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3 CLIC DETECTOR CONCEPTS

For CLIC, time stamping capabilities of O(1 ns) need to be available for several subsystems. The
event readout will integrate over up to 312 bunch crossings. Time stamping could reduce the pile-up
from two-photon background events to  20 bunch crossings.

3.4 Subsystems
We will briefly introduce the CLIC detector concepts, going from small to large radius. Figures 3.1
and 3.2 show longitudinal and transverse cuts of the major components of CLIC_ILD and CLIC_SiD.
Table 3.1 compares the key parameters of the CLIC and ILC detector designs. Table 3.2 summarises
details of the CLIC_ILD and CLIC_SiD designs.

Fe Yoke

Fig. 3.1: Longitudinal cross section of the top quadrant of CLIC_ILD (left) and CLIC_SiD (right).

Table 3.1: Some key parameters of the ILC and CLIC detector concepts. The inner radius of the electro-
magnetic calorimeter is given by the smallest distance of the calorimeter to the main detector axis. For
the hadronic calorimeter, materials are given both for the barrel (B) and the endcap (E).

Concept ILD CLIC_ILD SiD CLIC_SiD

Tracker TPC/Silicon TPC/Silicon Silicon Silicon
Solenoid Field (T) 3.5 4 5 5
Solenoid Free Bore (m) 3.3 3.4 2.6 2.7
Solenoid Length (m) 8.0 8.3 6.0 6.5
VTX Inner Radius (mm) 16 31 14 27
ECAL rmin (m) 1.8 1.8 1.3 1.3
ECAL Dr (mm) 172 172 135 135
HCAL Absorber B / E Fe W / Fe Fe W / Fe
HCAL lI 5.5 7.5 4.8 7.5
Overall Height (m) 14.0 14.0 12.0 14.0
Overall Length (m) 13.2 12.8 11.2 12.8
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CLIC_ILD:	  
-‐	  larger	  inner	  tracker	  and	  lower	  B	  field	  (4T)	  	  	  
-‐	  calorimeter	  and	  forward	  region	  model	  (and	  
	  	  technical	  implementa@on)	  more	  defined	  

CLIC_SiD:	  
-‐	  smaller	  inner	  tracker	  and	  higher	  B	  field	  (5T)	  	  
-‐	  full	  Si	  tracker	  

B	  field	  
[T]	  

VTX	  rmin	  
[mm]	  

Trk	  tech-‐
nology	  

Trk	  zmax	  
[m]	  

ECAL	  rmin	  
[m]	  

ECAL	  Δr	  
[mm]	  

HCAL	  
absorber	  

HCAL	  	  
λI	  	  

Overall	  
H	  [m]	  

Overall	  	  
L	  [m]	  

CLIC_ILD	   4	   31	   Si+TPC	   2.3	   1.8	   172	   W/Fe	   7.5	   14.0	   14.0	  

CLIC_SiD	   5	   27	   Si	   1.6	   1.3	   135	   W/Fe	   7.5	   12.8	   12.8	  
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New�detector

3

• Beampipe radius�and�opening�angle?
• Vertex�layout�(single�vs.�double�layers)?
• Tracker:�R=1500�mm;�L=4600Ͳ4700�mm

– Number�of�layers?
– Barrel�to�endcap transition?
– Expected�heat�dissipation?

• ECAL�thickness:�171�mm�vs.�139�mm?
• HCAL:�

– Current�thickness:�Barrel=1238�mm;�Endcap=1590�mm;
– Steel�vs.�Tungsten?
– Endcap angular�coverage/WͲPE�shield?

• QD0�location:
– L*?
– Inside�or�outside�of�detector?

• BͲField:�
– 4.5�T;
– Yoke�thickness?�(see�talk�of�B.�Cure�next)
– Field�homogeneity�inside�the�tracker?

• Gaps�for�services�(power,�signal,�cooling�and�gas)�
routing?

• Space�for�electronic�cards�and�mechanical�
supports?

• Opening�scenario?

CLIC_ILD+CLIC_SiD?

10/06/2014 Engineering�aspects�of�the�old/new�detector�concepts
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	  	  	  …	  towards	  a	  new	  detector	  model	  
Simula@on	  model:	  
-‐  VTX:	  double	  layers	  
-‐  Full	  Si	  tracker	  	  
-‐  Trk	  half	  length	  2.3	  m	  	  
-‐  Trk	  outer	  radius	  1.5	  m	  	  
-‐  Ecal	  and	  Hcal	  layout	  

under	  study	  	  	  
-‐  B	  field	  value	  ~4.5	  T	  	  

(s;ll	  under	  discussion	  
for	  occupancy	  studies)	  

à Preliminary	  model:	  
many	  parameters	  s9ll	  
under	  op9misa9on!	  

à Plan	  to	  have	  the	  
defined	  model	  at	  the	  
end	  of	  the	  year	  

In	  this	  talk:	  studies	  to	  define	  the	  next	  
simula9on	  model,	  no	  choice	  of	  technology	  

CLICdp	  work	  	  
in	  progress	  
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3 Geometries

y

z
x

Figure 9: Schematic view of the vertex detector for the double_spirals geometry. The barrel region is
shown in red and the vertex endcaps in green.

The material budget for the double_spirals geometry is shown in Figure 10(a) and is very similar to
the CDR geometry. The amount of silicon layers has increased but overall less carbon is needed for the
mechanical support.
Figure 10(b) shows the coverage of the double_spirals geometry. The average number of layers in the
vertex endcaps is higher than for the CDR and the spirals geometries with similar material budget (see
Figures 4 and 7(b)).
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Figure 10: The material budget for the CDR and the double_spirals vertex detectors is shown in (a). The
coverage of the vertex detector for the double_spirals geometry with respect to the polar angle
q is shown in (b). The material budget and the number of layers for each polar angle q are
averaged over the azimuthal angle f .
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See	  more	  in	  N.	  
Alipour’s	  talk	  

5 Flavour-tagging performance

5.3. Comparison of different layouts

In the following sections, the different geometries are compared based on their flavour-tagging per-
formance. First, the spiral configuration is compared to the disks in the endcap regions. Then, the
double-layered sensors are compared to the single-layered sensors. Finally, the double_spirals geometry
is compared to the CDR geometry.

5.3.1. spirals and CDR

In order to compare two geometries in terms of flavour-tagging performance, the ratio between the misid-
entification probabilities is computed.
Figures 22 and 23 compare the CDR and the spirals geometry using jets in dijet events at

p
s = 200 GeV

with polar angles of q = 10�,20�,30� and 40�. If the ratio between the misidentification probabilities
is smaller than one, then the spirals geometry has a better flavour-tagging performance than the CDR
geometry. Otherwise, the CDR geometry has a better performance. In general, the two geometries have
a similar performance. However, the b-tagging performance is up to 20% worse using the spirals geo-
metry for jets at q = 40�. At this angle, there is the transition between the vertex endcaps and the barrel
region. With the spiral configuration, the number of sensitive layers becomes dependent on the azimuthal
angle f . Less layers can be hit for the spiral configurations in certain ranges in the azimuthal angle f
compared to the CDR geometry where the number of layers in the endcap regions does not depend on
f (cf. Figure 12). The track-finding algorithm requires a minimum number of layers hit in the vertex
detector. This requirement is not dependent on the f direction of the track. Hence with the current soft-
ware implementation, it is more likely that tracks in a certain f region are missed compared to the CDR
geometry. This can be improved in future tracking code with using a f -dependent optimisation of the
track finding strategy.
More results for different jet energies can be found in Appendix D.
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Figure 22: The ratios between the misidentification probabilities for the spirals and the CDR geomet-
ries as a function of the b-tag efficiency considering the charm (a) and the light flavour (b)
backgrounds based on jets in dijet events at

p
s = 200 GeV.
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5 Flavour-tagging performance
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Figure 28: The ratios between the misidentification probabilities for the double_spirals and the CDR
geometries as function of the b-tag efficiency considering the charm (a) and the light flavour
(b) backgrounds based on jets in dijet events at

p
s = 200 GeV.
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Figure 29: The ratios between the misidentification probabilities for the double_spirals and the CDR
geometries as function of the c-tag efficiency considering the beauty (a) and the light flavour
(b) backgrounds based on jets in dijet events at

p
s = 200 GeV.

