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Calorimeters	
  (Electromagne>c	
  and	
  Hadronic	
  Cal)	
  
massive	
  detectors	
  in	
  which	
  par>cles	
  are	
  completely	
  stopped	
  	
  	
  

Calorimeters	
  –	
  General	
  Considera>ons	
  

a	
  Calorimetry	
  is	
  a	
  destruc>ve	
  measurement	
  

γ,	
  e±:	
  	
  deposit	
  all	
  energy	
  in	
  the	
  EM	
  Calorimeter	
  	
  
•  showers	
  are	
  indis>nguishable,	
  but	
  e±	
  can	
  be	
  iden>fied	
  by	
  

the	
  presence	
  of	
  a	
  track	
  in	
  the	
  tracking	
  system	
  

All	
  par>cles	
  except	
  muons	
  and	
  neutrinos	
  deposit	
  all	
  energy	
  
in	
  the	
  calorimeter	
  by	
  produc>on	
  electromagne>c	
  and/or	
  
hadronic	
  	
  showers	
  	
  	
  	
  

Hadrons:	
  deposit	
  most	
  of	
  their	
  energy	
  in	
  the	
  Hadr	
  Cal	
  

ATLAS	
  Detector	
  Slice	
  

B=2T	
  (part	
  of	
  it	
  in	
  the	
  EM	
  Cal)	
  individual	
  members	
  of	
  the	
  families	
  
of	
  charged	
  and	
  neutral	
  hadrons	
  cannot	
  be	
  dis>nguished	
  in	
  
a	
  calorimeter	
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Calorimeters	
  are	
  usually	
  segmented	
  and	
  instrumented	
  such	
  to	
  provide	
  the	
  par>cle’s	
  4-­‐vector	
  	
  	
  



Measurement	
  resolu>on:	
  energy	
  vs.	
  momentum	
  

Magne>c	
  Spectrometer:	
  	
  
σ p

p
∝ p Calorimeter(*):	
  

σ E

E
∝
1
E

(*)most	
  cases	
  

Calorimeter	
  energy	
  resolu>on	
  
improves	
  with	
  energy	
  	
  

Energy	
  Flow	
  (total	
  &	
  missing)	
  
e.g.	
  provide	
  indirect	
  detec>on	
  of	
  neutrinos	
  and	
  their	
  energy	
  by	
  a	
  measurement	
  of	
  the	
  event	
  missing	
  energy	
  

Shower	
  direc:on	
  -­‐	
  	
  shower	
  posi>on	
  and	
  direc>on	
  used	
  to	
  iden>fy	
  different	
  par>cles	
  
e.g.	
  to	
  dis>nguish	
  e	
  and	
  γ	
  from	
  π	
  and	
  µ	
  on	
  the	
  basis	
  of	
  their	
  different	
  interac>ons	
  with	
  the	
  detector	
  

Fast	
  informa:on	
  -­‐	
  	
  measure	
  the	
  arrival	
  >me	
  of	
  par>cles	
  and	
  are	
  also	
  commonly	
  used	
  for	
  trigger	
  purposes	
  
They	
  can	
  provide	
  fast	
  signals	
  that	
  easy	
  to	
  process	
  and	
  interpret	
  

4	
  

Calorimeters	
  –	
  General	
  Considera>ons	
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calorimeters	
  are	
  well	
  suited	
  for	
  
very	
  high	
  energy	
  experiments	
  



Calorimeters	
  are	
  space	
  effec:ve	
  

Calorimeter	
  shower	
  length:	
   L∝ ln
E
E0

σ p

p
∝

p
BL2

Magne>c	
  Spectrometer:	
  	
  

Detector	
  thickness	
  grows	
  only	
  logarithmically	
  
with	
  the	
  energy	
  of	
  the	
  par>cle	
  

BL2	
  must	
  increase	
  linearly	
  with	
  p	
  to	
  keep	
  
resolu>on	
  constant	
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Calorimeters	
  –	
  General	
  Considera>ons	
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Simula>on	
  of	
  a	
  1EeV	
  (1018eV)	
  	
  
proton	
  cosmic	
  air	
  shower	
  	
  

Can	
  be	
  made	
  rather	
  compact,	
  event	
  at	
  the	
  LHC	
  energy	
  
scale	
  	
  

(NOT	
  at	
  the	
  EeV	
  scale)	
  

23	
  cm	
  



33. Passage of particles through matter 19

where wj and Xj are the fraction by weight and the radiation length for the jth element.

