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Outline	  

•  Overview	  of	  physics	  studies	  
q  Summary	  of	  the	  Higgs	  results	  
q  BSM	  analyses	  planned	  

•  Detector	  op;misa;on	  studies	  
q  Parameters	  for	  simula;on	  models	  

•  Vertex	  R&D	  
q  Test	  beam	  &	  simula;on	  studies	  
q  Studies	  with	  mock-‐up	  

•  W	  A-‐Hcal	  results	  
•  SoVware	  

q  DD4Hep	  
q  Tracking	  code	  status	  
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PHYSICS	  PROGRAM	  



CLIC	  Higgs	  physics	  
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06/10/2014 Philipp Roloff Higgs and BSM at CLIC 20

Putting it all together

• Fully model-independent, only possible at a lepton collider
• All results limited by 0.8% from σ(HZ) measurement
• The Higgs width is extracted with 5 – 3.5% precision
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More details → talk by Frank Simon in the Higgs/EW session

•  Results	  limited	  by	  0.8%	  on	  gHZZ	  from	  σ(HZ)	  measurement	  
q  Already	  included	  hadronic	  Z	  decays	  à	  substan;al	  improvement	  (next	  slide)	  
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•  Rich	  physics	  program	  in	  3	  energy	  stages:	  ~350	  GeV,	  1.4	  TeV,	  3	  TeV	  
•  In	  the	  last	  year	  focus	  on	  Higgs	  physics	  

q  Global	  fit:	  Model	  independent	  and	  high	  precision	  determina;on	  	  of	  the	  
Higgs	  couplings	  and	  Higgs	  mass	  width	  
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	  	  	  Higgsstrahlung	  –	  hadronic	  Z	  decay	  

•  Centre	  of	  mass	  energy	  350	  GeV,	  L	  =	  500	  a-‐1	  

•  Large	  improvement	  in	  the	  precision	  measurement	  of	  gHZZ	  including	  
hadronic	  Z	  decay	  
q  Δ(gHZZ)/gHZZ	  ≈	  2.1%	  only	  	  Zà	  µµ	  and	  Zàee	  events	

q  Δ(gHZZ)/gHZZ	  ≈	  0.9%	  Zàqq	  events	  

•  Zàqq	  reconstruc;on	  slightly	  depends	  on	  Higgs	  decay	  mode	  
q  Careful	  choice	  of	  the	  selec;on	  variables	  
q  Extreme	  varia;on	  of	  the	  SM	  BRs	  lead	  to	  bias	  <	  0.5	  stat	  error	  
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06/10/2014 Philipp Roloff Higgs and BSM at CLIC 10

Higgsstrahlung at 350 GeV (2)

Higgsstrahlung process
q

q

• Substantial improvement using hadronic Z decays
• Challenge: Z → qq reconstruction may depend on Higgs decay mode
• Even extreme variations of the SM Higgs BRs lead to bias ≤ ½ stat. error

Δ(σ
HZ

) / σ
HZ

 ≈ 1.8% → Δ(g
HZZ

) / g
HZZ

 ≈ 0.9% from hadronic Z decays

e+e− → ZH → qqH

CLIC
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CLICdp

BR	  =	  70%	  



Physics	  workplan	  

•  CLIC	  Higgs	  overview	  paper	  is	  being	  finalizing	  	  
•  Next:	  Beyond	  SM	  physics	  

q  Benchmark	  studies:	  SUSY,	  exoHc	  models	  (Z’),	  model-‐
independent	  Dark	  MaKer	  searches/exo;cs	  	  

q  High	  precision	  SM	  measurements:	  top	  physics	  (asymmetry,	  top	  
quark	  couplings),	  W	  high	  precision	  measurements,	  Higgs	  
properHes	  measurements,	  reanalysis	  of	  double	  Higgs	  
produc;on	  (Higgs	  self	  coupling	  and	  quar;c	  coupling)	  	  

	  
à	  Forward	  topologies	  à	  Requirements	  on	  detector	  layout	  to	  
be	  taken	  in	  consideraHon	  in	  the	  detector	  opHmisaHon	  effort	  
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DETECTOR	  OPTIMISATION	  



Detector	  opKmisaKon	  status	  
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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

CLICdp	  work	  	  
in	  progress	  

-‐  Vertex:	  double	  layers	  
-‐  Full	  Si	  tracker	  	  

-‐  Trk	  half	  length	  2.3	  m	  	  
-‐  Trk	  outer	  radius	  1.5	  m	  
-‐  Trk	  layout	  –	  under	  study	  

-‐  Ecal	  SiW	  25	  layers	  	  
-‐  Hcal	  ScFe	  	  

-‐  Hcal	  cell	  size	  –	  under	  study	  
-‐  Hcal	  acceptance	  –	  under	  study	  

-‐  B	  field	  4	  T	  	  
-‐  QD0	  and	  forward	  region	  

configura;on	  -‐	  under	  study	  
…	  and	  more	  studies	  on-‐going	  
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Finalize	  detector	  model	  (including	  
soUware	  and	  validaHon)	  by	  June	  2015	  



Vertex	  detector	  

9	  

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
s = 200 GeV

RealisKc	  double	  	  
spiral:	  0.2%X0	  Double	  spiral:	  	  
0.1%X0	  

RealisKc	  double	  	  
spiral:	  0.2%X0	  Double	  spiral:	  	  
0.1%X0	  

CLICdp-‐N
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•  Requirements	  for	  vertex	  detector:	  
q  Efficient	  heavy	  quark	  tagging	  à	  used	  as	  performance	  metric	  
q  Low	  material	  budget	  à	  air	  cooling	  through	  spiral	  geometry.	  	  