5.4. Impact of the material budget

The double_spirals_v2 geometry is a more realistic version of the double_spirals geometry, taking into
account the material used for the mechanical support of the sensors and also the material used for the
cables. The material budget per double layer is 0.4% X0. The flavour-tagging performance of this geo-
metry is given in Figure 30 and compared to the double_spirals layout. Dijet events with a mixture of
polar angles between 10� and 90� are used for the flavour tagging.
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3Geometries

Table3:Parametersforthetrapezoidalmodulesintheendcapregionsofthespiralsgeometry,whereN
representsthenumberofmodulesinalayer,rinandrouttheinnerandtheouterradiusatthe
outeredgeofthetrapezoidalmodules,winandwouttheinnerandtheouterwidths,ztheposition
ofthefirstmoduleofthelayer.TheothermodulesareplacedatadistanceofDz=3.6mmfrom
thepreviousmoduleinthezdirection.IntheGEANT4simulations,eachmoduleismadeof
50µmofsiliconfollowedby130µmofcarbonfiber.

LayerNrin[mm]rout[mm]win[mm]wout[mm]z[mm]
1827.0115.022.796.6120.0
2827.0115.022.796.6150.0
3827.0115.022.796.6180.0
4828.1115.023.696.6210.0

y

z
x

Figure6:Schematicviewofthevertexdetectorforthespiralsgeometry.Thebarrelisshowninredand
isthesameastheCDRbarrel.Thevertexendcapsmodulesareshowningreen.

Tominimisetheeffectofmultiplescattering,alowmaterialbudgetisrequiredforthevertexdetector.
Figure7(a)comparesthematerialbudgetfortheCDRandthespiralsgeometries.Forthecomputation
ofthematerialbudgetweintegratefromtheinteractionpointtotheoutsideofthehighlightedareasin
Figure3,includingthebeampipeandcabling.Foreachpolarangleq,thematerialbudgetisaveraged
overtheazimuthalanglef.AsshowninFigure7(a),theamountofmaterialdoesnotdiffermuchfor
thespiralsgeometrycomparedtotheCDRlayout(thelargepeakatlowpolaranglescorrespondstothe
beampipe).
ThenumberofsiliconlayersasafunctionofthepolaranglesqaveragedoverfisgiveninFigure7(b)
andisverysimilarfortheCDRandthespiralsgeometries.Themaindifferencecomparedtothedisks
(seeFigure4)isthatthenumberoflayersvarieswiththefangle.
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Similar	  result	  as	  CDR	  but	  for	  θ~40°	  à	  less	  number	  of	  hits	  

•  Spiral	  geometry	  à	  allows	  air-‐flow	  for	  cooling	  	  
q  5	  single	  layers	  in	  the	  barrel	  +	  4	  in	  the	  endcap	  

•  Double	  spiral	  geometryà	  increases	  n	  of	  
measurements	  with	  the	  same	  material	  budget	  	  
q  3	  double	  layers	  in	  the	  barrel	  +	  3	  in	  the	  endcap	  



Vertex	  detector	  
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•  Realis@c	  model	  for	  double	  spiral	  à	  takes	  into	  account	  material	  
budget	  for	  sensors+readout,	  cabling,	  electronics	  and	  supports	  
q  0.2%X0	  per	  single	  layer	  w.r.t.	  0.1%X0	  per	  single	  layer	  

à	  important	  for	  a	  fair	  evalua9on	  of	  the	  performance	  

6 Effect of the flavour-tagging performance on the Hnn̄ analysis

By increasing the material in the vertex detector, the fake rate increases by approximately 5-35% de-
pending on the required signal efficiency and background type.
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Figure 30: Global comparison between the double_spirals_v2 and the double_spirals geometries based
on beauty tagging (a) and charm tagging (b) for jets in dijet events at

p
s =200 GeV with a

mixture of polar angles between 10� and 90�. On the y-axis, the misidentification probability
and the ratio between the misidentification probabilities for the two geometries are given.

6. Effect of the flavour-tagging performance on the Hnn̄ analysis

Flavour tagging is a key ingredient for the measurement of the Higgs boson decay to bb̄ and cc̄ quark
pairs. The Standard Model predicts that the production of the 125 GeV Higgs boson is dominated by the
process: e+e� ! Hnn̄ at 3 TeV. A study of this process is described in [16] for the CLIC_SiD detector.
As shown in the previous sections, changes to the layout and material budget of the vertex detector can
lead to changes in the fake rates of typically ±20%. We illustrate the effect of this variation of the fake
rates on the precision of the H!bb̄ and H!cc̄ measurements described in [16].
First, we assume that:

• for H!bb̄, the backgrounds do not contain b-jets (they are mostly light jets);

• for H!cc̄, the backgrounds do not contain c-jets (they are mostly beauty and light quark jets);

• the flavour tags are fully uncorrelated with the other selection variables.

Table 7 gives the numbers of events for the decays of the Higgs to bb̄ and cc̄ quark pairs after the
selection performed in the analysis described in [16].
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Dijet
p
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Realis3c	  double	  	  
spiral:	  0.2%X0	  Double	  spiral:	  	  
0.1%X0	  

Realis3c	  double	  	  
spiral:	  0.2%X0	  Double	  spiral:	  	  
0.1%X0	  
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Magne3c	  field	  (B)	  

•  Track	  resolu;on	  depends	  stronger	  on	  R	  than	  on	  B	  field	  

•  Small	  effect	  on	  par;cle	  flow	  and	  jet	  energy	  resolu;on	  

•  Effects	  of	  inhomogeneous	  B	  field	  is	  under	  inves;ga;on	  
q  Working	  to	  extend	  the	  helical	  fit	  
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Silicon Tracker: Conclusions and Plans 
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• Tracker length: at least ~CLIC_ILD ( 4.6 m)  
• Considering reducing Endcap Yoke thickness 

by ~1.2  m and employing End coils 
R 

Z 
B. Cure [6] 

ECal Inner Radius [mm] 

B [T] 

• B-Field and R affect PFA Performance 
• Previous ILD studies by M. Thomson and J. S. Marshall [4,5] 

• Aiming for an outer tracking radius of 1.5 m 
• A magnetic field strength of up to 4.5 T should be 

technically feasible 

• Will need to make a decision on 4 Vs 4.5 T 
 

• Effects of non-uniform magnetic field currently 
under investigation 
• Implementation of more realistic field map underway 

• Changes in tracking software  

Jet	  resol	  
CLICdp	  work	  in	  progress	  
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Magne3c	  field	  and	  occupancy	  

•  Lower	  B	  gives	  more	  occupancy	  in	  the	  vertex	  detector	  
q  At	  31mm	  25%	  increase	  from	  B=5T	  to	  B=4T	  

•  Possibility	  for	  larger	  inner	  radius	  for	  the	  vertex	  detector	  is	  inves;gated	  
q  Rin	  from	  27mm	  to	  31mm	  

	  
	  	  	  	  	  	  	  	  	  	  	  	  	  à	  Final	  decision	  about	  B	  field	  value	  (4T-‐4.5T)	  from	  HCAL	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  dimensions	  and	  vertex/tracking	  occupancy	  studies	  
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Vertex Detector : Effect of Inner Radius /Material  

• Double-layer modules were 
simulated with twice as much 
material  

• Extra material leads to undesirable 
increase of fake rate 
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(N.Alipour 
Tehrani, P. 
Roloff [2]) 

In the new detector model:  Use double layers with spirals  and  
modules with 𝟎. 𝟐%𝑿𝟎  per (single) layer 

• Inner Radius from 27 mm to 31 mm 
• Compensates for increase in the rate of 

Incoherent e-pair background if B-field is 
reduced 

• Small effect in flavor-tagging 
performance 

Dijet events at 𝑠 = 200  GeV 
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CLICdp	  work	  in	  progress	  

Beam Induced Backgrounds and Machine Parameters
Detector Performance

Summary

ILC and CLIC Machine Parameters
Time Structure
Occupancies

Occupancies in Tracking Detectors

Vertex detector layers need to stay clear of
cone of incoherent pairs

Need to increase radius of innermost vertex
layer to ⇠ 30mm to retain ILC-like
occupancies per train
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Figure 5.14: Hit densities from incoherent pairs in the six vertex-barrel layers as function of the
radius of the respective layer for three different values of the magnetic field. Shown
are (a) the total hit density, as well as separately the contributions from (b) direct
and (c) backscattered hits
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4 VERTEX DETECTORS

the LumiCal and BeamCal into the vertex detector region (see Chapter 9). The studies have focused on
the CLIC_ILD detector model and the obtained results have been transferred to the CLIC_SiD detector
model and confirmed there.