Figure 33.11: Fractional energy loss per radiation length in lead as a function of
electron or positron energy. Electron (positron) scattering is considered as ionization
when the energy loss per collision is below 0.255 MeV, and as Møller (Bhabha)
scattering when it is above. Adapted from Fig. 3.2 from Messel and Crawford,
Electron-Photon Shower Distribution Function Tables for Lead, Copper, and Air
Absorbers, Pergamon Press, 1970. Messel and Crawford use X0(Pb) = 5.82 g/cm2,
but we have modified the figures to reflect the value given in the Table of Atomic
and Nuclear Properties of Materials (X0(Pb) = 6.37 g/cm2).

33.4.3. Bremsstrahlung energy loss by e± :

At very high energies and except at the high-energy tip of the bremsstrahlung
spectrum, the cross section can be approximated in the “complete screening case” as [43]

dσ/dk = (1/k)4αr2
e
{

(4
3 − 4

3y + y2)[Z2(Lrad − f(Z)) + Z L′
rad]

+ 1
9 (1 − y)(Z2 + Z)

}

,
(33.29)

where y = k/E is the fraction of the electron’s energy transferred to the radiated photon.
At small y (the “infrared limit”) the term on the second line ranges from 1.7% (low Z) to
2.5% (high Z) of the total. If it is ignored and the first line simplified with the definition
of X0 given in Eq. (33.26), we have

dσ

dk
=

A

X0NAk

(4
3 − 4

3y + y2
)

. (33.30)

This cross section (times k) is shown by the top curve in Fig. 33.12.
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Frac>onal	
  energy	
  loss	
  per	
  radia>on	
  length	
  in	
  lead	
  as	
  a	
  
func>on	
  of	
  electron	
  or	
  positron	
  energy	
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Figure 33.15: Photon total cross sections as a function of energy in carbon and lead,
showing the contributions of different processes [51]:

σp.e. = Atomic photoelectric effect (electron ejection, photon absorption)
σRayleigh = Rayleigh (coherent) scattering–atom neither ionized nor excited
σCompton = Incoherent scattering (Compton scattering off an electron)

κnuc = Pair production, nuclear field
κe = Pair production, electron field

σg.d.r. = Photonuclear interactions, most notably the Giant Dipole Resonance [52].
In these interactions, the target nucleus is broken up.

Original figures through the courtesy of John H. Hubbell (NIST).

October 1, 2016 19:59

Photon	
  total	
  cross-­‐sec>on	
  as	
  func>on	
  of	
  energy	
  
in	
  lead.	
  Contribu>on	
  of	
  different	
  processes	
  	
  

For	
  E	
  >	
  ~	
  10	
  MeV	
  
•  Electron	
  energy	
  loss	
  mostly	
  by	
  bremsstrahlung	
  
•  Photon	
  interac>ons	
  mainly	
  produce	
  e-­‐e+	
  pairs	
  
For	
  E	
  >	
  1	
  GeV	
  
•  Both	
  processes	
  become	
  roughly	
  energy	
  

independent	
  

At	
  low	
  energies	
  	
  
•  Electrons	
  lose	
  their	
  energy	
  mainly	
  trough	
  collisions	
  

with	
  the	
  atoms	
  and	
  molecules	
  of	
  the	
  material:	
  
ioniza>on	
  and	
  thermal	
  excita>on.	
  	
