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L = f ⋅N1N2 ⋅Overlap

Experiments	
  
-­‐	
  Measure	
  (calibrate)	
  
instantaneous	
  luminosity	
  

L ≈ f ⋅N1N2

4π εxβx
*εyβy

*

Accelerator	
  
-­‐  Monitor	
  emiHance	
  
-­‐  Op7mize	
  luminosity	
  

≈
1

4π  σ xσ y

•  Transverse	
  beam	
  profile	
  
•  Crossing	
  angle	
  
•  Beam	
  offset	
  

In	
  LHCb	
  experiment:	
  
•  Van	
  der	
  Meer	
  method	
  
•  Beam-­‐gas	
  imaging	
  

Beam	
  profiles	
  (and	
  emiHance)	
  are	
  difficult	
  
to	
  measure	
  (in	
  par7cular	
  with	
  low	
  
emiHance	
  of	
  2	
  μm	
  vs.	
  3.75	
  μm	
  nominal)	
  
Mul7ple	
  instruments	
  are	
  used	
  in	
  the	
  LHC:	
  
•  Wire	
  Scanners	
  
•  Synchrotron	
  Light	
  monitor	
  
•  Beam-­‐Gas	
  Ioniza7on	
  monitor	
  	
  
(beta	
  func7ons	
  are	
  measured	
  by	
  other	
  
instruments)	
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Beam	
  1	
   Beam	
  2	
  

3.3. TRACKING SYSTEM 35

3.3.2 Vertex Locator
The VELO [54, 55, 57] is installed directly around the interaction point. It allows
to measure the trajectories of charged particles and to determine the vertices from
which they originate. At LHCb, the average distance between the production vertex
and the vertex of a decayed B hadron is approximately 12 mm [58]. The trigger
system uses this relatively long decay length to select B events. The resolution is
su⇥cient to identify and reconstruct B-hadron decays as well as to measure their
lifetime and the Bs oscillation frequency. An average uncertainty in the primary
vertex position of 42 µm along the beam and 10 µm in the perpendicular plane is
predicted, which translates into an average B-decay proper-time resolution of 40 fs.

The sensitive component of the VELO detector is formed by 21 stations, each
consisting of two halves with each two silicon strip sensors, which measure the R
and ⇥ coordinates. These are placed along the beam, enclosing the nominal interac-
tion point. The layout of the stations is such that tracks between 15 and 390 mrad
from a vertex located inside 106 mm, which corresponds to 2� of the nominal inter-
action point, cross at least three stations. This requirement ensures that the track will
be properly reconstructed. The resulting arrangement of the stations which respects
the requirements, while being close to the beam for precision, and introducing a
minimum amount of material to traversing particles, is shown in figure 3.7. An ad-
ditional two VELO stations, located more upstream, are called the pile-up system.
This identifies bunch crossings with multiple interactions and through the first-level
hardware trigger vetoes such events, as detailed in subsection 3.5.1.

Interaction region 53 mmσ =

390
m

ra
d

15 mrad

1 m

60 mrad
cross section at y=0:

x

z

Figure 3.7: Layout of the VELO tracking stations, showing that at least three sta-
tions are crossed by particles within the acceptance.

The VELO uses semi-circular silicon sensors in a 10�4 mbar vacuum, separated
from the machine vacuum by a corrugated 300 µm thick Aluminium foil. A corru-
gated design minimises the interaction length encountered by particles, allows the
sensors to overlap and o�ers greater mechanical strength compared to a flat foil.
The foil protects the machine vacuum from the lower quality vacuum inside the
VELO and shields the sensors from the RF currents induced by the beams. On the
sensor side, the foil is coated to electrically insulate it from the sensors. Both the
sensors and foil can be moved to and from the beam line within a range from 5 mm

LHCb	
  VELO	
  (Vertex	
  LOcator)	
  is	
  ideally	
  
suited	
  to	
  measure	
  beam-­‐gas	
  ver7ces:	
  
	
  
•  Large	
  acceptance	
  in	
  forward	
  region	
  
•  Good	
  spa7al	
  vertex	
  accuracy	
  

	
  (15-­‐50	
  μm)	
  
Sensors	
  close	
  to	
  the	
  beam	
  (8	
  mm)	
  