4.5.1 Beam-Pipe Layout and Design
The beam pipe should provide good vacuum at the interaction point, remain outside the background
envelope near the interaction region, allow for the placement of silicon elements as close to the beam
line as possible, present a low number of radiation lengths for trajectories of interest, and shield against
backgrounds originating upstream and downstream of the vertex detector region. It should be noted that
the vacuum quality is not critical and that therefore bake-out of the vacuum system is not required inside
the interaction region. The design that was developed for the beam pipes is shown in Figures 4.1, 4.2
and 4.8. A straight, beryllium portion near the interaction region minimises the number of radiation
lengths before vertex detector elements. Stainless steel conical portions with a wall thickness of 4 mm
extend in the forward and backward directions and provide shielding against backscattering upstream and
downstream backgrounds. Figure 4.8 shows the density of direct hits in the 4 T field of the CLIC_ILD
vertex detector region. A cut-off with a parabolic shape can clearly be seen. With a length of 520 mm and
an inner radius of 29.4 mm, the cylindrical section of the beam pipe is located safely outside the region
of high hit density, where the production of secondary hits would lead to unacceptably large occupancies
in the detectors. Similarly, for a magnetic field of 5 T, the inner radius of the CLIC_SiD central beam
pipe was set to 24.5 mm, with a length of 460 mm.
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Fig. 4.8: Density of direct hits from incoherent pairs in a cylindrical projection of the vertex detector
region of the CLIC_ILD detector. The position of the beam pipe and of the innermost barrel and forward
pixel layers are indicated with white lines.

The beryllium wall thickness must be sufficient to address porosity, to resist collapse under vac-
uum, and to resist forces and moments transmitted from the conical portions. A wall thickness of 0.6 mm
was assumed for CLIC_ILD; the corresponding value for CLIC_SiD is 0.5 mm. Those wall thicknesses
are conservatively high for vacuum collapse, which depends primarily on elastic modulus, Poisson’s
ratio, radius, and length. The designs of the Tevatron Run IIb beam pipes demonstrated that a thick-
ness of 0.5 mm is sufficient to address porosity issues [13]. Local stress concentrations will occur at
the transition joints to conical pipe portions if abrupt changes in material thickness are allowed. Those
concentrations can be minimised by an optimised design of the joint region. R&D in conjunction with
potential vendors is expected to be conducted on the transition joints and beam-pipe fabrication methods.
A liner of titanium of thickness 25 to 50 µm, may be required for the ILC central beam pipes [14]. How-
ever, simulation studies for incoherent-synchrotron radiation originating from the beam-delivery system
at CLIC indicate that the radiation envelopes stay within ±5mm for 15�x and 55�y [15]. The impact of
radiation emitted in the beam-delivery system needs further studies.
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Main	  tracker	  
•  Improvement	  in	  tracking	  resolu;on	  due	  to	  larger	  

dimensions	  according	  to:	  σnew=(Lold/Lnew)2σold	  
•  Extended	  tracker:	  	  

q  R	  from	  1.25m	  to	  1.5m	  	  
q  L/2	  from	  1.6m	  to	  2.3m	  

J. S. Marshall ECAL Optimisation StudiesJ. S. Marshall ECAL Simulation Studies

ECAL Inner Radius

13

• Move on to investigate impact of varying ECAL 
inner radius. Specify TPC outer radii of 1400, 
1600 and (default) ~1800mm to obtain ECAL 
inner radii of 1443, 1643 and 1850mm.!

• Mostly “other” confusion term that accounts 
for the improvement in jet energy resolution 
with ECAL inner radius: Likely due to reduced 
numbers of fake (neutral hadrons) fragments.

Jet	  resol	  

R=
1.
5m
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CLICdp	  work	  in	  progress	  

R	  

L/2	  

−	  45	  GeV	  
−	  100	  GeV	  
−	  180	  GeV	  
−	  250	  GeV	  

−	  ScW	  
…	  SiW	  

See	  more	  in	  R.	  
Simoniello’s	  talk	  

CDR	  
Ext	  tracker	  

CDR	  
Ext	  tracker	  



Electromagne3c	  calorimeter	  
•  Material:	  Sc	  or	  Si	  with	  W	  absorber	  	  

à	  similar	  performance	  
•  Cell	  size:	  

q  High-‐pT	  jet	  resolu;on	  dominated	  by	  confusion	  
à	  Best	  for	  5x5mm2	  (15x15mm2	  s;ll	  ok)	  

q  Small	  cell	  size	  needed	  for	  hadronic	  τ	  ID	  
à	  Small	  cell	  size	  more	  doable	  with	  Si	  w.r.t.	  Sc	  	  	  

•  Number	  of	  layers:	  same	  jet	  resolu;on	  
performance	  for	  25-‐30	  layers	  

Jet Energy Resolution 

Mark Thomson 4 CERN, August 2014 

! Energy resolution for 10 GeV photons: 

"  ScW vs SiW: no big difference  
"  # of layers – not very important for higher energy jets (confusion dominates) 
"  Cell size more important for higher energy jets (where confusion dominates) 

•  5 x 5 mm2 → 15 x 15 mm2        JER: 3 % → ~3.5 %   

5 x 5 mm2 cells Jet	  resol	


J. S. Marshall ECAL Optimisation Studies

Number of ECAL Layers

11

5x5mm2 cells 15x15mm2 cells

• Examine jet energy vs. number of ECAL layers for the two transverse granularities. Note that 
resolutions are shown only for ScW ECAL models, for the sake of clarity. Differences between 
SiW and ScW results were small and consistent with previous findings.!

• Some variation of resolution with #layers seen for lowest energy jets (mostly due to energy 
resolution?), but distributions for high energy jets are surprisingly flat. For 100-250GeV jets, can 
reduce the number of layers from 30 to 20 without harm.

Single Particle Performance 

Mark Thomson 3 CERN, August 2014 

! Energy resolution for 10 GeV photons: 

16 %/
p

E(GeV)

25 %/
p

E(GeV)

"  ScW slightly better than SiW  (but depends on Sc or Si thickness) 
"  Number of layers (samples) is a much bigger effect 

•  Resolution ~ 
"  No clear “physics requirement” on ECAL resolution for 

•  15 layers of SiW is a pretty poor ECAL 

1/
p

Nlayers
�, e±

Resol	  for	  10	  GeV	  γ	


Jet	  resol	


� / 1/
p
N

29	  layers	  

à	  Proposal:	  25L	  of	  SiW	  with	  5x5mm2	  cell	  size	  	  
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−	  45	  GeV	  
−	  100	  GeV	  
−	  180	  GeV	  
−	  250	  GeV	  

−	  45	  GeV	  
−	  100	  GeV	  
−	  180	  GeV	  
−	  250	  GeV	  

−	  ScW	  
…	  SiW	  

−	  ScW	  5x5mm2	  
−	  ScW	  15x15mm2	  

…	  SiW	  5x5mm2	  

…	  SiW	  15x15mm2	  
	  

CLICdp	  work	  in	  progress	  
CLICdp	  work	  in	  progress	  

CLICdp	  work	  in	  progress	  



Hadronic	  calorimeter	  
•  Hcal	  endcap:	  ScFe,	  60L,	  30x30mm2	  

	  