  

•  Photons	
  lose	
  their	
  energy	
  trough	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
Compton	
  scadering	
  and	
  photoelectric	
  effect	
  

Physics	
  of	
  electromagne>c	
  cascade	
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Physics	
  of	
  electromagne>c	
  cascade	
  	
  

Electrons,	
  positrons	
  and	
  photons	
  of	
  sufficiently	
  high	
  energy	
  E	
  ≥	
  1GeV	
  incident	
  on	
  a	
  block	
  of	
  material	
  produce	
  
a Secondary	
  photons	
  by	
  bremsstrahlung	
  	
  	
  
a Secondary	
  electrons-­‐positrons	
  by	
  pair	
  produc>on	
  
a These	
  secondary	
  par>cles	
  in	
  turn	
  produce	
  other	
  par>cles	
  by	
  the	
  same	
  mechanism	
  	
  	
  

cascade	
  of	
  par>cles	
  (electromagne>c	
  shower)	
  

The	
  number	
  of	
  par>cles	
  in	
  the	
  shower	
  increases	
  un>l	
  the	
  energy	
  of	
  the	
  electron	
  component	
  falls	
  
below	
  a	
  cri>cal	
  energy	
  Ec,	
  where	
  energy	
  is	
  mainly	
  dissipated	
  by	
  ioniza>on	
  and	
  excita>on	
  and	
  not	
  in	
  
the	
  genera>on	
  of	
  other	
  par>cles	
  	
  	
  

Simula>on	
  of	
  electromagne>c	
  shower	
  
γ	
  +	
  nucleus	
   	
  g	
   	
  e+	
  +	
  e-­‐	
  +	
  nucleus	
  	
  
e	
  +	
  nucleus	
  	
   	
  g	
   	
  e+	
  +	
  γ	
  +	
  nucleus	
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Physics	
  of	
  electromagne>c	
  cascade	
  	
  

Main	
  features	
  of	
  an	
  electromagne>c	
  shower	
  
•  Number	
  of	
  par>cles	
  in	
  shower	
  	
  
•  Loca>on	
  of	
  shower	
  maximum	
  	
  
•  Longitudinal	
  distribu>on	
  (length)	
  
•  Transverse	
  shower	
  distribu>on	
  (width)	
  

X0	
  :	
  it	
  represents	
  	
  the	
  average	
  distance	
  x	
  than	
  an	
  electron	
  needs	
  
to	
  travel	
  to	
  reduce	
  its	
  energy	
  to	
  1/e	
  of	
  its	
  original	
  energy	
  E0	
  	
   E(x) = E0 e

−
x
X0

"

#
$

%

&
'

The	
  intensity	
  of	
  a	
  photon	
  beam	
  traversing	
  a	
  block	
  is	
  reduced	
  to	
  
1/e	
  of	
  its	
  ini>al	
  intensity	
  I0	
  	
  aker	
  travelling	
  a	
  distance	
  x	
  =	
  9/7	
  X0	
   I(x) = I0 e

−
7
9
x
X0

"

#
$

%

&
'

Cri>cal	
  energy	
  	
  Ec:	
  ioniza>on	
  losses	
  =	
  bremsstrahlung	
  losses	
  

Physical	
  scale	
  of	
  a	
  shower	
  similar	
  for	
  e±	
  and	
  γ
can	
  be	
  described	
  in	
  terms	
  of	
  one	
  parameter	
  	
  

	
   	
   	
  radia>on	
  length	
  X0	
  	
  
which	
  depends	
  on	
  the	
  characteris>cs	
  of	
  the	
  material	
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Ec ≈
610

Z +1.24
MeV ≈ 610

Z
MeV

X0(g cm2)≈ 716 g cm−2A

Z(Z +1) ln(287 Z )



Shower	
  length	
  grows	
  logarithmically	
  with	
  the	
  energy	
  of	
  incident	
  par>cle	
  

Detector	
  thickness	
  grows	
  logarithmically	
  with	
  par>cle	
  energy	
  

Physics	
  of	
  electromagne>c	
  cascade	
  	
  

The	
  calorimeter	
  thickness	
  containing	
  95%	
  
of	
  the	
  shower	
  is	
  approximately	
  

t95% ≈ tmax + 0.08Z + 9.6
t95%	
  and	
  tmax	
  	
  
are	
  measured	
  
in	
  units	
  of	
  X0	
  

In	
  calorimeters	
  with	
  thickness	
  t	
  ≈	
  25X0,	
  the	
  shower	
  longitudinal	
  leakage	
  beyond	
  the	
  end	
  of	
  the	
  ac>ve	
  detector	
  is	
  
much	
  less	
  than	
  1%	
  up	
  to	
  incident	
  electron	
  energies	
  of	
  ~300	
  GeV.	
  	