Realis;c	  model:	  0.2%X0	  per	  single	  layer	  
q  Occupancy	  of	  few	  %à	  first	  layer	  layout	  

à	  increase	  R	  to	  31	  mm	  to	  compensate	  the	  lower	  B	  
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CLICdp	  work	  in	  progress	  



Main	  tracker	  and	  B	  choice	  
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Implementa5on$
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•  Extended$tracker$implemented%in%simula;on%
!  added%2%forward%disk%w.r.t.%to%SiD%"%L/2$=$2.3m$$
!  radial%dimension%extended%to%R$=$1.5$m$
!  poin;ng%transi;on%regions%(but%not%at%the%IP)%

•  No%op;miza;on%for%modules%overlap%in%rings%and%
at%the%edges%of%layers%%

•  No%op;miza;on%for%layers%posi;on%"%equispaced%%
•  All%overlaps$solved$in%the%tracker%region%

CDR$
Ext$tracker$

Fast$simula-on$(LDT)$

R%
=%
1.
5m

%

L/2%=%2.3m%

2	  extra	  
disks	  •  Gluckstern’s	  formula	  	  	  

	  
	  

•  Improvement	  extending	  tracker	  size	  
q  R	  =	  1.25	  m	  à	  R	  =	  1.5	  m	  
q  L/2	  =	  1.6	  à	  L/2	  =	  2.3	  m	  (add	  disks)	  

•  Worsening	  decreasing	  B	  (~10%	  for	  each	  0.5	  T)	  
q  For	  B	  =	  4T,	  aVer	  trk	  extension	  similar	  or	  s;ll	  bener	  performance	  than	  CDR	  case	  

momentum p [GeV/c]
10 1 10 2 10 3

rm
s 

of
 ∆

p t/p
t2  [c

/G
eV

]

10 -5

10 -4

10 -3
CLIC-SiD-CDR-5T 1239 .b-CLIC-SiD.f
CLIC-SiD-5T 1481 .b-CLIC-SiD-extended.f
CLIC-SiD-4.5T 1481 .b-CLIC-SiD-extended.f
CLIC-SiD-4T 1481 .b-CLIC-SiD-extended.f

Transverse momentum p t [GeV/c]
10 1 10 2 10 3

rm
s 

of
 ∆

p t/p
t2  [c

/G
eV

]

10 -4

10 -3

10 -2
CLIC-SiD-CDR-5T 1239 .b-CLIC-SiD.f
CLIC-SiD-5T 1481 .b-CLIC-SiD-extended.f
CLIC-SiD-4.5T 1481 .b-CLIC-SiD-extended.f
CLIC-SiD-4T 1481 .b-CLIC-SiD-extended.f

10	  

CDR,	  B	  =	  5.0	  T	  
Ext	  trk,	  B	  =5.0	  T	  
Ext	  trk,	  B	  =4.5	  T	  
Ext	  trk,	  B	  =4.0	  T	  

CDR,	  B	  =	  5.0	  T	  
Ext	  trk,	  B	  =5.0	  T	  
Ext	  trk,	  B	  =4.5	  T	  
Ext	  trk,	  B	  =4.0	  T	  

fast	  simulaHon,	  
σsinlgepoint	  =	  7	  µm	  

Single	  µ−	  

θ	  =	  90°	  
Single	  µ−	  

θ	  =	  20°	  

�(pT)

p2T
/ �p

N + 4BR2

fast	  simulaHon,	  
σsinlgepoint	  =	  7	  µm	  



Hcal	  barrel:	  absorber	  material	  
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	  #	  L	  	   	  Abs	  Thick	  	  	  Tot	  Depth	   Tot	  Thick	   TC	  
W	  	   75	   10	  mm	   7.92	  λΙ	  	   1322.5	  mm	   100	  ns	  
Fe	  	   60	   19	  mm	   7.55	  λΙ	   1609	  mm	   10	  ns	  
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W/Z Separation Study 

16 

• 𝑍𝑍 → 𝜈𝜈𝒅𝒅 and 𝑊𝑊 → 𝜈ℓ𝓁𝒖𝒅: 2 jets in an event topology similar to interesting 
physics events.  

• Method similar to PFA perf. Studies (stdhep files should be the same) 
• See arXiv:1209.4039 and LCD-Note-2011-028 

• 𝑠 = 250, 500, 1000, 2000  GeV 
• Half of energy shared between the two jets, dijet invariant mass ~m   |  𝑚  

• Gauge performance of different HCal models by looking at its W/Z separation power 

• Use FastJet Marlin Processor to exclusively find and 
reconstruct 2 jets 
• For WW: First remove lepton from PFOParticles (matching 

to MC within cone with |cos  (𝜃)| < 0.9998) 
• No truth linking info due to bug with Mokka/G4 9.6 

• Simulate and reconstruct events for each energy and 
model (19Fe_60L, 10W_70L and 10W_75L) 

• Plot 𝑚  for|cos  (𝜃 , , , )| < 0.7  and 60 < 𝑚 <110 
GeV 

 

Example for 19Fe_60L,  𝑠 = 1  TeV 

• The overlap of the two peaks is an estimate of the separation 
• Still some tails,  so fit around 𝑚 ,𝑚  iteratively within 3𝜎 and use fits for 

overlap calculation 
• Note: No beam induced background assumed for now 
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•  Realis;c	  Fe	  cassene	  included	  
•  Jet	  energy	  resolu;on	  study	  
•  𝑊/𝑍	  separa;on	  study	  

q  𝑍𝑍	  →	  𝜈𝜈𝒅𝒅	  and	  𝑊𝑊	  →	  𝜈l𝒖𝒅	  events	  
à	  Fe	  as	  absorber	  material	  in	  simulaHon	  	  
	  	  	  	  	  cheaper,	  easy	  to	  work	  with,	  	  
	  	  	  	  	  similar	  performance	  as	  W	  

W	   Z	  

8	  
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0	   500	   1000	   1500	   2000	   2500	  

19Fe_60L	  
10W_75L	  
19Fe_60L	  +	  60	  BX	  Ov	  
10W_75L	  +	  60	  BX	  Ov	  

CLICdp	  work	  in	  progress	  

adding	  
background	  
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10W	  75L	  HP	  TC	  100	  ns	  7.92	  λΙ	  

19Fe	  60L	  HP	  TC	  10	  ns	  7.55	  λΙ	  

CLICdp	  work	  in	  progress	  
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Hcal	  cell	  size	  opKmisaKon	  

Rosa	  Simoniello	  -‐	  SiD	  workshop	  -‐	  12/01/2015	   12	  

Kming	  cut=	  10	  ns	  

•  Jet	  resolu;on	  dominated	  by	  confusion	  term	  for	  high	  energy	  jets.	  	  
•  Confusion	  term	  increases	  with	  cell	  size	  when	  10	  ns	  ;ming	  cut	  is	  applied	  

à	  improvement	  of	  the	  jet	  resolu;on	  for	  small	  cell	  size	  
à	  dependence	  on	  ;ming	  cut	  under	  inves;ga;on	  	  

Smaller	  	  
cell	  size	  

Removing	  	  
;ming	  cut	  

Kming	  cut=	  1e6	  ns	  



VERTEX	  R&D	  



•  50-‐300	  µm	  sensor	  bump-‐bonded	  to	  Timepix	  chips,	  
55	  µm	  pixel	  pitch	  à	  DESY	  test	  beam	  (5.6	  GeV	  e)	  and	  
CERN	  PS	  test	  beam	  (10	  GeV	  π),	  EUDET	  telescope	  