•  Hcal	  barrel	  layout	  affects	  magnet	  size.	  
Need	  to	  op;mize:	  
q  Absorber	  material:	  W	  or	  Fe	  
q  Granularity	  and	  n	  of	  layers	  	  
q  Thickness	  and	  realis;c	  assembly	  of	  

ac;ve	  layer	  à	  ILD	  cassele	  adapted	  
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Detector	  

#	  
La
ye
rs
	  

Abs	  
Thick	  

Cass.	  
Thick	   Air	   Total	  

Depth	  
Total	  

Thickness	  
mm	   mm	   mm	   #λΙ	   mm	  

CDR	   75	   10	   5*	   1.5	   7.42	   1237.5	  
W	  +	  cassele	   75	   10	   4.8	   2.7	   7.92	  	   1322.5	  
W	  +	  cassele	   70	   10	   4.8	   2.7	   7.40	  	   1235	  
Fe	  +	  cassele	   60	   19	   4.8	   2.7	   7.55	  	   1609	  

STEEL""PCB~0.7"mm"
SCINTILLATOR"(polysterene)""

STEEL""
RADIATOR"(W"alloy"or"Fe)"

RADIATOR"(W"alloy"or"Fe)"

2.7""mm"A I R " " A I R " A I R " " A I R "

10"mm"

10"mm"

3"mm"
0.5"mm"

0.5"mm"

(Steel"casseGe)"

17.5"mm"

7.5"mm"
(slit"size)"

(layer"thickness"for"W)"

*	  No	  casseAe	  model	  for	  CDR,	  just	  Sc	  thickness	  

à	  JER	  6-‐14%	  beAer	  for	  W	  (+	  more	  compact)	  	  
=>	  impact	  on	  physics	  analysis	  to	  be	  studied	  	  
à	  possible	  improvement	  for	  Fe	  (+	  more	  cheap	  
and	  handy)	  correc9ng	  for	  non-‐compensa9on	   CLICdp	  work	  in	  progress	  

Zàuds	  events	  



•  Beam	  pipe	  conical	  shape	  determined	  by	  
background	  occupancy	  
q  It	  defines	  detector	  acceptance	  	  
q  Thick	  to	  shield	  backscalered	  par;cles	  from	  

forward	  calorimeters/subdetectors	  
	  

•  Forward	  support	  tube	  design:	  
q  γγàhadrons	  occupancy	  in	  Hcal	  endcap	  ~	  8%	  	  

à	  direct	  hits	  à	  irreducible	  with	  geo	  changes	  	  
q  Incoherent	  pairs	  occupancy	  in	  Hcal	  endcap	  	  

~	  83%	  à	  secondary	  par;cles	  from	  BeamCal	  
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Occupancies in Tracking Detectors

Vertex detector layers need to stay clear of
cone of incoherent pairs

Need to increase radius of innermost vertex
layer to ⇠ 30mm to retain ILC-like
occupancies per train

Solenoid field helps to confine incoherent
pairs at low radii

5 Optimisation of the Detector Geometry
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Figure 5.14: Hit densities from incoherent pairs in the six vertex-barrel layers as function of the
radius of the respective layer for three different values of the magnetic field. Shown
are (a) the total hit density, as well as separately the contributions from (b) direct
and (c) backscattered hits
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4 VERTEX DETECTORS

the LumiCal and BeamCal into the vertex detector region (see Chapter 9). The studies have focused on
the CLIC_ILD detector model and the obtained results have been transferred to the CLIC_SiD detector
model and confirmed there.

4.5.1 Beam-Pipe Layout and Design
The beam pipe should provide good vacuum at the interaction point, remain outside the background
envelope near the interaction region, allow for the placement of silicon elements as close to the beam
line as possible, present a low number of radiation lengths for trajectories of interest, and shield against
backgrounds originating upstream and downstream of the vertex detector region. It should be noted that
the vacuum quality is not critical and that therefore bake-out of the vacuum system is not required inside
the interaction region. The design that was developed for the beam pipes is shown in Figures 4.1, 4.2
and 4.8. A straight, beryllium portion near the interaction region minimises the number of radiation
lengths before vertex detector elements. Stainless steel conical portions with a wall thickness of 4 mm
extend in the forward and backward directions and provide shielding against backscattering upstream and
downstream backgrounds. Figure 4.8 shows the density of direct hits in the 4 T field of the CLIC_ILD
vertex detector region. A cut-off with a parabolic shape can clearly be seen. With a length of 520 mm and
an inner radius of 29.4 mm, the cylindrical section of the beam pipe is located safely outside the region
of high hit density, where the production of secondary hits would lead to unacceptably large occupancies
in the detectors. Similarly, for a magnetic field of 5 T, the inner radius of the CLIC_SiD central beam
pipe was set to 24.5 mm, with a length of 460 mm.
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50 100 150 200 250 300 350

R
 [m

m
]

10

20

30

40

50

60

-310

-210

-110

1

-310

-210

-110

1

 bx⋅2mm
ch.part.

projection)
(cylindrical

Fig. 4.8: Density of direct hits from incoherent pairs in a cylindrical projection of the vertex detector
region of the CLIC_ILD detector. The position of the beam pipe and of the innermost barrel and forward
pixel layers are indicated with white lines.

The beryllium wall thickness must be sufficient to address porosity, to resist collapse under vac-
uum, and to resist forces and moments transmitted from the conical portions. A wall thickness of 0.6 mm
was assumed for CLIC_ILD; the corresponding value for CLIC_SiD is 0.5 mm. Those wall thicknesses
are conservatively high for vacuum collapse, which depends primarily on elastic modulus, Poisson’s
ratio, radius, and length. The designs of the Tevatron Run IIb beam pipes demonstrated that a thick-
ness of 0.5 mm is sufficient to address porosity issues [13]. Local stress concentrations will occur at
the transition joints to conical pipe portions if abrupt changes in material thickness are allowed. Those
concentrations can be minimised by an optimised design of the joint region. R&D in conjunction with
potential vendors is expected to be conducted on the transition joints and beam-pipe fabrication methods.
A liner of titanium of thickness 25 to 50 µm, may be required for the ILC central beam pipes [14]. How-
ever, simulation studies for incoherent-synchrotron radiation originating from the beam-delivery system
at CLIC indicate that the radiation envelopes stay within ±5mm for 15�x and 55�y [15]. The impact of
radiation emitted in the beam-delivery system needs further studies.
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à  Proposal:	  PE-‐W	  support	  tube	  (compromise	  btw	  performance	  and	  engineering)	  
à  Possible	  reduc9on	  of	  cell	  size	  (<30x30mm2)	  in	  the	  high-‐occupancy	  region	  

CERN-‐2012-‐003	  (CDR)	  

	  	  	  	  	  	  	  	  	  	  	  	  Beam	  pipe	  and	  support	  tube	  

3.4 SUBSYSTEMS

The Magnet Yoke and Muon Chambers. The magnetic flux is returned through an iron yoke. The
thickness of the iron depends on the mechanical forces due to the magnetic field and on the tolerable
fringe field of the two concepts, which are assumed to be the same for ILC and CLIC. The assumption
on the maximum allowable magnetic field at 15 m from the detector is 50 Gauss [4]. Due to the different
magnetic field strengths of the two concepts, this requirement leads, in a preliminary analysis, to a
yoke iron thickness of 230 cm for CLIC_ILD and of 270 cm for CLIC_SiD. To enhance the muon
identification capability of the detector the iron is instrumented with track sensitive chambers, either
glass RPCs or scintillators. For the sake of simplicity, we chose the same layout of nine muon detector
layers for both detector concepts. For reasons of mechanical stability of the yoke and ease of pattern
recognition, these layers are arranged in three sets of three layers (see Chapter 8).

The Very Forward detectors. The forward region of a detector at CLIC (Figure 3.3), just as at
ILC, has to provide the luminosity measurement and extended coverage with a beam calorimeter. A
Luminosity Calorimeter (LumiCal) precisely counts the number of Bhabha events in an angular region
between 40 and 100 mrad and allows the measurement of the luminosity spectrum using the acollinearity
angle of Bhabha scattering. A Beam Calorimeter (BeamCal) extends the angular coverage of the forward
calorimeters down to polar angles of about 10 mrad. Both calorimeters are centred around the axis of the
outgoing beams. The forward region also contains masking to prevent particles produced by the beam-
beam interaction from backscattering into the main detectors and to protect the equipment downstream
of the BeamCal, such as the beam position monitor (BPM) and a kicker of the intra train feedback, and
the final focus quadrupole (QD0). The Very Forward detectors are described in detail in Chapter 9.