Excellent	
  hit	
  resolu7on	
  
(σhit	
  ≈	
  5	
  μm)	
  

•  Dedicated	
  beam-­‐gas	
  trigger	
  

Beam-­‐gas	
  ver7ces	
  are	
  used	
  to	
  
measure	
  the	
  beams	
  overlap	
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€ 

Overlap = 2c ρ1(x,y,z,t)ρ2(x,y,z,t)∫  dxdydzdt

Overlap	
  integral	
  depends	
  on:	
  
• Single	
  bunch	
  spa7al	
  dimensions	
  (X,Y	
  shape)	
  
• Beam	
  crossing	
  angle	
  
• Offset	
  (head-­‐on	
  or	
  displaced)	
  

Goal	
  of	
  BGI	
  method:	
  measure	
  overlap	
  integral	
  using	
  beam-­‐gas	
  
interac7ons	
  to	
  measure	
  single	
  beam	
  shapes	
  and	
  posi7on	
  

LHCb	
  data	
  

Single	
  bunch	
  density	
  
func7on	
  of	
  colliding	
  
bunch	
  pair	
  

Enough	
  data	
  (rate)	
  
+	
  good	
  resolu7on	
  We	
  need:	
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One	
  major	
  limita7on	
  of	
  BGI:	
  low	
  beam-­‐gas	
  rate	
  (low	
  sta7s7cs,	
  long	
  integra7on	
  7me)	
  

Solu7on:	
  degrade	
  vacuum	
  at	
  interac7on	
  point	
  
• 	
  shorter	
  7me	
  integra7on	
  (beam	
  is	
  stable)	
  
• 	
  beHer	
  fit	
  accuracy	
  
• 	
  improve	
  debunched	
  charges	
  measurements	
  
(ghost	
  charge)	
  

Pressure	
  at	
  IP	
  
Beam-­‐gas	
  rate	
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Observed	
  beam	
  width	
  is	
  a	
  convolu7on	
  of	
  
the	
  beam	
  with	
  the	
  detector	
  resolu7on	
  

R(m) =
KX

k=1

ckgk(m;⇧res,k). (1)

M(x) =

+1Z

�1

KX

k=1

ckg(x;⇧res,k) ⌅(x� ⌃) d⌃. (2)

M(x) =
KX

k=1

ck ⌅(x; ⇤x,j ,⇧
⇤
x,j), (3)

with ⇧⇤
x,j =

q
⇧2

res,k + ⇧2
x,j .

�v = v1 � v2

⇧�v =
q

⇧2
res,v1(NTr,1) + ⇧2

res,v2(NTr,2), (4)

⇧res,x1(NTr,1 = 48) = ⇧res,x2(NTr,2 = 48) = ⇧dxi(NTr = 48)/
p
2.

⌥2 =

hq
⇧2

res,v1(NTr,1) + ⇧2
res,v2(NTr,2)� ⇧�vi

i2

⇥2��vi

, (5)

⇧res,v(NTr) =
A

NB
Tr

+ C. (6)

Fz =
v1 � v2q

⇧2
res,v1(NTr,1) + ⇧2

res,v2(NTr,2)
. (7)

⇧beam(z) = ⇧beam(0)

s

1 +
z2

�⇤2 , (8)

x1 = x0 + ⇥1

x2 = x0 + ⇥2.

cov(x1, x2) = cov(x0 + ⇥1, x0 + ⇥2) (9)
= cov(x0, x0) + cov(x0, ⇥1) + cov(x0, ⇥2) + cov(⇥1, ⇥2). (10)

RMS =
p

var(x0) =
p

cov(x0, x0) ⇡
p

cov(x1, x2). (11)

The covariance of x1,2 is calculated with

cov(x1, x2) =
1

N

NX

i=1

(xi1 � x̄1) (xi2 � x̄2) . (12)

⌥z =

s

1 +
z2

�⇤2 �
NX

i=1

1

N

0

@

q
⇧2

var,i,z � (⇧2
var,i,z � ⇧2

cov,i,z)f
2
z

⇧cov,i(z=0)

1

A , (13)