•  DC-‐coupling	  with	  amplifier	  input	  on	  the	  readout	  chip	  
	  

14	  

Timepix assembly prototypes

6

Hardware
S. Redford

Tuesday 9:44am
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• Thin sensors (50 - 300 µm) bump-bonded to Timepix chips

• Data recorded at DESY: 5.6 GeV electron beam, EUDET telescope

50 µm thick sensor efficiency 
99.2% at operating threshold

100 µm thick sensor two-hit 
cluster resolution ~4.5 um

Track position: cluster size 2 
low charge sharing

50 µm sensor

750 µm Timepix

Track x position (mm)
0 0.01 0.02 0.03 0.04 0.05 0.06

Tr
ac

k 
y 

po
sit

io
n 

(m
m

)

0

0.01

0.02

0.03

0.04

0.05

0.06

0

10

20
30

40
50

60

70
80

90

Threshold (DAC counts)
380 385 390 395 400 405 410 415

Ef
fic

ie
nc

y

0.955

0.96

0.965

0.97

0.975

0.98

0.985

0.99

0.995

1
C04-W0110 Oct13 - Work in progress

inc. telescope res.
work in progress

work in progress

work in progress

La
nd

au
 m

ea
n 

(k
eV

)

Square root of bias voltage
200 µm thick sensor 

depletion voltage ~30 V
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DESY test-beam setup

Assemblies tested during the test-beam
campaign at DESY in 2013-2014:

50 µm-300 µm sensor thicknesses.

100 µm-750 µm Timepix chip thickness.

Talk by Sophie Redford

DESY II beam: 1-6GeV electron.

The EUDET telescope is used to reconstruct
the tracks and extrapolate them on the
device under test (DUT).

The telescope contains 6 planes of
Mimosa26 pixel sensors with a tracking
resolution of ⇠3 µm at 5.6GeV.

The DUT is placed between layer 3 and 4 of
the telescope with the possibility of rotation.

Niloufar Alipour Tehrani (CERN-ETHZ) 9 October 2014 9 / 23

DUT	  

Mimosa26	  sensors	  
Trk	  resoluKon	  of	  3	  µm	  	  

§  Excellent	  single	  point	  resolu8on:	  σ	  =	  3µm	  à	  pixel	  pitch	  25	  µm	  
§  Low	  material	  budget:	  

sensor	  +	  readout	  0.1%X0	  à	  50µm	  sensor	  on	  50	  µm	  ASICs	  
supports/cabling/others	  0.1%X0	  

§  Fast	  readout:	  10	  ns	  slicing	  ;me	  	  
	  

à Intense	  R&D	  

Hardware	  requirements	  

Timepix	  



Results	  for	  thin	  sensors	  
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Timepix assembly prototypes

6

Hardware
S. Redford

Tuesday 9:44am
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• Thin sensors (50 - 300 µm) bump-bonded to Timepix chips

• Data recorded at DESY: 5.6 GeV electron beam, EUDET telescope

50 µm thick sensor efficiency 
99.2% at operating threshold

100 µm thick sensor two-hit 
cluster resolution ~4.5 um

Track position: cluster size 2 
low charge sharing

50 µm sensor

750 µm Timepix
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•  Using	  charge	  sharing	  informaHon	  
(for	  cluster	  size	  >	  1)	  it	  is	  possible	  to	  
gain	  up	  more	  than	  factor	  of	  3	  in	  
single-‐point	  resoluHon	  

•  For	  50	  μm	  thick	  sensor	  and	  55μm	  
pixel	  size	  this	  represent	  only	  20%	  of	  
the	  data	  →	  smaller	  pixel	  size	  is	  
needed	  	  

50µm	  

  

Thin sensor assemblies: testbeam results

10/01/2015 Szymon KULIS | Vertex Detector R&D for CLIC 7
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Threshold (DAC code)

RMS ~ 15.2 µm
1 hit cluster: RMS ~ 18um

2 hit cluster: σ ~ 4.1um

E
v
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ts

50 μm thick p-in-n sensor assembly

Using charge sharing information 

(for cluster size > 1) it is possible to 

gain up more than factor of 3 in 
single-point resolution. 

For 50 µm thick sensor and 55µm pixel 

size this represent only 10% of the data 

→ smaller pixel size is needed.

work in progress

work in progress

Charge sharing: track position inside pixels!

June 27, 2014! CLIC vertex-detector R&D! 28 
M. Benoit!



Pixel	  sensor	  simulaKon	  

•  TCAD	  simula;on	  of	  field	  behaviour	  
at	  the	  edge	  of	  a	  sensor	  	  

•  AcHve	  edge	  sensors	  to	  reduce	  
material	  budget	  and	  dead	  areas	  

•  Voltage	  drop	  between	  the	  edge	  and	  
the	  first	  pixel	  à	  Floa;ng	  guard	  ring	  
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Telescope simulation in AllPix (2)

The simulation and the data have very similar tracking resolution after the
tuning of the simulation.
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Guard ring solutions

TCAD simulation tools are used to model semiconductor devices fabrication
and device operation.

No guard ring Grounded guard ring Floating guard ring

No guard ring: a break down can occur for Vbias = �50 V on the edge of the
first pixel.

Grounded guard ring: the E-field is significantly reduced on the first pixel but
a part of the signal in the edge region is lost (it is collected by the guard
ring).

Floated guard ring: a breakdown risk still exists for very high bias voltages
but the inactive region is highly minimised.

Assemblies with active-edge sensor from Advacam are under process.
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•  Allpix	  simula;on	  framework	  based	  on	  GEANT4	  
•  Configura;on	  of	  Si	  response	  and	  readout	  chip	  
•  Telescope	  and	  DUT	  simulaHon	  
•  Data	  and	  simula;on	  in	  good	  agreement	  but	  for	  

charge	  sharing	  à	  under	  inves;ga;on	  

FloaKng	  guard	  ring	  
TCAD	  simulaKon	  

Telescope	  	  
simulaKon	  

CLICdp	  work	  in	  progress	  

CLICdp	  work	  in	  progress	  

guard	  
ring	  

first	  
pixel	  
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Hole	  density	  [cm−3]	  
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December 8th, 2014 CLICdp Monthly Meeting

! High efficiency observed in negative polarity mode without bias on the HV-CMOS!!
" Large component of collected charge from diffusion? Or large built-in depletion layer?