  

Even	
  for	
  the	
  CERN	
  LHC	
  energies	
  (~1TeV),	
  electromagne>c	
  calorimeters	
  are	
  very	
  compact	
  devices	
  	
  

ATLAS	
  ECAL	
  (Pb	
  /	
  liquid	
  Ar,	
  X0	
  ≈	
  1.8cm):	
  	
   	
  thickness	
  ≈	
  45cm	
  (25	
  X0)	
  

CMS	
  ECAL	
  (PbWO4,	
  X0	
  ≈	
  0.9cm):	
   	
   	
   	
  thickness	
  ≈	
  23cm	
  (25	
  X0)	
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t0	
  =	
  -­‐0.5	
  (+0.5)	
  electrons	
  (photons)	
  

tmax ≈ ln
E0
Ec

+ t0



The	
  transverse	
  size	
  of	
  an	
  electromagne>c	
  shower	
  is	
  mainly	
  due	
  to	
  mul>ple	
  scadering	
  of	
  
electrons	
  and	
  positrons	
  away	
  from	
  the	
  shower	
  axis	
  	
  
A	
  measurement	
  of	
  the	
  transverse	
  size,	
  integrated	
  over	
  the	
  shower	
  depth,	
  is	
  given	
  by	
  the	
  
Moliere	
  radius	
  (RM)	
  	
  

On	
  average,	
  about	
  90%	
  of	
  the	
  shower	
  energy	
  is	
  contained	
  in	
  a	
  cylinder	
  of	
  radius	
  ~1	
  RM	
  

For	
  most	
  of	
  the	
  calorimeters	
  RM	
  ~	
  few	
  cen>meters	
  a	
  electromagne>c	
  shower	
  are	
  quite	
  narrow	
  	
  

If	
  a	
  calorimeter	
  is	
  to	
  be	
  used	
  for	
  precision	
  measurements	
  of	
  the	
  shower	
  posi>on	
  	
  
	
  a	
  the	
  cells	
  of	
  a	
  segments	
  calorimeter	
  must	
  be	
  comparable	
  (or	
  smaller)	
  in	
  size	
  to	
  1	
  RM	
  

Physics	
  of	
  electromagne>c	
  cascade	
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RM g cm2( ) ≈ 21MeV
X0

Ec MeV( )
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Shower	
  Max	
  
~6-­‐9	
  X0	
  

25	
  X0	
  
Containment	
  

In
te
gr
at
ed

	
  (F
in
ite

	
  C
el
l	
  S
ize

)	
  
Tr
an
sv
er
se
	
  E
ne

rg
y	
  

Choose	
  Cell	
  Granularity	
  a	
  bit	
  
Smaller	
  than	
  One	
  Moliere	
  Radius	
  

99%	
  of	
  shower	
  in	
  3RM	
  

EM	
  Shower	
  longitudinal	
  and	
  transverse	
  profile	
  	
  

Longitudinal	
  profile	
  of	
  EM	
  shower	
  in	
  copper	
  	
  
(Courtesy	
  of	
  R.	
  Wigmans)	
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Electromagne>c	
  Calorimeters	
  –	
  Energy	
  Resolu>on	
  

Ideal	
  calorimeter	
  	
  
•  infinite	
  size	
  
•  no	
  response	
  deteriora>on	
  due	
  to	
  instrumental	
  effects	
  (signal	
  collec>on	
  inefficiency,	
  non	
  uniform	
  

response,	
  noise,	
  etc.)	
  	
