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Compact Linear Collider (CLIC) 
•  CLIC	  beam	  structure	  

–  312	  bunch	  crossings	  per	  bunch	  train	  
–  0.5	  ns	  bunch	  spacing	  
–  3.7	  �109	  par?cles	  per	  bunch	  

•  Beam-‐beam	  interac?ons	  
–  Coherent	  and	  trident	  pairs	  	  
leave	  detector	  through	  	  
10	  mrad	  opening	  angle	  

–  Incoherent	  pairs	  and	  	  
γγ	  à	  hadrons	  stay	  in	  detector	  
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2 CLIC EXPERIMENTAL CONDITIONS AND DETECTOR REQUIREMENTS

coherent process consists of the interaction of the real beamstrahlung photons with the collective elec-
tromagnetic field of the opposite beam. The coherent production of e+e� pairs will increase the total
number of colliding electrons and positrons by about 9%. The production of coherent pairs from the
virtual photons associated with the beam particles (trident pairs) is roughly an order of magnitude lower
than the production of coherent pairs [9]. The incoherent production of pairs arises from the interaction
of both real or virtual photons with individual particles of the other beam. There are three main physical
processes responsible for the production of incoherent pairs: the Breit-Wheeler (BW) process which is
the interaction between two real photons from beamstrahlung; the Bethe-Heitler (BH) process of the
interaction of a real photon and a virtual photon associated with a beam particle; and the Landau-Lifshitz
(LL) process of the interaction between two virtual photons. The GUINEAPIG calculation for the BH
and LL processes uses a Weizsäcker-Williams approach, known as the Equivalent Photon Approximation
(EPA). In the EPA, the equivalent spectrum of virtual photons is convolved with the real photon interac-
tion cross sections. The production of incoherent pairs in GUINEAPIG has been compared to other codes
in [5] and [10].

Most pairs are produced with very small angles along the beam axis. In order to avoid significant
loss of such particles in the detector, a beam exit line with a half-cone opening angle of 10 mrad is
needed, see Figure 3.3. However, depending on the motion of the produced electron and positron with
respect to the electron and positron beams they may either be focused or defocused. The effect of this
electromagnetic beam deflection gives rise to a component of the pair spectrum with sufficient transverse
momentum for it to travel beyond the beam pipe, and thus represent a potential background in the detector
volume. The effect of beam deflection on the coherent pairs is relatively small as they are typically
very high energy particles which are highly boosted along the beam direction. Consequently, whilst
the coherent pair rate is extremely high, 7 · 108 particles per bunch crossing at 3 TeV, almost all of
the coherent pairs are collinear with the outgoing beams and thus do not constitute a major detector
background.

While the number of incoherent pairs is much smaller than that of the coherent pairs (see Ta-
ble 2.1), they can be produced at larger angles and potentially provide a significant source of background
hits, for example, in the inner layers of the vertex detector. The energy and angular distributions of the
pair backgrounds are shown in Figure 2.2. Because of their larger transverse momentum, the incoherent
pairs cause more energy deposits in the detector and are a more relevant background source than the
coherent pairs, despite the much larger number of coherent pairs.
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Very forward region 
•  γγ	  à	  hadrons	  reach	  the	  HCal	  endcap	  directly	  
•  Incoherent	  pairs	  shower	  in	  the	  BeamCal	  	  
•  Secondary	  par?cles	  pass	  through	  the	  support	  
tube	  and	  enter	  the	  HCal	  endcap	  
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Occupancy in the HCal endcap 
•  Background	  induces	  a	  too	  high	  occupancy	  in	  the	  HCal	  endcap	  

–  30	  x	  30	  mm2	  scin?lla?ng	  ?les	  
–  Total	  readout	  ?me	  300	  ns	  per	  bunch	  train,	  divided	  in	  12	  ?me	  
windows	  of	  25	  ns	  

–  Energy	  threshold	  300	  keV	  (≈0.3	  MIP)	  
–  Occupancy	  per	  ?le:	  number	  of	  ?me	  windows	  in	  with	  an	  energy	  
deposit	  above	  threshold	  
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Reduction of the occupancy 
•  For	  γγ	  à	  hadrons	  the	  occupancy	  cannot	  

be	  reduced	  by	  geometrical	  changes	  
•  For	  incoherent	  pairs	  the	  support	  tube	  

serves	  as	  a	  shielding	  
•  ~80%	  occupancy	  due	  to	  incoherent	  pairs	  

should	  be	  reduced	  to	  below	  γγ	  à	  hadrons	  
contribu?on	  of	  ~8%	  

•  This	  is	  done	  by:	  
–  Op?miza?on	  of	  the	  support	  tube	  

•  Material	  
•  Thickness	  

–  Taking	  into	  account	  	  
engineering	  perspec?ve	  

–  HCal	  granularity	  
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Two estimation methods 
1.  Par?cle	  coun?ng	  