Bias scan

13

Negative !
polarity 

Positive !
polarity 

Zoom

CLIC Work in Progress

CLIC Work in Progress

•  HV-‐CMOS	  sensor	  glued	  on	  CLICpix	  ASIC,	  	  
25	  µm	  pixel	  pitch	  

•  AC-‐coupling	  à	  amplifica;on	  of	  the	  signal	  on	  
the	  sensor	  side	  to	  allow	  measurable	  signal	  
on	  the	  readout	  ASIC	  

•  Power	  consump;on	  and	  pulse	  shape	  studies	  
on-‐going	  

>	  99	  %	  efficiency	  

CERN	  SPS	  test	  	  
beam	  results	  
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(2	  amplifica;on-‐stages)	  

(1	  amplifica;on-‐stage)	  

CCPDv3	  

CCPDv3!

CLICpix!

epoxy glue!

CERN EN-NME-MM, A. Gerardin!

HV-‐CMOS	  acKve	  sensors	  



	  	  	  	  	  Forced-‐air	  and	  thermal	  mock-‐up	  
•  Real-‐size	  mock-‐up	  to	  verify	  simula;on	  and	  study	  air-‐flow	  feasibility,	  

vibra;ons	  and	  temperature	  	  
q  ~500	  W	  heat	  load	  to	  extract	  (50mW/cm2)	  	  à	  TSi	  <	  40°C	  aVer	  power	  pulsing	  	  
q  Vibra;on	  acceptable	  at	  1-‐2	  μm	  RMS	  amplitude	  	  

•  Bending/s;ffness	  of	  low	  mass	  supports	  (0.05%X0)	  
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Barrel�assembly

13

(Top�half)

11/12/2014 Update��on�the�thermal�mockup

Installed!

2411/12/2014 Update��on�the�thermal�mockup
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8 

Airflow tests 

Inlet Outlet 

06/11/2014 First airflow tests 

8 

Airflow tests 

Inlet Outlet 

06/11/2014 First airflow tests 



W	  A-‐HCAL	  STATUS	  
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CALICE	  Tungsten	  Analogue	  Hcal	  	  
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CALICE Tungsten Analogue HCAL

I Analysis of test beam data of highly granular scintillator tungsten HCAL
I e, p, K and p at 1-300GeV
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I Study of linearity of detector response and energy resolution
I Comparison of data and Geant4, overall good agreement, but

room for improvements in shower shape description
I New: Comprehensiv study of all relevant systematic uncertainties

! Publication including beam momenta up to 150 GeV in early 2015

Linearity
Data vs. MC

Syst. uncertainty

1 / 1

•  Test	  beam	  data	  :	  e,	  π,	  K	  and	  p	  at	  1-‐300GeV	  	  
•  Good	  linearity,	  resoluHon:	  	  	  
•  Data-‐simulaHon	  in	  general	  in	  agreement	  

q  room	  for	  improvement	  in	  shower	  shape	  descrip;on	  
•  Comprehensive	  study	  of	  all	  relevant	  systemaHc	  uncertainHes	  
à	  PublicaHon	  including	  beam	  momenta	  up	  to	  150	  GeV	  in	  early	  2015	  	  
	  

�E

E
(⇡+, E = 3� 10GeV ) =

(61.8± 2.5)%p
E[GeV ]

� (7.7± 3.0)%� 0.070GeV

E[GeV ]



SOFTWARE	  



DD4Hep	  
•  Full	  detector	  descripHon:	  geometry,	  materials,	  visualiza;on,	  parameters	  

for	  readout,	  alignment,	  calibra;on,	  etc.	  
•  Consistent	  DescripHon:	  Single	  source	  of	  detector	  informa;on	  for	  display,	  

simula;on,	  reconstruc;on,	  analysis,	  alignment,	  etc.	  
•  Detector	  Palene	  for	  CLIC	  based	  on	  SiD	  model	  à	  example	  detector	  model	  

for	  tes;ng	  and	  to	  be	  updated	  with	  the	  most	  recent	  subdetectors	  
•  ValidaHon	  of	  simula;on	  and	  reconstruc;on	  interface	  on-‐going	  
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DDRec:	  Surfaces	  for	  tracking	  
•  Tracking	  code	  needs	  a	  special	  

interface	  to	  geometry	  for	  track	  
extrapola;on	  and	  Kalman	  filter	  

•  Measurements	  and	  dead	  material	  
surfaces	  anached	  to	  volumes:	  
q  local	  coordinates	  
q  Inner	  and	  outer	  material	  and	  

thickness	  
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DDRec surfaces for tracking
tracking code needs a special 
interface to geometry:

measurement and dead material 
surfaces (planar, cylindrical)

surfaces are attached to volumes 
(deCning boundaries) and 
DetElements and provide:

u,v, normal, origin

inner and outer material and 
thicknesses

•  Use	  material	  proper;es	  (A,	  Z,	  ρ,	  X0,	  λI)	  
to	  compute	  effects	  of	  energy	  loss	  and	  
mulHple	  scaKering	  along	  path	  length	  
between	  surfaces	  

•  Run	  exis;ng	  reconstruc;on	  code	  with	  
the	  new	  simula;on	  model	  
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Tracking	  code	  
•  ILD	  vertex	  soVware	  based	  on	  cellular	  automaton	  and	  on	  mini-‐vectors	  

q  Accounts	  for	  double	  layers	  
q  Kalman	  filter	  implemented	  	  

•  Extend	  to	  full	  Si	  tracker	  
q  Promising	  results	  for	  single	  µ	  
q  Next:	  performance	  tracking	  in	  jets	  (Zàqq)	  
q  Currently	  use	  of	  ILD	  detector	  model	  (extension	  to	  SIT)	  
q  Next:	  use	  CLIC	  detector	  through	  DD4Hep	  
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ILCDirac	  
•  ILCDirac:	  Complete	  Grid	  Solu;on	  	  
•  Workload	  management,	  data	  storage,	  produc;on	  system,	  bookkeeping	  	  
•  Used	  by	  CLICdp,	  SiD,	  ILD,	  CALICE	  

q  Grid	  interface	  for	  users	  and	  produc;on	  to	  run	  any	  LC	  soVware	  	  
•  hnps://twiki.cern.ch/twiki/bin/view/CLIC/DiracUsage	  
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CollaboraKon	  