A few modifications are needed to adapt the detector for CLIC: Most importantly, the solenoid
will not be complemented by an anti detector integrated dipole (Anti-DID). An Anti-DID would produce
a magnetic field parallel to the outgoing beam-axis to direct low energy background particles out of the
detector. The Anti-DID, however, would reduce the luminosity at 3 TeV by about 20% [5]. On the other
hand, an Anti-Solenoid, compensating the field on the beam axis in the yoke region, is foreseen around
the QD0 as shown in Figure 3.3.

LumiCal BPM Anti-Solenoid

QD0BeamCal Kicker Support Tube

Vacuum Pipe

0

150

400

R

2450 3181 4256
Z

Fig. 3.3: Layout of the forward region, seen from the top. The horizontal axis refers to the interaction
point. The dashed arrows indicate the direction of the beams. Dimensions are given in mm.

During the collision the beam develops a large energy spread and a significant amount of beam-
strahlung and coherent pairs are created, which have an angular spread of several milliradian due to the
beam fields. To safely transport these particles through the detector, the exit line has to have an aperture
of about 10 mrad at

p
s = 3 TeV. The crossing angle of 20 mrad needed for the CLIC beams as compared

to 14 mrad at ILC leads to changes in the dimensions of the elements in the forward region.
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BeamCal	   SupportTube	  

Hcal	  

Material	   Occupancy	  	  
(φ	  average)	  

Fe	  (ini;al)	  γγàh	   8%	  

Fe	  (ini;al)	  pairs	   83%	  

W	   4%	  

PE-‐W	   8%	  

CLICdp-‐Note-‐2014-‐004	  



QD0	  and	  Yoke	  endcap	  
Two	  main	  configura;ons	  under	  study:	  
	  

•  QD0	  out	  of	  the	  detector	  à	  L*	  =	  6m	  
q  Possibility	  for	  beler	  HCAL	  acceptance	  	  

à	  interest	  in	  t-‐channel	  physics	  and	  high	  
energies	  

q  Loss	  in	  luminosity	  and	  engineering	  issues	  
to	  be	  studied	  	  

q  Make	  the	  detector	  smaller	  	  
à	  yoke	  endcap	  from	  2.8m	  to	  1.4m	  	  
à	  add	  (copper)	  ring	  coils	  to	  reduce	  the	  
stray	  field	  
§  10%	  of	  iron	  in	  the	  concrete	  is	  assumed	  
§  Stray	  field	  lower	  than	  3.2mT	  at	  R=15m	  	  
§  Inside	  the	  detector	  region:	  	  

à	  4%	  reduc;on	  of	  the	  B	  field	  	  
à	  23%	  increase	  of	  the	  field	  distor;on	  

§  Power	  of	  ring	  coils:	  2	  x	  2260	  kW	  
	  

•  QD0	  par9ally	  in	  the	  detector	  à	  L*	  =	  4.5m	  
q  Engineering	  issues	  to	  be	  studied	  
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See	  more	  in	  B.	  
Cure’s	  talk	  
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Characteristics of the ring coils on the cavern wall with L=5m : 
 

• Arbitrary gap from RC to yoke end cap: 192mm (RC1, RC3 & RC4) and 244mm (RC2), 
 

• Space available for radiation chicane, 
 

• Same copper conductor for all RCs, 
 

• Total copper weight : 250 tons (for 2 end caps). Suppressed steel mass wrt. L=6.2m (2 end caps)≈  2800 tons, 
 

• Total electrical power of RCs (2 end caps): 2 x 2260 kW. 
 

 
 
 
 
 
 
 
 
 

 
Water cooling system characteristics: 
 

• Estimated temperature increase ≈  45°C, 
 

• Total water flow (2 end caps): 2 x 57 m3/hour. 
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RC1 RC2 RC3 RC4 
Coil Nb. 

turns 
Copper 

mass (ton) 
Resistance 
(1e-3 ohm) 

Voltage 
drop (V) 

Power 
(kW) 

RC1 4x12 5.6 2.7 16.5 101 

RC2 3x20 13.3 6.4 39.1 240 

RC3 4x24 54.4 26.2 160.4 984 

RC4 4x18 51.7 24.8 152.2 934 

R 

Z 
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Z	  
R	  RC	  1	  

RC	  2	  

RC	  3	  

RC	  4	  

cavern	  wall	  

Benoit CURE - CERN/PH Dept. 8 

B = 4.827 T at IP 

B = 4.869 T at IP 
0.93e-5 

Ring coils with L=5m: 

CLIC Detector optimisation – Design of solenoid field 

Forces on end cap and yoke: 
Attractive axial force on end cap :  100 MN (170 MN with L=6.2m), 
Compressive axial force on main coil :   207 MN (164 MN with L=6.2m). 

Axial B-field component on the detector axis 

Bfield on detector axis at Z=5m: 150 mT 



On-‐going	  studies	  
•  Detector	  parameters	  to	  be	  decided:	  

Rosa	  Simoniello	  (CERN)	  -‐	  LCWS14	   13	  

Hcal	  absorber	  
material:	  W	  vs	  Fe	  

Coil	  size	  +	  	  
B	  field	  value	   Hcal	  endcap	  cell	  size	  

Posi;on	  of	  vertex	  and	  
tracker	  layers	  

Muon	  system	  cell	  size	  

•  Vertex	  R&D	  to	  match	  the	  very	  strict	  material	  budget	  requirements	  (0.2%X0)	  
q  Sensor	  technology,	  powering/cabling,	  supports,	  integra;on	  

•  Air	  cooling	  for	  main	  tracker	  
q  Slow	  air-‐flow	  due	  to	  large	  dimensions	  
q  Es9mate	  the	  main	  tracker	  r/o	  power	  consump9on	  to	  achieve	  posi;on	  and	  ;me	  

resolu;on	  and	  noise	  tolerance	  requirements	  (S.	  Kulis)	  

See	  more	  in	  F.	  
Duarte	  Ramos’s	  talk	  

QD0	  and	  L*	  
configura;on	  

Forward	  region	  /	  Hcal	  
design	  and	  	  acceptance	  



Summary	  

•  Finalize	  the	  new	  CLIC	  detector	  simula;on	  by	  the	  end	  of	  the	  year	  	  
à	  model	  to	  be	  used	  for	  next	  round	  of	  physics	  analyses	  

•  Current	  status	  of	  simula9on	  detector	  parameters:	  
q  Vertex	  detector:	  Si	  double	  layers	  with	  spiral	  geometry	  
q  Main	  tracker:	  full	  Si,	  R=1.5m,	  L/2=2.3m	  	  
q  Ecal:	  25	  layers,	  5x5mm2	  cell	  size	  	  
q  Hcal	  barrel:	  7.5λI,	  30x30mm2	  cell	  size	  	  
q  B	  field	  ~	  4-‐4.5T	  to	  be	  decided	  
	  

•  Sohware	  implementa9on	  in	  DD4hep	  ongoing	  	  
à	  see	  more	  in	  F.	  Gaede’s	  talk	  
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Thanks	  for	  your	  alen3on!	  



BACK-‐UP	  



ILD	  and	  SiD	  comparison	  
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3 CLIC DETECTOR CONCEPTS

For CLIC, time stamping capabilities of O(1 ns) need to be available for several subsystems. The
event readout will integrate over up to 312 bunch crossings. Time stamping could reduce the pile-up
from two-photon background events to  20 bunch crossings.

3.4 Subsystems
We will briefly introduce the CLIC detector concepts, going from small to large radius. Figures 3.1
and 3.2 show longitudinal and transverse cuts of the major components of CLIC_ILD and CLIC_SiD.
Table 3.1 compares the key parameters of the CLIC and ILC detector designs. Table 3.2 summarises
details of the CLIC_ILD and CLIC_SiD designs.