1

Vertex	
  resolu7on	
  for	
  different	
  z-­‐ranges	
   Observed	
  distribu7on	
  with	
  deconvolu7on	
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(LHC	
  fill	
  3563	
  2.76	
  TeV	
  Feb	
  2013)	
  

Rela7ve	
  measurement	
  of	
  bunch	
  charges	
  
Compared	
  with	
  LHC	
  FBCT	
  instrument	
  

Measurement	
  of	
  unbunched	
  charges	
  
(ghost	
  charge	
  fac7on)	
  

Knowledge	
  of	
  ghost	
  charge	
  is	
  important	
  for	
  
the	
  experiments	
  during	
  a	
  luminosity	
  
calibra7on	
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With	
  the	
  BGI	
  method	
  LHCb	
  reached	
  an	
  
unprecedented	
  precise	
  luminosity	
  calibra7on	
  of	
  
1.4%	
  (beHer	
  than	
  any	
  other	
  bunched-­‐beam	
  proton	
  
collider)	
  
	
  
Gas	
  injec7on	
  was	
  required	
  to	
  get	
  enough	
  events	
  
VELO	
  resolu7on	
  is	
  small	
  compared	
  to	
  beam	
  size	
  
	
  
Addi7onally:	
  
-­‐	
  Two	
  dimensional	
  beam	
  shape	
  determina7on	
  
provides	
  a	
  measure	
  of	
  beam	
  factorizability	
  
-­‐	
  Beam-­‐gas	
  coun7ng	
  also	
  provides	
  a	
  measure	
  of	
  
unbunched	
  charges	
  (ghost	
  charge)	
  
-­‐	
  Measure	
  beam	
  width	
  evolu7on	
  over	
  7me	
  

25	
  ns	
  filling	
  scheme	
  is	
  crucial	
  for	
  LHCb	
  upgrade	
  
(most	
  so	
  than	
  for	
  other	
  experiments)	
  
Electron	
  cloud	
  forma7on	
  leading	
  to	
  emiHance	
  blowup	
  is	
  difficult	
  to	
  understand	
  and	
  control	
  
LHC	
  instrumenta7on	
  is	
  not	
  sufficient	
  to	
  measure	
  the	
  emiHance	
  in	
  all	
  beam	
  condi7ons	
  (injec7on,	
  ramp)	
  
LHC	
  needs	
  a	
  mini	
  LHCb…	
  now	
  called	
  BGV	
  (Beam-­‐Gas	
  Vertex	
  monitor)	
  

550	
  colliding	
  bunch	
  pair	
  measurements	
  
taken	
  over	
  6	
  fills	
  in	
  different	
  condi7ons	
  
are	
  with	
  0.5%	
  RMS	
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-­‐	
  Provide	
  non-­‐disrup7ve	
  measurement	
  of	
  transverse	
  beam	
  shapes	
  
(stat.	
  and	
  sys.	
  uncertainty	
  <5%	
  in	
  3	
  minutes	
  for	
  1011	
  protons)	
  
-­‐	
  Provide	
  meaningful	
  measurements	
  during	
  the	
  energy	
  ramp	
  period	
  of	
  the	
  LHC	
  cycle	
  
-­‐	
  Overcome	
  the	
  limita7ons	
  and	
  complement	
  the	
  exis7ng	
  beam	
  profile	
  monitors	
  

Precise	
  vertex	
  resolu7on	
  
•  Sensor	
  technology	
  
•  Detector	
  geometry	
  and	
  acceptance	
  
•  Material	
  budget	
  

•  Gas	
  type	
  and	
  pressure	
  
•  Detector	
  acceptance	
  

Develop,	
  build	
  and	
  install	
  a	
  new	
  tracker	
  for	
  beam	
  profile	
  monitoring.	
  
Using	
  the	
  beam-­‐gas	
  vertexing	
  technique	
  (BGV	
  =	
  Beam	
  Gas	
  Vertex	
  monitor).	
  
A	
  demonstrator	
  system	
  is	
  prepared	
  for	
  installa7on	
  on	
  one	
  beam	
  at	
  the	
  LHC.	
  