  

The	
  intrinsic	
  energy	
  resolu>on	
  is	
  mainly	
  due	
  to	
  fluctua>ons	
  of	
  the	
  total	
  track	
  length	
  of	
  the	
  shower	
  (sum	
  of	
  
all	
  ioniza>on	
  tracks	
  of	
  all	
  par>cles	
  in	
  the	
  shower)	
  	
  	
  	
  

Since	
  the	
  shower	
  development	
  is	
  a	
  stochas>c	
  process,	
  the	
  intrinsic	
  energy	
  resolu>on	
  is	
  from	
  purely	
  
sta>s>cal	
  arguments	
  	
  

σ E

E
=

1

Shower _total _track _ length
=

1

E
The	
  actual	
  energy	
  resolu>on	
  of	
  a	
  realis>c	
  
calorimeter	
  is	
  deteriorated	
  by	
  other	
  contribu>ons	
  	
  

σ E

E
=

a

E
⊕
b
E
⊕ c

a	
  =	
  stochas>c	
  (sampling)	
  term	
  
b	
  =	
  noise	
  term	
  
c	
  =	
  constant	
  term	
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The	
  Physics	
  of	
  Hadronic	
  Showers	
  	
  	
  

Incident 
primary 
particle 
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π−
α

π±

π0

e±	
  
Electromagne>c	
  

MIP	
  +	
  neutrinos	
  

binding	
  energy	
  

Nuclear	
  
disintegra>ons	
  

The	
  energy	
  degrada>on	
  of	
  hadrons	
  proceed	
  trough	
  an	
  increasing	
  number	
  of	
  (mostly)	
  strong	
  interac>ons	
  	
  	
  

However,	
  complexity	
  of	
  hadronic	
  and	
  nuclear	
  processes	
  produces	
  a	
  mul>tude	
  of	
  effects	
  that	
  make	
  the	
  HCALs	
  much	
  
more	
  complicated	
  instruments	
  to	
  op>mize	
  	
  	
  

(Courtesy	
  of	
  A.	
  Para)	
  

13	
  L.	
  Musa	
  –	
  HCP	
  2017	
  -­‐	
  CERN	
  



[c
m
]

FIG. 19 Particle spectra produced in the hadronic cascade initiated by 100 GeV protons absorbed

in lead. The energetic component is dominated by pions, whereas the soft spectrum is composed of

photons and neutrons. The ordinate is in ‘lethargic’ units and represents the particle track length,

differential in log E. The integral of each curve gives the relative fluence of the particle. Fluka

calculations (Ferrari, 2001).

79

Fluka	
  simulaKons	
  (Ferrari	
  2001)	
  

Showers	
  from	
  100	
  GeV	
  protons	
  in	
  Pb	
  

FIG. 20 The ‘universality’ of the shower particle spectrum as a function of energy is only ap-

proximate. Shown is one component—neutrons—produced by protons on lead. With increasing

energy of the incident hadron, the hadronic component is reduced relative to the electromagnetic

component. The ordinate is as in Fig. 19 (Ferrari, 2001).

80

Neutron	
  component	
  	
  

The	
  Physics	
  of	
  Hadronic	
  Showers	
  	
  	
  

Fluka	
  simulaKons	
  (Ferrari	
  2001)	
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Fast	
  hadronic	
  component	
  
•  p,n	
  
•  π±,	
  π0	
  	
  

F(π0	
  )	
  =	
  1/3	
  

π0	
  ªγγ  a  em	
  shower	
  	
  

“one-­‐way	
  diode”	
  
transfer	
  of	
  energy	
  from	
  
hadronic	
  component	
  to	
  
electromagne>c	
  one	
  
a	
  no	
  further	
  contribu>on	
  
to	
  hadronic	
  process	
  	
  	
  	
  



The	
  Physics	
  of	
  Hadronic	
  Showers	
  	
  	
  

Nr.	
  of	
  energe>c	
  hadronic	
  interac>ons	
  increases	
  with	
  energy	
  of	
  incident	
  par>cle	
  

Frac>on	
  of	
  electromagne>c	
  cascade	
  will	
  also	
  increase	
  with	
  energy	
  of	
  incident	
  par>cle	
  

Hadronic	
  frac>on	
  	
   Fh = E E0( )
k

k = lnα lnm

E0	
   	
  cutoff	
  energy	
  fir	
  further	
  hadronic	
  produc>on	
  	
  (typically	
  E0	
  ≈	
  1-­‐2	
  GeV)	
  
m	
   	
  mul>plicity	
  of	
  fast	
  hadrons	
  produced	
  
α	
   	
  frac>on	
  of	
  hadrons	
  not	
  decaying	
  electromagne>cally	
  

K≈	
  0.2	
  
Fh	
  ≈	
  0.5	
  for	
  100	
  GeV	
  shower	
  	
  
Fh	
  ≈	
  0.3	
  for	
  1TeV	
  shower	
  	
  