–  Count	  the	  number	  of	  par?cles	  passing	  through	  the	  
support	  tube	  by	  registra?on	  in	  a	  scoring	  plane	  around	  it	  

–  Find	  the	  increase	  or	  decrease	  of	  the	  occupancy	  but	  no	  
quan?ta?ve	  es?ma?on	  of	  it	  

–  Requires	  a	  few	  bunch	  crossings	  (BX)	  of	  simula?on	  data:	  
fast	  simula?on	  

2.  Full	  occupancy	  es?ma?on	  
–  Quan?ta?ve	  es?ma?on	  of	  the	  occupancy	  
–  Requires	  a	  few	  bunch	  trains	  of	  312	  BX	  of	  simula?on	  data:	  

demands	  a	  lot	  of	  simula?on	  ?me	  
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Full	  detector	  simula?ons	  with	  MOKKA,	  GEANT4	  
Physics	  list:	  QGSP_BERT_HP	  
Detector	  model:	  CLIC_ILD_CDR	  



Secondary particles  
•  Secondary	  par?cles	  pass	  through	  support	  tube	  and	  cause	  

energy	  deposits	  in	  the	  HCal	  endcap	  
•  Neutrons	  (n)	  and	  photons	  (γ)	  together	  are	  responsible	  for	  the	  

majority	  of	  energy	  deposits	  
•  The	  support	  tube	  should	  shield	  	  

these	  par?cles	  
•  In	  the	  par?cle	  coun?ng	  method	  

only	  neutrons	  and	  photons	  
have	  to	  be	  considered	  
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Relative impact of neutrons and 
photons 
•  Count	  the	  number	  of	  neutrons	  and	  photons	  passing	  through	  the	  

support	  tube	  by	  registering	  hits	  (H)	  in	  a	  scoring	  plane	  around	  it	  	  
•  Compare	  the	  number	  of	  hits	  in	  the	  scoring	  plane	  to	  the	  number	  of	  

energy	  deposits	  in	  the	  HCal	  per	  par?cle	  type	  
•  Photons	  cause	  more	  energy	  deposits	  per	  hit	  (factor	  4.38)	  
•  Define	  a	  figure	  of	  merit	  (FOM)	  that	  should	  be	  minimized:	  	  
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Support tube material 
•  Simula?ons	  with	  different	  support	  tube	  materials:	  

–  Polyethylene	  (PE)	  →	  neutron	  shielding	  
–  Tungsten	  (W)	  →	  photon	  shielding	  
–  Combine	  materials	  to	  shield	  both	  neutrons	  and	  photons	  
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Support tube thickness 

10	  
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•  Thicker	  tube	  à	  
less	  hits	  in	  scoring	  
plane	  

•  Tungsten	  support	  
tube	  with	  
maximal	  thickness	  
minimizes	  the	  
figure	  of	  merit	  

Tungsten	  
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•  Constraints	  on	  thickness:	  	  
•  rmax	  =	  400	  mm	  (HCal	  endcap)	  
•  rmin	  =	  185	  mm	  (BeamCal)	  
•  Max	  Δr	  =	  215	  mm	  



Combination of materials 
•  W	  +	  PE	  =	  215	  mm	  
	  

•  The	  figure	  of	  
merit	  is	  minimized	  
for	  90	  mm	  PE	  +	  
125	  mm	  W	  

11	  
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Occupancy for optimised geometries 

•  Using	  method	  2:	  full	  occupancy	  
es?ma?on	  

•  Compare	  the	  situa?on	  before	  
op?misa?on	  to	  the	  two	  
op?mised	  tubes:	  
–  215	  mm	  W	  	  
–  90	  mm	  PE	  +	  125	  mm	  W	  	  
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Result for optimised geometries 