Sufficient	
  beam-­‐gas	
  rate	
  

Op7mize	
  resolu7on	
  and	
  rate	
  while	
  keeping	
  costs	
  and	
  complexity	
  low	
  

2	
  main	
  requirements:	
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-­‐	
  Scin7lla7ng-­‐fiber	
  (SciFi)	
  maHress	
  build	
  by	
  RWTH	
  Aachen	
  
(light	
  measured	
  by	
  Silicon	
  Photomul7pliers	
  (SiPM))	
  
-­‐	
  Detector	
  modules	
  are	
  being	
  developed	
  by	
  EPFL	
  
-­‐	
  Vacuum	
  chamber	
  developed	
  and	
  made	
  by	
  CERN	
  
-­‐	
  Acquisi7on	
  electronics	
  provided	
  by	
  LHCb	
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σ raw
2 =σ beam

2 +σ vtx
2  →  δσ beam

σ beam

=
σ vtx

2

σ beam
2

δσ vtx

σ vtx

From	
  LHCb	
  experience	
  we	
  know	
  
that	
  a	
  5%	
  resolu7on	
  accuracy	
  is	
  
a	
  challenge,	
  10%	
  is	
  ok	
  

1 2 3 4 5

0.05

0.10

0.15

Beam	
  width	
  =	
  resolu7on	
  

Resolu7on	
  uncertainty	
  

5%	
  

10%	
  

5%	
  uncertainty	
  on	
  
Beam	
  width	
  

Beam	
  width	
  ≈	
  5×resolu7on	
  
LHCb	
  10m	
  β*	
  

Re
la
7v
e	
  
er
ro
r	
  o

n	
  
be

am
	
  w
id
th
	
  

σbeam/σvtx	
   Beam	
  width	
  should	
  be	
  a	
  least	
  
2-­‐3×	
  resolu7on	
  width	
  -­‐>	
  
measure	
  where	
  the	
  beam	
  is	
  
large	
  (large	
  β*)	
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σ IP
2 =σMS

2 +σ extrap
2

Depends	
  on:	
  
-­‐>	
  Detector	
  acceptance	
  
-­‐>	
  Gas	
  target	
  (heavy	
  gas	
  =	
  more	
  tracks)	
  
-­‐>	
  Cut	
  requiring	
  larger	
  mul7plicity	
  
	
  	
  	
  	
  (at	
  the	
  cost	
  of	
  sta7s7cs)	
  

Reducing	
  vertex	
  resolu7on	
  is	
  crucial	
  for	
  a	
  precise	
  beam	
  width	
  measurement	
  
Depends	
  on:	
  
-­‐>	
  Impact	
  Parameter	
  σIP	
  (quality	
  of	
  the	
  track)	
  
-­‐>	
  Number	
  of	
  tracks	
  forming	
  a	
  vertex	
  (NTr)	
  

Radia7on	
  length	
  traversed	
  by	
  tracks	
  
	
  	
  -­‐>	
  minimize	
  exit	
  window	
  thickness	
  &	
  sensor	
  material	
  
Transverse	
  distance	
  of	
  hit	
  posi7on	
  (and	
  pT)	
  
	
  	
  -­‐>	
  Set	
  sensors	
  as	
  close	
  to	
  the	
  beam	
  as	
  possible	
  

Distance	
  between	
  tracking	
  sta7ons	
  
(large	
  distance	
  requires	
  large	
  sensors)	
  
Hit	
  resolu7on	
  σhit	
  

σ vtx
2 ≈σ IP

2 NTr

With	
  σvtx	
  ≈	
  200	
  μm	
  and	
  σbeam	
  ≈	
  200	
  μm	
  
It	
  is	
  a	
  challenge	
  to	
  reach	
  systema7c	
  uncertainty	
  3-­‐5%	
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Ngood	
  =	
  fgood	
  Rinel	
  Δt	
  

Number	
  of	
  “good”	
  events	
  
(enough	
  track	
  mul7plicity)	
  

Reten7on	
  frac7on	
  of	
  
“good”	
  events	
   Proton-­‐gas	
  

inelas7c	
  rate	
  

Integra7on	
  7me	
  

ρ	
  Δz	
  N	
  f	
  σpA	
  ≈	
  70	
  Hz	
  	
  

10-­‐7	
  mbar	
  over	
  1	
  m	
  

1011	
  protons/bunch	
  

LHC	
  frq.	
  11245	
  Hz	
  	
  