•  CLICdp	  web	  site:	  	  
hnp://clicdp.web.cern.ch/	  

•  CLICdp	  next	  workshop	  27-‐30	  January:	  	  	  
hnps://indico.cern.ch/event/336335/	  

•  We	  are	  close	  and	  we	  have	  links	  with	  ILC	  community	  
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CLICdp	  collaboraKon	  	  
keeps	  growing	  J	  
25	  insKtutes	  	  



Conclusion	  

•  Higgs	  paper	  being	  finalised!	  	  
•  Good	  progress	  in	  the	  detector	  model	  op;misa;on:	  

q  Only	  few	  parameters	  missing	  	  
q  SoVware	  star;ng	  to	  come	  together	  à	  valida;on	  ongoing,	  
encouraging	  results	  	  

•  Intensive	  vertex	  R&D 	  	  
q  Test	  beam	  results	  from	  DESY,	  CERN	  PS,	  CERN	  SPS	  campaigns	  	  

•  A-‐Hcal	  analysis	  of	  2011	  test	  beam	  data	  is	  being	  finalised	  
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Thanks	  for	  your	  amenKon!	  



BACK-‐UP	  



Cooling:	  simulaKons	  
Cooling studies for CLIC vertex detector!
•  ~500 W power dissipation in CLIC vertex area"
•  spiral disks allow air flow through detector"
•  ANSYS Computational Fluid Dynamic (CFD) 
   finite element simulation  
à air cooling seems feasible"
•   5-10 m/s flow velocity, 20 g/s mass flow"

Air	  flow	  through	  spiral	  endcaps	  

Temperature	  profile	  (FE	  simula;ons)	  

Vertex	  Barrel	  

z	  coordinate	  [mm]	  	  

Te
m
pe

ra
tu
re
	  [o
C]
	  

Mass	  Flow:	  20.1	  g/s	  
Average	  velocity:	  
@	  inlet:	  11.0	  m/s	  
@	  z=0:	  5.2	  m/s	  
@	  outlet:	  6.3	  m/s	  

Air	  velocity	  

F.	  Duarte	  Ramos	  



Cooling:	  experimental	  verificaKon	  
•  built mock-up to verify simulations  
  (temperature, vibrations)"
•  measurements on single stave equipped  

with resistive heat loads:"
•  air flow"
•  temperature"
•  vibrations (laser sensor)"

•  comparison with simulation"

Thermo-‐mechanical	  test	  bench	  

25	  mm	  channel	  
5	  m/s	  air	  speed	  

Temperature	  increase:	  measurement	  +	  CFD	  simula;on	  

F.	  Nuiry,	  C.	  Bault,	  F.	  Duarte	  Ramos,	  M.-‐A.	  Villarejo	  Bermudez,	  W.	  Klempt	  

Stave	  with	  resis;ve	  heat	  load	  

Thermo-‐mechanical	  mockup	  
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3	  

3.5	  

4	  

4.5	  

5	  

5.5	  

6	  

10	   100	   1000	  

10W	  70L	  HP	  TC	  100	  ns	  7.4	  λΙ	  
10W	  75L	  HP	  TC	  100	  ns	  7.92	  λΙ	  
19Fe	  60L	  HP	  TC	  10	  ns	  7.55	  λΙ	  
16Fe	  70L	  HP	  TC	  10	  ns	  7.93	  λΙ	  
19Fe	  60L	  HP	  TC	  100	  ns	  7.55	  λΙ	  
10W	  75L	  HP	  TC	  10	  ns	  7.40	  λΙ	  
16Fe	  70L	  HP	  TC	  100	  ns	  7.93	  λΙ	  

Detector	   #	  
La
ye
rs
	   Abs	  

Thick	  
Cass.	  
Thick	   Air	   Total	  

Depth	  
Total	  

Thickness	   Inner	  R	   Outer	  Face	  
PosiKon	   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	  +	  cassene	   75	   10	   4.8	   2.7	   7.92	  	   1322.5	   1750	   3072.5	   3115.1	  
W	  +	  casseme	   70	   10	   4.8	   2.7	   7.40	  	   1235	   1750	   2985	   3026.4	  
Fe	  +	  casseme	   60	   19	   4.8	   2.7	   7.55	  	   1609	   1750	   3359	   3405.6	  
Fe	  +	  cassene	   70	   16	   4.8	   2.7	   7.93	  	   1661	   1750	   3411	   3458.3	  

Je
t
�
E
/µ

E
(R

M
S
90
)
[%

]

p
s [GeV ]
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Figure 3. e+ energy resolution as a function of the beam momentum at 1–6 GeV [9]
(left panel) and at 15–40 GeV [10] (right panel).

and simulations for the two beam momentum ranges. The shaded error bands indicate the
systematic uncertainties of the data points dominated by the uncertainty of the MIP scaling
factor, the stability of the detector response, and the uncertainty of the SiPM saturation scaling
factors. The bottom panels of the figures display the ratio of simulation over data. Within the
uncertainties, data and simulation agree with each other. The visible energy increases linearly
with the beam momentum, as expected.
Figure 3 shows the positron energy resolution as a function of the beam momentum. The energy
resolution in the beam momentum range 1–6 GeV (left panel) is fitted with the fit function
�E
E = ap

E[GeV]
� b � c

E[GeV] , where a is the stochastic term, b is the constant term, and c is

the noise term. In the following, the noise term is fixed to the measured noise in the fiducial
volume of the positron shower of ce+ ⇡ 36 MeV. The results of the positron energy resolution
fit are ae+ = (29.6 ± 0.5) % and be+ = (0.0 ± 2.1) %, which are in agreement with the values
extracted from a fit of the simulated positron energy resolution of ae+ = (29.2 ± 0.4) % and
be+ = (0.0±1.5) %. The positron energy resolution for the high momentum data set is not fitted
as the energy range 15–40 GeV is too small to obtain stable fit results.

3.2. Hadrons
At low beam momenta, the hadron energy sum distributions have a non-Gaussian shape with a
high-energy tail (cf. figure 4). This tail is reproduced by Geant4 simulations and decreases with
increasing beam momentum. The visible energy and the width of the energy sum distribution
at low beam momenta are therefore estimated using the mean and the RMS of the energy sum
histogram. At high beam momenta, hEvisi and �E are extracted using Gaussian fit functions of
the 80% most central entries of the energy sum distributions. Figure 5 shows the p+ mean visible
energy as a function of the available energy Eavailable =

q
p

2
beam + m

2
p for the low momentum

data and as a function of the beam momentum for the high momentum data. The Geant4
physics list QGSP BERT HP gives the best description in the low momentum range. For the
high momentum data, QGSP BERT HP and FTFP BERT HP describe the data equally well.