Shower	
  from	
  high	
  energy	
  hadron	
  
dissipates	
  its	
  energy	
  in	
  a	
  flash	
  of	
  photons	
  	
  



photons

FIG. 21 Characteristic components of proton-initiated cascades in lead. With increasing primary

energy the π0 component increases (Ferrari, 2001).
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FIG. 22 Conceptual response of calorimeters to electrons and hadrons. The curves are for an elec-

tromagnetic calorimeter with σ/E = 0.1/
√

E and for an hadronic calorimeter with σ/E = 0.5/
√

E

and e/π = 1.4. The hadron-induced cascade fluctuates between almost completely electromag-

netic and almost completely hadronic energy deposit, broadening the response and producing

non-Gaussian tails.
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characteris>cs	
  components	
  of	
  
proton	
  ini>ated	
  cascade	
  in	
  Pb	
  

Fluka	
  simulaKons	
  (Ferrari	
  2001)	
  

photons	
  from	
  nuclear	
  reac>on	
  carry	
  a	
  sizeable	
  frac>on	
  of	
  energy	
  	
  	
  
	
  
BUT:	
  only	
  	
  a	
  frac>on	
  will	
  be	
  recorded	
  in	
  prac>cal	
  calorimeter	
  	
  
(most	
  of	
  these	
  photons	
  are	
  emided	
  with	
  a	
  considerable	
  delay	
  ≤	
  1us)	
  

delayed	
  photons,	
  sok	
  neutrons,	
  binding	
  energy,	
  	
  

Nuclear	
  effects	
  produce	
  “invisible	
  energy”	
  

Eevis=	
  ηe	
  E(em)	
  
Eπvis=	
  ηh	
  E(pure	
  hadronic)	
  

ηe	
  ,	
  ηh	
  …	
  signal	
  efficiencies	
  	
  

Evis
π

Evis
e
=1− 1−

ηh

ηe)

!

"
#
#

$

%
&
&Fh in	
  general	
  ηe	
  ≠	
  ηh	
  	
  	
  	
  

Response	
  of	
  hadron	
  calorimeter	
  not	
  linear	
  with	
  energy	
  of	
  incident	
  par>cle	
  (because	
  Fh	
  decreases	
  with	
  incident	
  energy)	
  	
  

Event-­‐by-­‐event	
  fluctua>ons	
  in	
  the	
  ra>o	
  Fh	
  /	
  Fπ	
  will	
  have	
  an	
  impact	
  on	
  the	
  energy	
  resolu>on	
  	
  

Rela>ve	
  response	
  e/π	
  very	
  important	
  for	
  controlling	
  the	
  performance	
  of	
  an	
  hadronic	
  calorimeter	
  	
  

The	
  Physics	
  of	
  Hadronic	
  Showers	
  	
  	
  



Calorimeters	
  types	
  

Calorimeters	
  can	
  be	
  generally	
  divided	
  (according	
  to	
  their	
  construc>on	
  technique)	
  in	
  two	
  main	
  categories	
  

Either	
  type	
  is	
  extensively	
  used	
  for	
  ECALs	
  	
  

HCALs	
  are	
  almost	
  exclusively	
  sampling	
  calorimeters	
  	
  	
  

Decision	
  for	
  either	
  depends	
  on	
  applica>on	
  	
  

•  Sampling	
  calorimeter	
  	
  	
  
Consist	
  of	
  alterna>ng	
  layers	
  of	
  an	
  absorber,	
  a	
  dense	
  
material	
  used	
  to	
  degrade	
  the	
  energy	
  of	
  the	
  incident	
  
par>cle,	
  and	
  an	
  ac>ve	
  material	
  that	
  generates	
  a	
  
detectable	
  signal	
  

•  Homogenous	
  calorimeters	
  
Built	
  of	
  only	
  one	
  type	
  of	
  material	
  that	
  performs	
  both	
  
energy	
  degradaKon	
  and	
  signal	
  generaKon	
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Note:	
  an	
  homogenous	
  calorimeter	
  could	
  also	
  be	
  segmented	
  longitudinally	
  