Neon	
  cross-­‐sec7on	
  
(243	
  mb)	
  

Reten7on	
  frac7on	
  fgood	
  evaluated	
  
with	
  MC	
  studies	
  
fgood	
  ≈	
  0.14	
  for	
  xenon	
  
fgood	
  ≈	
  0.02	
  for	
  neon	
  

-­‐>	
  Can	
  reach	
  ≈3%	
  sta7s7cal	
  uncertainty	
  in	
  1	
  minute	
  
(pushing	
  P≈10-­‐6	
  mbar	
  with	
  neon)	
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8	
  SciFi	
  modules	
  in	
  2	
  tracking	
  sta7ons	
  
Each	
  module	
  has	
  2	
  maHress	
  of	
  SciFi	
  
(250	
  μm	
  fibers)	
  with	
  σhit	
  ≈	
  60	
  μm	
  
	
  
Synergy	
  with	
  LHCb	
  Upgrade	
  fiber	
  tracker	
  
See	
  related	
  talks:	
  

Thomas	
  Kirn	
  today	
  17:30	
  in	
  Experiments	
  &	
  
Upgrades:	
  Session	
  5	
  
“Produc7on	
  of	
  Scin7lla7ng	
  Fiber	
  Modules	
  for	
  
high	
  resolu7on	
  tracking	
  devices”	
  	
  

Blake	
  Leverington	
  Friday	
  14h40	
  Experiments	
  &	
  
Upgrades:	
  Session	
  6	
  
“The	
  LHCb	
  Upgrade	
  Scin7lla7ng	
  Fibre	
  Tracker”	
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Ongoing	
  work:	
  
Modules	
  are	
  now	
  being	
  build	
  by	
  Aachen	
  and	
  
EPFL	
  
Vacuum	
  chamber	
  is	
  in	
  final	
  stage	
  
Detector	
  support	
  and	
  cooling	
  solu7on	
  
DAQ	
  setup,	
  trigger,	
  compu7ng	
  farm	
  
Full	
  MC,	
  sozware,	
  analysis,	
  LHC	
  interface,	
  …	
  

MC	
  data	
  sets	
  are	
  available	
  
(thanks	
  to	
  LHCb	
  and	
  G.	
  Cor7)	
  

extremely	
  aggressive	
  schedule	
  for	
  the	
  
BGV	
  demonstrator	
  
First	
  design	
  ideas	
  started	
  in	
  Oct	
  2012	
  and	
  
aiming	
  for	
  a	
  commissioning	
  in	
  2015.	
  



Summary	
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Beam-­‐gas	
  imaging	
  technique	
  was	
  a	
  success	
  for	
  LHCb	
  
-­‐	
  Precise	
  luminosity	
  calibra7on	
  
-­‐	
  Mul7ple	
  addi7onal	
  measurements	
  were	
  provided	
  to	
  the	
  other	
  experiments	
  and	
  the	
  LHC	
  (i.e.	
  
ghost	
  charge,	
  beam	
  factorizability)	
  
	
  
BGV	
  instrument	
  based	
  on	
  LHCb	
  technology	
  and	
  knowhow	
  
-­‐ 	
  Synergy	
  with	
  LHCb	
  Upgrade	
  fiber	
  tracker	
  
-­‐ 	
  Overcome	
  the	
  limita7ons	
  and	
  complement	
  the	
  exis7ng	
  emiHance	
  monitors	
  at	
  the	
  LHC	
  
-­‐	
  Iden7fy	
  possible	
  constraints	
  for	
  long	
  and	
  large	
  SciFi	
  module	
  for	
  LHCb	
  
-­‐ 	
  Gain	
  experience	
  in	
  SciFi+SiPM	
  opera7on	
  and	
  aging	
  (expect	
  16	
  Gy/year)	
  

We	
  are	
  working	
  on	
  installing	
  
everything	
  by	
  the	
  end	
  of	
  the	
  
year	
  and	
  operate	
  the	
  BGV	
  in	
  
2015	
  

Vacuum	
  chamber	
  

Exit	
  window	
  



Ques7ons,	
  comments?	
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Yes	
  put	
  it	
  
here	
  


