backup:
pedestal subtracted c

Particle Type
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