Data	  e+:	  a	  =	  (29.6	  ±	  0.5)%	  and	  b	  =	  (0.0	  ±	  2.1)%,	  	  
c	  fixed	  to	  36MeV	  
MC	  e+:	  a	  =	  (29.2	  ±	  0.4)%	  and	  b	  =	  (0.0±1.5)%,	  	  
c	  fixed	  to	  36MeV	  

Data	  π+:	  a	  =	  (61.8	  ±	  2.5)%	  and	  b	  =	  (7.7	  ±	  3.0)%,	  	  
c	  fixed	  to	  70MeV	  
Data	  π-‐:	  a	  =	  (63.9	  ±	  2.4)%	  and	  b	  =	  (3.2	  ±	  6.9)%,	  	  
c	  fixed	  to	  70MeV	  
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Figure 3. e+ energy resolution as a function of the beam momentum at 1–6 GeV [9]
(left panel) and at 15–40 GeV [10] (right panel).

and simulations for the two beam momentum ranges. The shaded error bands indicate the
systematic uncertainties of the data points dominated by the uncertainty of the MIP scaling
factor, the stability of the detector response, and the uncertainty of the SiPM saturation scaling
factors. The bottom panels of the figures display the ratio of simulation over data. Within the
uncertainties, data and simulation agree with each other. The visible energy increases linearly
with the beam momentum, as expected.
Figure 3 shows the positron energy resolution as a function of the beam momentum. The energy
resolution in the beam momentum range 1–6 GeV (left panel) is fitted with the fit function
�E
E = ap

E[GeV]
� b � c

E[GeV] , where a is the stochastic term, b is the constant term, and c is

the noise term. In the following, the noise term is fixed to the measured noise in the fiducial
volume of the positron shower of ce+ ⇡ 36 MeV. The results of the positron energy resolution
fit are ae+ = (29.6 ± 0.5) % and be+ = (0.0 ± 2.1) %, which are in agreement with the values
extracted from a fit of the simulated positron energy resolution of ae+ = (29.2 ± 0.4) % and
be+ = (0.0±1.5) %. The positron energy resolution for the high momentum data set is not fitted
as the energy range 15–40 GeV is too small to obtain stable fit results.

3.2. Hadrons
At low beam momenta, the hadron energy sum distributions have a non-Gaussian shape with a
high-energy tail (cf. figure 4). This tail is reproduced by Geant4 simulations and decreases with
increasing beam momentum. The visible energy and the width of the energy sum distribution
at low beam momenta are therefore estimated using the mean and the RMS of the energy sum
histogram. At high beam momenta, hEvisi and �E are extracted using Gaussian fit functions of
the 80% most central entries of the energy sum distributions. Figure 5 shows the p+ mean visible
energy as a function of the available energy Eavailable =

q
p

2
beam + m

2
p for the low momentum

data and as a function of the beam momentum for the high momentum data. The Geant4
physics list QGSP BERT HP gives the best description in the low momentum range. For the
high momentum data, QGSP BERT HP and FTFP BERT HP describe the data equally well.
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domly triggered events inside the beam spill, considering all calorimeter cells. This term amounts
to 71 MeV in the case of p� data, and to 70 MeV in the case of p+ data.
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Ext	  to	  SIT	  2	  “double”	  layer	  
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  10

Mini – Vector TrackingMini – Vector TrackingMini – Vector TrackingMini – Vector Tracking

● Mini – vector  formation

1) Hits in adjacent layers (dist 2mm) with max distance 5mm

2) Or δθ between hits in adjacent layers (cut can go up to 0.1
0
)

● Divide VXD into θ, φ sectors

➢ Try to connect mini – vectors in neighbouring sectors

● Cellular automaton criteria

➢ φ, θ pointing direction of the mini – vectors  

➢ No zig-zag (2 MV segments)

● ttbar sample, pair bkg included for √s = 500GeV

● Fast CMOS vertex detector

Dist < 5mm δΘ <0.5
0

δΘ <0.3
0

δΘ <0.1
0

VXD hits 10
5

10
5

10
5

10
5

MiniVectors 3x10
5

10
5

6x10
4

2x10
4

Connections O(10
5
) O(10

5
) < 10

5
~ 10

4

Raw tracks O(10
6
) O(10

6
) O(10

5
) < 10

5

Time ~10min ~ 2min ~ 1min ~ 20 s

ttbar, δθ of hits belonging to a MV based on MC info

δθ (deg)

AWLC14, Fermilab, May 2014 Y.	  Voutsinas	  
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  12

Comparison with FPCCD Tracking IIComparison with FPCCD Tracking IIComparison with FPCCD Tracking IIComparison with FPCCD Tracking II

● Ghost tracks / evt (P
T
 > 1 GeV)

➢ FPCCD: ~ 10

➢ CA: ~ 11

● Time / evt

➢ FPCCD: ~ 75 s

➢ CA: ~ 25 s

AWLC14, Fermilab, May 2014

Sample: ttbar, Sample: ttbar, √√s = 500 GeV, fast CMOS VXD, pair bkg overlayed, 120 eventss = 500 GeV, fast CMOS VXD, pair bkg overlayed, 120 events



Cellular	  automaton	  criteria	  
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2.3. The tools

Table 2.1.: The di↵erent criteria available in the KiTrack package
(The time is given relative to the fastest criterion)

name hits time description

DeltaRho 2 1.00 The di↵erence of the distances to the z-axis:
�⇢ =

p
x2
2 + y22 �

p
x2
1 + y21.

RZRatio 2 1.00 The distance of two hits divided by their z-

distance:
p

�x

2+�y

2+�z

2

|�z|
StraightTrackRatio 2 1.04 Best suited for straight tracks: if the line be-

tween the two hits points towards IP. Calcu-
lated is ⇢1

z1
/⇢2

z2
, where ⇢ =

p
x2 + y2. Is equal to

1 for completely straight tracks.
DeltaPhi 2 1.30 The di↵erence between the � angles of two

hits in degrees. � is the azimuthal angle in
the x-y plane w.r.t. the positive x axis: � =
atan2(y, x).

HelixWithIP 2 1.43 Checks if two hits are compatible with a helix
through the IP. A circle is calculated from the
two hits and the IP. Let ↵ be the angle between
the center of the circle and two hits. For a per-
fect helix ↵

�z

should be equal for all pairs of hits
on the helix. The coe�cients for the first and
last two hits (including the IP) are compared:
↵1
�z1

/ ↵2
�z2

. This is 1 for a perfect helix around
the z-axis.