•  Using	  method	  2:	  full	  occupancy	  
es?ma?on	  

•  Compare	  the	  situa?on	  before	  
op?misa?on	  to	  the	  two	  
op?mised	  tubes:	  
–  215	  mm	  W	  	  
–  90	  mm	  PE	  +	  125	  mm	  W	  	  
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AFTER	  OPTIMISATION	  

Iron:	  
~80%	  occupancy	  

Occupancy	  per	  ?le:	  number	  of	  ?me	  windows	  of	  
total	  12	  with	  an	  energy	  deposit	  above	  threshold	  
30	  x	  30	  mm2	  scin?lla?ng	  ?les	  
Energy	  threshold	  300	  keV	  (≈0.3	  MIP)	  
Total	  readout	  ?me	  300	  ns	  
12	  ?me	  windows	  of	  25	  ns	  
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Engineering perspective 
•  Suppor?ng	  a	  heavy	  tungsten	  support	  tube	  from	  the	  
cavern	  wall	  is	  challenging:	  
– As	  litle	  weight	  as	  possible:	  Use	  the	  PE	  –	  W	  tube	  and	  not	  
W	  tube	  

•  Need	  enough	  room	  for	  the	  QD0	  support	  structure:	  
–  Shorter	  thick	  part	  of	  the	  support	  tube	  
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Shorter support tube 
•  Ini?al	  tube	  extends	  to	  z	  =	  7500	  mm	  
•  Shorten	  to	  only	  cover	  the	  HCal	  endcap	  with	  max	  z	  =	  4240	  mm	  
•  A	  tube	  un?l	  z	  =	  4256	  mm	  gives	  a	  high	  occupancy	  in	  the	  last	  HCal	  

endcap	  layers	  
•  With	  a	  tube	  un?l	  z	  =	  4360	  mm	  the	  same	  result	  as	  for	  the	  long	  tube	  

to	  z  =	  7500	  mm	  is	  obtained	  	  
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HCal endcap granularity 
•  Standard:	  square	  scin?lla?ng	  ?les,	  30x30	  mm2	  
•  Reduce	  ?le	  size	  	  
•  No	  satura?on	  behaviour:	  occupancy	  reduc?on	  is	  
propor?onal	  to	  the	  reduc?on	  of	  ?le	  area	  	  
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Summary of the results 
•  The	  support	  tube	  has	  to	  shield	  photons	  and	  neutrons	  to	  

reduce	  the	  occupancy	  in	  the	  HCal	  endcap.	  Photons	  have	  a	  
larger	  contribu?on	  to	  the	  occupancy	  	  

•  Combina?ons	  of	  materials	  can	  shield	  both	  photons	  and	  
neutrons:	  
–  Tungsten	  for	  photons;	  polyethylene	  for	  neutrons	  

	  
•  The	  occupancy	  is	  reduced	  from	  ~80%	  to	  ~4%	  with	  a	  W	  

support	  tube	  
•  A	  short	  PE	  –	  W	  support	  tube	  within	  engineering	  constraints	  

reaches	  an	  occupancy	  of	  ~8%,	  a	  level	  comparable	  to	  γγ	  à	  
hadrons	  

•  With	  the	  ?le	  size	  this	  can	  be	  decreased	  further	  if	  required	  	  
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Conclusions 
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•  A	  safety	  factor	  of	  5	  is	  used	  for	  incoherent	  pairs	  in	  the	  
CLIC	  Conceptual	  Design	  Report	  	  

•  With	  this	  factor,	  it	  is	  expected	  that	  changes	  of	  the	  
support	  tube	  alone	  cannot	  reduce	  the	  occupancy	  
sufficiently	  

•  An	  addi?onal	  reduc?on	  of	  the	  ?le	  size	  in	  the	  HCal	  endcap	  
inner	  radius	  would	  be	  required	  

•  The	  CLIC	  study	  aims	  to	  design	  a	  new	  detector	  model	  
•  The	  results	  found	  here	  are	  expected	  to	  be	  applicable	  to	  a	  

new	  model	  to	  a	  great	  extent	  
•  For	  a	  detailed	  descrip?on	  of	  the	  occupancy	  in	  the	  new	  

model	  a	  full	  occupancy	  es?ma?on	  will	  be	  required	  



Backup 
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Coherent, incoherent, and trident 
pairs 
•  Coherent	  pairs	  

	  
•  Trident	  pairs	  

	  
•  Incoherent	  pairs	  
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3 Beam-Beam Interactions and Backgrounds at CLIC
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Figure 3.2: Coherent and Trident pair production processes [22, 26]

3.5 Coherent Electron–Positron Pair Production

Due to the strong fields during the collisions (i.e., B � Bc) individual particles interact with
the coherent field of the oncoming bunch and produce e+e� pairs. There are two processes:
the interaction of a real photon—e.g., from beamstrahlung—with the field, the coherent pair
production [25] (Figure 3.2a); and the interaction of an electron—via a virtual photon—with the
field, which leads to the trident cascade [26] (Figure 3.2b).