Fe Yoke

Fig. 3.1: Longitudinal cross section of the top quadrant of CLIC_ILD (left) and CLIC_SiD (right).

Table 3.1: Some key parameters of the ILC and CLIC detector concepts. The inner radius of the electro-
magnetic calorimeter is given by the smallest distance of the calorimeter to the main detector axis. For
the hadronic calorimeter, materials are given both for the barrel (B) and the endcap (E).

Concept ILD CLIC_ILD SiD CLIC_SiD

Tracker TPC/Silicon TPC/Silicon Silicon Silicon
Solenoid Field (T) 3.5 4 5 5
Solenoid Free Bore (m) 3.3 3.4 2.6 2.7
Solenoid Length (m) 8.0 8.3 6.0 6.5
VTX Inner Radius (mm) 16 31 14 27
ECAL rmin (m) 1.8 1.8 1.3 1.3
ECAL Dr (mm) 172 172 135 135
HCAL Absorber B / E Fe W / Fe Fe W / Fe
HCAL lI 5.5 7.5 4.8 7.5
Overall Height (m) 14.0 14.0 12.0 14.0
Overall Length (m) 13.2 12.8 11.2 12.8

68

3.4 SUBSYSTEMS

Fig. 3.2: Transverse cross section of CLIC_ILD (left) and CLIC_SiD (right).

The pixel Vertex Detector, VTX, needs to be as close as possible to the beam pipe to obtain
optimal secondary vertex reconstruction. The innermost radius is defined by the requirement to stay
safely outside the region of high occupancy caused by direct hits from incoherent pair background at low
transverse momenta, as discussed in Chapter 4. This requires the first layer to be moved outwards by
15 mm, compared to the ILC detector concepts, for the CLIC detector design. Due to the higher magnetic
field, the innermost layer in CLIC_SiD can be at slightly smaller radius than in CLIC_ILD. The geometry
is adapted accordingly with the number of layers unchanged, i.e., three double layers for CLIC_ILD and
five single layers for CLIC_SiD. In the SiD design the Vertex Detector provides important information
for the track finding, hence the choice of five VTX layers for a tracking system with a total number of
10 layers. With a TPC as main tracker in the case of CLIC_ILD, the vertex detector has mainly the
role to measure the impact parameter of a track. With double layers one can reduce the material and
hence improve the impact-parameter resolution. In the SiD version, the endcap disks are re-arranged to
allow for 10 hits/track down to 8 degrees. For CLIC, a different detector than for ILC is required, which
provides time stamping on the few nanosecond level. The research and development of suitable detector
technologies are discussed in detail in Chapter 4.

For the Outer Tracker, we follow the choices of the two ILC detector concepts: a TPC in the ILD
case and a silicon tracker in the SiD case. The most important challenges of a TPC at CLIC are the
two-track separation in high energy jets and event identification in the collection of 312 bunch crossings
in 156 ns. The supplementary silicon detector layers outside the TPC which are necessary to achieve a
high momentum resolution are even more important at high energies.

In the all-silicon tracker version, we follow the SiD choice of five layers of thin silicon strips
arranged in a barrel and endcap section. The cooling is assumed to be done by gas flow to keep the
material budget as low as possible. The multiple scattering contribution to the momentum resolution can
only be ignored for tracks with p � 300 GeV, higher than the majority of the expected track momenta atp

s = 3 TeV. Both tracker concepts are presented in detail in Chapter 5.
The Electromagnetic Calorimeter (ECAL) is taken without modifications with respect to the orig-

inal ILC concepts. Both the ILD and the SiD ECAL use Silicon-Tungsten sampling calorimeters opti-
mised for particle flow, placing particular emphasis on the separation of close-by electromagnetic show-
ers. This requirement drives the transverse and longitudinal segmentation, which is below the Molière

69

CLIC_ILD	   CLIC_SiD	  



Zoom	  of	  the	  inner	  detector	  
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Tracker�designs

6

• 2�innermost�barrel�layers�within�ALICE�
ITS�OB�dimensions�(cooling+support =�
0.28%�X0);

• Use�less�material�than�objective�(1%�
X0)�in�“short”�inner�layers�and�more�in�
“long”�outer�layers;

• Barrel/endcap transitions�not�pointing�
to�IP�but�aligned�between�each�other�
(a�problem?);

• Air�cooling�seems�unlikely�(unless�very�
low�heat�dissipation�allows�natural�
convection)�due�to�volume�between�
layers�(but�needs�to�be�verified�once�
heat�dissipation�estimates�are�
available);

• ALICE�ITS�upgrade�OB�staves�include�
leakless water�based�cooling�(0.2%�X0)�
in�the�0.8%�X0 total�for�100�mW/cm2.���

X�IP

1st�layout�proposal�(not�at�all�optimized!)�

10/06/2014 Engineering�aspects�of�the�old/new�detector�concepts



CLICpix	  power	  pulsing	  
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CLICpix power-pulsing + delivery results!

• Measurements on prototypes for digital and 
analog powering of ladders:!
• Iladder<300 mA; P<45 mW/cm2!

• Voltage stability:  
ΔV~16 mV (analog), ~70 mV (digital)!

• ~0.1% X0 material contribution, 
 dominated by Si capacitors!

• Can be reduced to ~0.04% X0  
with evolving Si capacitor technology:  
25 μF/cm2 ! 100 μF/cm2 !

June 27, 2014! CLIC vertex-detector R&D! 41 

analog power! digital power!

Pavg < 10 mW/cm2!

C. Fuentes!

Flex cable! LDO!

Si cap!

X/X0~0.104%!

material budget!



	  	  	  	  	  Power	  pulsing	  &	  material	  budget	  

•  Power	  pulsing	  with	  local	  energy	  storage	  in	  Si	  capacitors	  
and	  voltage	  regula;on	  with	  Low-‐Dropout	  Regulators	  (LDO)	  

•  ~0.1%	  X0	  material	  contribu;on	  dominated	  by	  Si	  capacitors	  
can	  be	  reduced	  to	  ~0.04%	  X0	  with	  evolving	  Si	  capacitor	  
technology:	  	  25	  μF/cm2	  à	  100	  μF/cm2	  	  
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CLICpix power-pulsing + delivery concept!

• Power pulsing with local energy 
storage in Si capacitors and 
voltage regulation with Low-
Dropout Regulators (LDO)!

• FPGA-controlled current source 
provides small continuous current!

• Low-mass Al-Kapton cables!
• Prototypes for analog + digital 
powering of CLICpix ladder!

Flex-Kapton + dummy-load setup:!

Si capacitors!
LDOs!
loads!

June 27, 2014! CLIC vertex-detector R&D! 40 

power-delivery + power-pulsing design for low mass!

C. Fuentes!

Flex	  
Cables	  
12%	   LDO	  

10%	  

X/X0~0.1%	  

Si	  Capacitors	  
78%	  

~0.1%	  X0	  for	  sensor	  +	  readout	  
~0.04%	  X0	  for	  capacitors	  
~0.05%	  X0	  for	  cablings	  	  	  

Total:	  	  
~0.1%	  X0	  	  
per	  layer	  	  



Material	  budget	  
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Calculation φ[0,360] θ=90 

[0-360] 

φ 

TOTAL 
Calculated %X/X0 
Average %X/X0 

1.Introduction  4.Future Work 2.Calculation 
2.1 Procedure    
2.2 θ[0-90] φ=0  
2.3 φ[0,360] θ=90 

3.Summary 

Calculation φ[0,360] θ=90 

[0-360] 

φ 

TOTAL 
Calculated %X/X0 
Average %X/X0 

1.Introduction  4.Future Work 2.Calculation 
2.1 Procedure    
2.2 θ[0-90] φ=0  
2.3 φ[0,360] θ=90 

3.Summary 

Miguel	  A.	  Villarejo	  Bermúdez	  et	  al.	  	  