ChangeRZRatio 3 1.23 The coe�cient of the RZRatio values for the
two 2-hit-segments. Ideally this would equal 1.

2DAngle 3 1.23 The angle between two 2-hit-segments in the
x-y plane.

2DAngleTimesR 3 1.46 The 2DAngle, but multiplied with the radius
of the circle the segments form, in order to get
better values for low momentum tracks.

3DAngle 3 1.25 The angle between two 2-hit-segments.
3DAngleTimesR 3 1.48 3DAngle times the radius of the circle.
PT 3 1.30 The transversal momentum as calculated from

a circle in the x-y plane. This criterion includes
knowledge about the magnetic field and in this
way di↵ers from the rest. A more basic version
would be to either use the radius of the circle or
its inverse ⌦. Using p

T

was chosen for reasons
of readability.

33

2. Algorithms of event reconstruction

IPCircleDist 3 1.30 From the 3 hits a circle is calculated in the
x-y plane and the distance of the IP to this cir-
cle is measured.

IPCircleDistTimesR 3 1.30 Distance of the IP to the circle multiplied with
the radius of the circle to take into account
higher deviations for low transversal momentum
tracks.

DistOfCircleCenters 4 1.66 Circles are calculated for the first and last 3
hits. The distance of their centers is measured.

RChange 4 1.66 The coe�cient of the radii of the two circles.
DistToExtrapolation 4 2.21 From the first 3 hits the relation of ↵ to �z is

calculated. This is used to predict x and y of the
fourth hit for the given z-value. The distance of
this prediction to the actual position in x and
y is measured.

NoZigZag 4 2.30 A criterion to sort out tracks that make a zig
zag movement. The 2-D angles are measured
for the first and the last three hits. Then they
are transposed to the area of �⇡ to ⇡ and mul-
tiplied. A zig-zagging track would give angles
with di↵erent signs and therefore a negative
multiplication result.

2DAngleChange 4 2.30 The coe�cient of the 2-D angles.
3DAngleChange 4 2.41 The coe�cient of the 3-D angles.
PhiZRatioChange 4 2.50 The coe�cient of the PhiZRatio of the first 3

and the last 3 hits.

Usefulness of criteria There is a multitude of criteria one can come up with and
there are certainly more possibilities than in Table 2.1. But not all criteria are
equally useful. First, as they are used quite often in the cellular automaton in order
to filter away the combinatorial background, they need to be fast. There is no reason
why one could not implement a Kalman filter criterion for longer segments, but it
costs quite some time. In Table 2.1 the calculation time, relative to the fastest one,
is shown9. Each of the criteria is based on rather simple and fast calculations, so
that the time used to do the actual calculation is in the order of the time needed to
reserve memory for the variables.
Another important factor is the distribution of the criterion for true tracks. As

an example in Figure 2.9 and 2.10 one can see the di↵erences between the 2- and
3-dimensional angles between 2-hit-segments. The tail of the 2DAngle criterion

9Each criterion was used a thousand times with given segments by an executable. The executable
was monitored with the profiling tool callgrind. The computing times of the criteria were
normalized, so that the fastest one had the value 1.
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Workflow	  &	  B	  field	  map	  
1)	  Geometry	  defini;on:	  	  compact.xml	  +	  	  
	  	  	  	  GeomConverter	  
à	  Non-‐homogeneous	  B	  field	  introduced	  by	  a	  
map	  with	  posiHon	  coordinates	  and	  field	  values	  

2)	  Simula;on:	  SLIC	  (based	  on	  Geant4	  à	  	  
	  	  	  	  	  	  interac;on	  of	  par;cle	  in	  maner)	  
à	  Tracker	  hits	  are	  simulated	  according	  the	  	  
non-‐homogeneous	  B	  field	  	  

3)	  Reconstruc;on:	  LCSim	  (at	  the	  moment)	  
à	  Homogeneous	  B	  field	  (value	  at	  the	  IP):	  
	  	  	  	  	  -‐	  need	  to	  move	  from	  the	  global	  helical	  fit:	  	  
	  	  	  	  	  	  	  	  work	  on	  going	  for	  the	  tracking	  soVware	  	  
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~8%	  drop	  in	  efficiency	  

•  Geometry	  used:	  CLIC_2014_L5m_R7m	  
(CLIC_SiD	  with	  reduced	  endcaps)	  

•  Degrada;on	  in	  reco	  efficiency	  and	  bias	  in	  
the	  pT	  reco	  due	  to	  the	  assumpHon	  of	  
homogeneous	  field	  in	  the	  reconstruc8on	  
q  In	  CLIC_SiD	  helical	  extrapola;on	  and	  fit	  
q  In	  ATLAS	  use	  of	  numerical	  integraHon	  

method	  (Runge-‐Kuna)	  
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Single	  µ	  

CLICdp	  work	  in	  progress	  
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Homogeneous	  B	  =	  5	  T	  
Non	  homogeneous	  B	  =	  5	  T	  

CLICdp	  work	  in	  progress	   CLICdp	  work	  in	  progress	  

Non-‐	  
homo	  B	  

Homo	  B	  =	  5	  T	   Non-‐homo	  B	  =	  5	  T	  



Tracking	  extrapolaKon	  
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is generated in a significantly non-uniform magnetic field, as we will see in169

Sec.4. A new class in the KalTrackLib library, TTrackFrame, which contains170

the algorithm for transforming a coordinate frame in a non-uniform magnetic171

field, can solve this issue and will be described in the next section.172

3. Algorithm for non-uniform magnetic field173

3.1. Basic idea174

If the non-uniformity of the magnetic field is not too large, we can assume175

that the magnetic field between two measurement layers is approximately176

uniform. We can then propagate our track from one measurement layer to the177

next using the helix model we discussed above. When the track reaches the178

next layer, we update the magnetic field in order to take the non-uniformity179

into account, and propagate the track with the updated magnetic field. The180

track produced this way is hence segment-wise helical and hereafter called a181

segment-wise helical track. Notice that the direction of the magnetic field also182

changes as well as its magnitude in general. We therefore need to attach, to183

each track segment, a local frame having its z axis pointing to the magnetic184

field direction so as to use our helix parametrization defined in Eq.(13). At185

the end of each step, we hence update the frame to make its z axis parallel186

with the magnetic field there and transform the propagated state vector to187

this new updated frame.188

This new track propagation procedure is illustrated in Fig.3. Firstly, the

layer (k + 1)

layer (k)
helix (k)

helix (k + 1)

a

a
′ a

′′
a
′′′(updated by filter)

transform

Figure 3: Basic idea of transforming the state vector and the associated frame
between two nearby layers.