The coherent production processes can be interpreted as follows: a virtual electron–positron
pair around a photon gains enough energy from the external field to be kicked on-shell; the
energy and momentum are conserved by the field [16].

3.5.1 Coherent Pairs

The number of coherent pairs ncoh produced per primary beam particle is given by [25]

ncoh ⇡
4
p

3
25p

✓
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°
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⇥
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For small values of ° the coherent pair process is exponentially suppressed, but the process
becomes important for larger values of °, e.g., at a 3 TeV CLIC machine.

3.5.2 Trident Pairs

Similarly to the coherent pair production probability, the number of particles from the trident
cascade ntri can be expressed as [25]

ntri =
4
p

3
25p

✓
asZ

gle
°
◆
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Figure 3.4: Incoherent pair production processes [22].
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•  Photon	  hits	  on	  a	  scoring	  plane	  
inside	  the	  support	  tube	  
(without	  BeamCal	  support)	  
show	  a	  dip	  at	  the	  loca?on	  of	  
the	  BeamCal	  	  

•  Neutron	  hits	  peak	  at	  the	  
loca?on	  of	  the	  BeamCal	  

•  →	  Photons	  from	  showers	  in	  the	  
BeamCal	  are	  shielded	  by	  the	  
tungsten	  absorber	  
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Time of energy deposits 
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Cross sections 
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Tungsten	  

Energy spectra 

NIST Photon Cross Section Database 

Polyethylene	  



Spectrum of energy deposits 
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•  The	  spectrum	  of	  energy	  deposi?ons	  in	  the	  HCal	  endcap	  drops	  
of	  more	  quickly	  for	  the	  W	  and	  PE+W	  tube,	  compared	  to	  the	  
ini?al	  iron	  support	  tube.	  

•  The	  energy	  threshold	  is	  300	  keV	  (0.3	  MIP)	  



Engineering model of 
CLIC_ILD_CDR 
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Tungsten à lead 
•  Part	  of	  the	  tungsten	  in	  the	  support	  tube	  is	  
replaced	  by	  lead:	  
–  110	  mm	  polyethylene	  +	  125	  mm	  Pb	  
–  110	  mm	  polyethylene	  +	  65	  mm	  Pb	  +	  60	  mm	  W	  

•  In	  both	  cases	  a	  higher	  occupancy	  level.	  
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PE + H3BO3 à Pure PE,  
pure W à W alloy 
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•  The	  number	  of	  hits	  in	  the	  	  
scoring	  plane	  before	  the	  	  
support	  tube	  depends	  on	  	  
the	  material	  choice.	  	  

•  This	  is	  possibly	  due	  to	  reflec?ons	  in	  
the	  tube.	  

•  Looking	  at	  only	  outgoing	  par?cles	  
shows	  the	  dependency	  not	  for	  
photons,	  but	  s?ll	  for	  neutrons.	  

•  A	  descrip?on	  of	  the	  occupancy	  in	  
terms	  of	  hits	  in	  the	  scoring	  plane	  
becomes	  complex	  
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Limitation of the FOM 

PE layer thickness (mm)
0 50 100 150 200

/B
X)

4
H

its
 (1

0

0

50

100

150

particles inside tube
neutron
photon

particles inside tube
neutron
photon

PE layer thickness (mm)
0 50 100 150 200

/B
X)

4
H

its
 (1

0

0

0.5

1

1.5

2

2.5

3

particles inside tube
neutron
photon

particles inside tube
neutron
photon

PE layer thickness (mm)
0 50 100 150 200

/B
X)

4
H

its
 (1

0
0

50

100

150
outgoing particles

neutron
photon

outgoing particles
neutron
photon

PE layer thickness (mm)
0 50 100 150 200

/B
X)

4
H

its
 (1

0

0

0.5

1

1.5

2

2.5

3
outgoing particles

neutron
photon

outgoing particles
neutron
photon

29	  



215 mm vs 135 mm thickness 
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