Hadronic	  calorimeter	  
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Detector	   #	  
La
ye
rs
	   Abs	  

Thick	  
Cass.	  
Thick	   Air	   Total	  

Depth	  
Total	  

Thickness	   Inner	  R	   Outer	  Face	  
Posi3on	   Outer	  Radius	  

mm	   mm	   mm	   #λΙ	   mm	   mm	   mm	   mm	  
CLIC_ILD_CDR	   75	   10	   5*	  	  

(*Scint)	   1.5	   7.42	   1237.5	   2058	   3295.5	   3341.2	  
CLIC_SID_CDR	   1237.5	   1447	   2684.5	   2721.7	  
W	  +	  cassele	   75	   10	   4.8	   2.7	   7.92	  	   1322.5	   1750	   3072.5	   3115.1	  
W	  +	  cassele	   70	   10	   4.8	   2.7	   7.40	  	   1235	   1750	   2985	   3026.4	  
Fe	  +	  cassele	   60	   19	   4.8	   2.7	   7.55	  	   1609	   1750	   3359	   3405.6	  
Fe	  +	  cassele	   70	   16	   4.8	   2.7	   7.93	  	   1661	   1750	   3411	   3458.3	  



Hcal	  endcap	  cell	  size	  
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8 Variations of the HCal endcap tile size

8. Variations of the HCal endcap tile size

Besides variations of the support tube geometry, the scintillating tile size in the HCal endcap also in-
fluences the occupancy. Here it is studied how much the occupancy can additionally be reduced by a
reduction of the tile size. In the CDR design of the HCal endcap, the tile size is 30 ⇥ 30 mm2. The
occupancy is here additionally estimated for square tiles with sides of 10 mm, 15 mm, 20 mm and 25
mm, with the standard polyethylene–tungsten support tube. The results are shown in Figure 18. The
relation between the maximum occupancy in the inner radius of the HCal endcap and the tile area is
approximately linear. Accordingly there is no saturation reached in this case. A reduction of the tile size
from 30 ⇥ 30 mm2 to 10 ⇥ 10 mm2 thus yield a factor 9 reduction, proportional to the decrease in area
per tile.
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Figure 18: The occupancy in the inner radius of the HCal endcap, averaged over azimuthal angle and
layers 20 to 30 for the standard polyethylene–tungsten support tube, versus the length of the
tile sides. The x-axis is quadratic.
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Muon	  system	  

•  Instrumented	  iron	  return	  yoke	  (thickness	  plates	  of	  at	  least	  10	  cm	  for	  stability	  
requirements)	  

•  Tail	  catcher	  for	  calorimeter	  punch	  trough	  (first	  3	  layers)	  	  
q  For	  Hcal	  of	  7.5λI	  and	  coil	  of	  2λI	  only	  small	  improvement	  for	  jet	  resolu;on	  

•  Iden;fica;on	  of	  beam-‐halo	  muons	  	  
q  Informa;on	  used	  to	  correct	  calorimeter	  energy	  measurement	  
q  Good	  ;me	  resolu;on	  in	  endcap	  (<~1	  ns)	  

•  Cell	  size	  and	  number	  of	  layers	  op;mized	  looking	  at	  muons	  in	  jets	  (Zàbb	  events)	  
q  Cell	  size	  30x30mm2	  (to	  be	  more	  carefully	  study	  the	  40x40mm2	  op;on)	  
q  9	  layers	  in	  groups	  of	  3	  
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8.2 CONCEPTUAL DESIGN OF THE MUON SYSTEM

Fig. 8.2: Schematic cross section of the current muon system design of a CLIC_SiD detector quadrant.
Instrumentation layer distances from the IP are indicated in millimetres.

In Figure 8.2 the engineering design for one quadrant of the CLIC_SiD yoke and muon system is
shown. For simplicity the inner detectors are not shown in the figure. The layout is very similar for the
CLIC_ILD concept. Differences between both concepts are in the exact size of the system and in the
positions of the muon layers. Due to the larger radius of the CLIC_ILD solenoid, the area to be covered
is larger than for CLIC_SiD. The total area for the CLIC_ILD muon system amounts to about 5800 m2,
compared to 4600 m2 for CLIC_SiD.

8.2.2 Muon Layer Design
For the design of a single muon layer, two aspects have been considered: First, the impact of the granu-
larity on the muon identification efficiency and purity; second, the single channel occupancy, for which
the backgrounds of incoherent pairs, gg ! hadrons, and beam halo muons are considered.

8.2.2.1 Muon Identification Performance for Different Granularities
The readout granularity implemented in the simulation has a cell size of 30⇥30 mm2. This granularity
is also used for the analog readout option of the hadronic calorimeter in the ILC detector concepts.
However, for a muon system such a granularity is relatively high. Therefore, the effect of a larger cell
size on the performance of the muon identification has been investigated using the e+e� ! Z⇤ ! bb
sample mentioned previously.

In Figure 8.3 the efficiency and purity of the muon identification is shown as a function of the cell
size. The figure shows that the purity is not significantly affected by going to larger cells. However, the
situation is different for the efficiency. While cells of 40 mm instead of 30 mm do not deteriorate the
performance, the efficiency starts to drop for larger cells. A careful analysis, including optimisation of
the algorithm for each cell size, will be required before adopting cell sizes larger than 40 mm.
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Fig. 8.3: The overall efficiency and purity of the muon identification in the Z⇤ ! bb sample, given for
different cell sizes in the muon system.

8.2.2.2 Readout Channel Occupancy and Muon System Technologies
Several background channels have an impact on the detector occupancy. For the endcap, at a radius of
70 cm, the incoherent pairs and gg ! hadrons form the main background and result in an occupancy of
10% per cell of 30⇥30 mm2 per train, including safety factors. At a radius of 1.5 m the background due
to beamstrahlung drops by two orders of magnitude and the contribution of 0.002 halo muons per cell
becomes dominant. Therefore, pad readout is required in the most inner region, while at a radius larger
than 1.5 m crossed readout strips are feasible: strips of 3 cm width and 1 m to 2 m length would result
in an occupancy of maximum 10% per strip per train. Besides precise time stamping, multi-hit readout
capability within the bunch train will be required.

The situation is different in the barrel region. Contributions from incoherent pairs and gg !
hadrons are negligible, and at a radius of more than 4.5 m the occupancy due to halo muons drops
to less than 10�4 muons per area of 30⇥ 30 mm2 within one train. However, since beam halo muons
cross a layer horizontally, all cells in a row of one layer might fire. Given the rather low occupancy in
the barrel region, crossed readout strips of 1 m to 2 m length and 3 cm to 4 cm width are feasible.

In case only strip readout is used, the number of electronics channels in the endcaps would be
1.2 · 105 for both detector concepts. For the barrel region the number of readout channels is 6 · 104 for
CLIC_SiD and 9 · 104 for CLIC_ILD. These numbers assume strip dimensions as indicated previously.
The dimensions have not been optimised from the point of view of detector technology. A careful
analysis, taking into account all system constraints, has to be carried out before implementing a crossed
strip readout. Considering a full pad readout, as used for the performance studies of the muon system
presented in this document, leads to about 10 times more readout channels. However, based on the
expected occupancies, pad readout would only be needed in the inner region of the endcaps.

To identify the direction of beam halo muons crossing the detector, especially those crossing the
calorimeters, good time stamping in the muon endcap is required. Once beam halo muons are recon-
structed, the information can be used for a correction of the energy measurement in the calorimeter. The
preferred technologies for the muon system of ILD are Resistive Plate Chambers (RPC) or extruded
scintillator strips with SiPM readout [1]. Both technologies offer a very good time resolution. For RPCs,
values better than 1 ns have been obtained.

These technologies are also good candidates for the CLIC detectors. To avoid the operational
difficulties encountered with RPCs based on Bakelite in past experiments, glass would be the preferred
material to be used for the RPC detectors.
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Fig. 8.1: Overall muon identification efficiency and purity of muons in b-jets as function of the number
of layers in the tested geometries. Two models with nine layers have been tested: one with evenly spaced
layers and one with three groups of three layers. The two layouts perform equally well.

MOKKA once, different layouts could be studied by including or excluding layers in the reconstruction
phase. For this study the muon layers have been segmented in pads of 30⇥ 30 mm2. Details on the
performance study are discussed in [4].