189

state vector a = ak at layer (k) is propagated to a′ at layer (k + 1) along190

helix (k) parametrized by Eq.(13). The magnetic field at the intersection191

of the helix and layer (k + 1) is then calculated. With the new magnetic192

9

•  Global	  helical	  model:	  
q  Homogeneous	  B	  
q  Circumference	  in	  rφ	  plane	  
q  Straight	  line	  in	  Sz	  plane	  
q  5	  parameters	  

•  Wise-‐segmented	  helix:	  
q  Helix	  from	  layer	  to	  layer	  (homo	  B)	  	  
q  At	  every	  measurement	  update	  the	  B	  

field	  and	  the	  reference	  frame	  	  
q  Impose	  a	  “sufficient”	  number	  of	  these	  

steps	  (not	  only	  on	  measurement	  plane)	  
q  Kalman	  filter	  implementa;on	   arXiv:1305.7300v2	  

10

solved by templating the private propagation methods to the di↵erent surfaces by the actual charged
or neutral parameters type. The HelixPropagator simply uses the StraightLinePropagator for any
parameters transport of neutral parameters or in case of a no-field environment. The transport of the
neutral parameters classes is fully supported with ATLAS release 13.1.0.

2.3 Numerical propagation: the RungeKuttaPropagator and STEP Propagator

Most of the track parameter propagations to be performed in the ATLAS event reconstruction are
within a highly inhomogeneous magnetic field where a global track model can not be used for solv-
ing the transport equations. Hence, a fast numerical solution for calculating the intersection of the
trajectory with the destination surface is needed. In ATLAS this is realised by two implementa-
tions of the IPropagator interface, the RungeKuttaPropagator and STEP Propagator. Both rely on
a fourth order Runge-Kutta-Nystrøm formalism with an integrated adaptive step estimation. The
main di↵erence between the two realisations is that the STEP Propagator includes energy loss in the
equation of motion and applies corrections to the covariance matrices continuously during the param-
eter transport along the track. It is designed for the description of a particle that traverses a dense
block of material, while the RungeKuttaPropagator complies with the classical model of point-like
material update on detector layers that is carried out by dedicated AlgTool classes in the ATLAS
track extrapolation engine. Both IPropagator implementations perform the propagation in global
coordinates and use common Jacobian matrices for the transformations between the global frame
and local surface-attached coordinate systems5. The equation of motion of a charged particle with
momentum p and mass m through a magnetic field B(r) can be expressed in many di↵erent ways that
mostly di↵er through the parameterisation and choice of the free parameter. For collider experiments
a helix-based parameterisation along the arc length s is a good choice since it is not restricting nor
favoring any specific particle direction6. The equation of motion of a particle with charge q, defined
by the Lorentz force, can then — when omitting multiple scattering and energy loss e↵ects — be
written as the second order di↵erential equation

d2
r

ds2
=

q

p


dr

ds
⇥B(r)

�
, (5)

and, when including an energy loss function g(p, r), as

d2
r

ds2
=

q

p


dr

ds
⇥B(r)

�
+ g(p, r)

dr

ds
. (6)

Equation (5) and Eq. (6) are the fundamental transport equation used by the RungeKuttaPropagator
and STEP Propagator, respectively. The calculations are in both cases performed using the Runge-
Kutta-Nystrøm method, which is well suited to solve second order di↵erential equations. The basic
principle of the Runge-Kutta method can be found in may textbooks [9], an exhaustive review of
the used Runge-Kutta-Nystrøm method and the description of error matrix transport (carried out by
the Bugge-Myrheim method) for both propagators of the ATLAS track reconstruction is in addition
presented in [12].
Both the RungeKuttaPropagator and the STEP Propagator stop the numerical iteration when the
distance to the surface drops below a certain cut value. For the last step starting at the position r

f�1,
a simple Taylor expansion to second order is used:

r

final

= r

f�1 + h
dr

ds
|rf�1 +

1
2
h2 d2

r

ds2
|rf�1

, (7)

with h denoting the distance to the destination surface at the approach point f � 1.

Straight and Helical Track Model The RungeKuttaPropagator and STEP Propagator are clearly
the most flexible propagation techniques in the ATLAS track reconstruction software. It is inert to the
Runge-Kutta formalism that in case of a homogenous magnetic field setup, the propagation is carried

5The common data classes are located in the shared TrkExUtils package.
6In fix target experiments, however, a di↵erent choice representing the main particle direction may be taken.

•  Runge-‐Kuma	  based	  extrapolator:	  
q  General	  method,	  any	  assump;on	  about	  B	  
q  Solve	  second	  order	  differen;al	  equa;on	  of	  

mo;on	  to	  compute	  the	  intersec;on	  of	  the	  
trajectory	  with	  the	  des;na;on	  plane	  Lorentz	  force	   energy	  loss	  func;on	  

soV-‐pub-‐2007-‐005	  

(, d0, z0,�0, tan�)

x	  

y	  
z	  



QD0	  and	  Yoke	  endcap	  

Two	  main	  configura;ons	  under	  study:	  
	  

•  QD0	  parHally	  in	  the	  detector	  à	  L*	  =	  4.5m	  
	  

•  QD0	  out	  of	  the	  detector	  à	  L*	  =	  6m	  
q  Extended	  HCAL	  acceptance	  	  

§  Interest	  in	  high	  energy	  and	  t-‐channel	  
physics	  

§  Quan;ta;vely	  es;ma;on	  of	  the	  gain	  
for	  physics	  analysis	  on	  going	  

q  Loss	  in	  luminosity	  to	  be	  studied	  	  
q  Reduce	  yoke	  endcap:	  2.8m	  à	  1.4m	  	  

§  Add	  ring	  coils	  to	  reduce	  the	  stray	  	  
w	  field	  <	  3.2mT	  at	  R=15m	  
w	  power	  consump;on:	  2	  x	  2260	  kW	  

§  Inside	  the	  detector	  region:	  	  
w	  	  4%	  reduc;on	  of	  the	  B	  field	  	  
w	  	  23%	  increase	  of	  the	  B	  distor;on	  
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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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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 Rosa	  Simoniello	  -‐	  SiD	  workshop	  -‐	  12/01/2015	  