8.2.1 Muon System Layers

Several layouts for the muon system have been tested. The first three layers are always included, as they
are important to get a muon track segment after the solenoid and provide a minor improvement in the
energy resolution of the hadron calorimeter.

The performance of the muon system as a tail catcher depends strongly on the depth of the
calorimeters in interaction length and the amount of dead material between the calorimeter and the muon
system, which is fixed by the solenoid design. The foreseen hadron calorimeters have a depth of 7.5 lI
and the solenoids in both detector concepts have a thickness of approximately 2 lI. Under these bound-
ary conditions only the first three layers of the muon system slightly improve the energy resolution of
the hadron calorimeter [4].

The system performance for the identification of isolated muons hardly depends on the number of
layers. The high granularity of the hadron calorimeter in the CLIC detectors allows already to distinguish
very well muons from hadrons. The situation is however different for muons in jets. Therefore, a sample
of 9000 e+e� ! Z⇤ ! bb events has been generated with PYTHIA [5]. At a centre-of-mass energy of
1.5 TeV the energy scale of the jets in the di-jet events resembles the energy scale of multi-jet events at
3 TeV. Each event has at least one of the b-quarks decaying semi-leptonically to a muon and a neutrino.
With this sample the challenging task of reconstructing muons in dense high-energetic jets at CLIC can
be simulated.

In Figure 8.1 the overall efficiency of the muon identification is shown as a function of the number
of layers. The purity of the obtained muon sample is also shown. The figure indicates that nine layers are
sufficient to reach the best possible performance. The layout with three groups of three layers is selected
to have the needed redundancy and coverage in view of mechanical constraints. Moreover, this muon
instrumentation layout allows for two yoke plates of 50 cm thickness, which help to absorb the large
magnetic forces pulling the endcaps inward.
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Fig. 8.3: The overall efficiency and purity of the muon identification in the Z⇤ ! bb sample, given for
different cell sizes in the muon system.

8.2.2.2 Readout Channel Occupancy and Muon System Technologies
Several background channels have an impact on the detector occupancy. For the endcap, at a radius of
70 cm, the incoherent pairs and gg ! hadrons form the main background and result in an occupancy of
10% per cell of 30⇥30 mm2 per train, including safety factors. At a radius of 1.5 m the background due
to beamstrahlung drops by two orders of magnitude and the contribution of 0.002 halo muons per cell
becomes dominant. Therefore, pad readout is required in the most inner region, while at a radius larger
than 1.5 m crossed readout strips are feasible: strips of 3 cm width and 1 m to 2 m length would result
in an occupancy of maximum 10% per strip per train. Besides precise time stamping, multi-hit readout
capability within the bunch train will be required.

The situation is different in the barrel region. Contributions from incoherent pairs and gg !
hadrons are negligible, and at a radius of more than 4.5 m the occupancy due to halo muons drops
to less than 10�4 muons per area of 30⇥ 30 mm2 within one train. However, since beam halo muons
cross a layer horizontally, all cells in a row of one layer might fire. Given the rather low occupancy in
the barrel region, crossed readout strips of 1 m to 2 m length and 3 cm to 4 cm width are feasible.

In case only strip readout is used, the number of electronics channels in the endcaps would be
1.2 · 105 for both detector concepts. For the barrel region the number of readout channels is 6 · 104 for
CLIC_SiD and 9 · 104 for CLIC_ILD. These numbers assume strip dimensions as indicated previously.
The dimensions have not been optimised from the point of view of detector technology. A careful
analysis, taking into account all system constraints, has to be carried out before implementing a crossed
strip readout. Considering a full pad readout, as used for the performance studies of the muon system
presented in this document, leads to about 10 times more readout channels. However, based on the
expected occupancies, pad readout would only be needed in the inner region of the endcaps.

To identify the direction of beam halo muons crossing the detector, especially those crossing the
calorimeters, good time stamping in the muon endcap is required. Once beam halo muons are recon-
structed, the information can be used for a correction of the energy measurement in the calorimeter. The
preferred technologies for the muon system of ILD are Resistive Plate Chambers (RPC) or extruded
scintillator strips with SiPM readout [1]. Both technologies offer a very good time resolution. For RPCs,
values better than 1 ns have been obtained.

These technologies are also good candidates for the CLIC detectors. To avoid the operational
difficulties encountered with RPCs based on Bakelite in past experiments, glass would be the preferred
material to be used for the RPC detectors.
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Fig. 8.3: The overall efficiency and purity of the muon identification in the Z⇤ ! bb sample, given for
different cell sizes in the muon system.

8.2.2.2 Readout Channel Occupancy and Muon System Technologies
Several background channels have an impact on the detector occupancy. For the endcap, at a radius of
70 cm, the incoherent pairs and gg ! hadrons form the main background and result in an occupancy of
10% per cell of 30⇥30 mm2 per train, including safety factors. At a radius of 1.5 m the background due
to beamstrahlung drops by two orders of magnitude and the contribution of 0.002 halo muons per cell
becomes dominant. Therefore, pad readout is required in the most inner region, while at a radius larger
than 1.5 m crossed readout strips are feasible: strips of 3 cm width and 1 m to 2 m length would result
in an occupancy of maximum 10% per strip per train. Besides precise time stamping, multi-hit readout
capability within the bunch train will be required.

The situation is different in the barrel region. Contributions from incoherent pairs and gg !
hadrons are negligible, and at a radius of more than 4.5 m the occupancy due to halo muons drops
to less than 10�4 muons per area of 30⇥ 30 mm2 within one train. However, since beam halo muons
cross a layer horizontally, all cells in a row of one layer might fire. Given the rather low occupancy in
the barrel region, crossed readout strips of 1 m to 2 m length and 3 cm to 4 cm width are feasible.

In case only strip readout is used, the number of electronics channels in the endcaps would be
1.2 · 105 for both detector concepts. For the barrel region the number of readout channels is 6 · 104 for
CLIC_SiD and 9 · 104 for CLIC_ILD. These numbers assume strip dimensions as indicated previously.
The dimensions have not been optimised from the point of view of detector technology. A careful
analysis, taking into account all system constraints, has to be carried out before implementing a crossed
strip readout. Considering a full pad readout, as used for the performance studies of the muon system
presented in this document, leads to about 10 times more readout channels. However, based on the
expected occupancies, pad readout would only be needed in the inner region of the endcaps.

To identify the direction of beam halo muons crossing the detector, especially those crossing the
calorimeters, good time stamping in the muon endcap is required. Once beam halo muons are recon-
structed, the information can be used for a correction of the energy measurement in the calorimeter. The
preferred technologies for the muon system of ILD are Resistive Plate Chambers (RPC) or extruded
scintillator strips with SiPM readout [1]. Both technologies offer a very good time resolution. For RPCs,
values better than 1 ns have been obtained.

These technologies are also good candidates for the CLIC detectors. To avoid the operational
difficulties encountered with RPCs based on Bakelite in past experiments, glass would be the preferred
material to be used for the RPC detectors.
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Characteristics of the ring coils on the cavern wall with L=5m : 
 

• Arbitrary gap from RC to yoke end cap: 192mm (RC1, RC3 & RC4) and 244mm (RC2), 
 

• Space available for radiation chicane, 
 

• Same copper conductor for all RCs, 
 

• Total copper weight : 250 tons (for 2 end caps). Suppressed steel mass wrt. L=6.2m (2 end caps)≈  2800 tons, 
 

• Total electrical power of RCs (2 end caps): 2 x 2260 kW. 
 

 
 
 
 
 
 
 
 
 

 
Water cooling system characteristics: 
 

• Estimated temperature increase ≈  45°C, 
 

• Total water flow (2 end caps): 2 x 57 m3/hour. 

Benoit CURE - CERN/PH Dept. 13 

RC1 RC2 RC3 RC4 
Coil Nb. 

turns 
Copper 

mass (ton) 
Resistance 
(1e-3 ohm) 

Voltage 
drop (V) 

Power 
(kW) 

RC1 4x12 5.6 2.7 16.5 101 

RC2 3x20 13.3 6.4 39.1 240 

RC3 4x24 54.4 26.2 160.4 984 

RC4 4x18 51.7 24.8 152.2 934 

R 

Z 
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