Using	
  shower	
  profile	
  (pre-­‐shower	
  detector	
  )	
  	
   Using	
  >me	
  structure	
  of	
  the	
  signal	
  	
  

PID	
  with	
  Calorimeters	
  	
  

High	
  spa>al	
  granularity	
  	
   Excellent	
  >ming	
  resolu>on	
  



LHC	
  Calorimeters	
  –	
  Lots	
  of	
  Variety	
  

Figure 9: Schematic view of the LHCb detector [18].

silicon strips are used in the region close to the beam pipe, whereas strawtubes
are employed in the outer regions. The VELO makes possible a reconstruction of
primary vertices with 10µm (60µm) precision in the transverse (longitudinal) di-
rection. In this way the displaced secondary vertices, which are a distinctive feature
of beauty and charm hadron decays, may be identified. The overall performance
of the tracking system enables the reconstruction of the invariant mass of beauty
mesons with resolution �m ⇡ 15 to 20MeV/c2, depending on the channel.

2.3.3 Particle identification

LHCb in general looks like a slice out of a “traditional” experiment as described in
Sect. 1.1, apart from the two RICH detectors providing hadron ID. The RICH de-
tectors are described in more detail in Sect. 5.4. An EM calorimeter and a hadron
calorimeter provide the identification of electrons, hadrons and neutral particles
(photons and ⇡0) as well as the measurement of their energies and positions. The
EM calorimeter is a rectangular wall constructed out of lead plates and scintilla-
tor tiles. The total thickness corresponds to 25X0. In a beam test it was found
that the relative energy resolution follows (�E/E)

2
= (0.094/

p
E (GeV))

2
+

(0.145/E (GeV))

2
+ 0.00832. The hadronic calorimeter consists of iron and scin-

tillator tiles with a relative energy resolution of (�E/E)

2
= (0.69/

p
E (GeV))

2
+

0.092, measured with a prototype in a beam test. Finally, the muon system is de-
signed to provide a fast trigger on high momentum muons as well as offline muon
indentification for the reconstruction of muonic final states and beauty flavor tag-
ging. It consists of five stations (M1-M5) equipped mainly with Multi Wire Pro-
portional Chambers (MWPCs). For the innermost region of station M1, which has
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The	
  design	
  for	
  the	
  LAr	
  calorimeter	
  of	
  ATLAS	
  was	
  largely	
  mo>vated	
  by	
  requirements	
  on	
  searches	
  for	
  the	
  
Higgs	
  boson,	
  in	
  which	
  the	
  final	
  state	
  contains	
  photons,	
  electrons,	
  jets	
  and	
  missing	
  energy	
  

Required	
  energy	
  resolu>on:	
  
•  Sampling	
  term	
  of	
  <	
  10%	
  for	
  the	
  electromagne>c	
  calorimeter	
  
•  Constant	
  term	
  (dominates	
  at	
  high	
  energy)	
  <	
  0.7%	
  for	
  the	
  electromagne>c	
  calorimeter	
  

The	
  ATLAS	
  calorimeter	
  is	
  a	
  LAr	
  sampling	
  calorimeter	
  	
  
consis>ng	
  of	
  four	
  sub-­‐systems:	
  

•  Electromagne>c	
  barrel	
  (EMB):	
  |η|	
  <	
  1.475	
  

•  Electromagne>c	
  endcap	
  (EMEC):	
  1.375<	
  |η|	
  <	
  3.2	
  	
  

•  Hadronic	
  endcap	
  (HEC):	
  1.5<	
  |η|	
  <	
  3.2	
  
•  Forward	
  calorimeter	
  (FCal):	
  3.1<	
  |η|	
  <	
  4.9	
  	
  

ATLAS	
  Electromagne>c	
  Calorimeters	
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ATLAS	
  LAr	
  Calorimeter	
  
Operated	
  in	
  a	
  Cryostat	
  <	
  88K	
  
to	
  keep	
  Argon	
  in	
  liquid	
  phase	
  	
  

Sampling	
  Calorimeter:	
  Liquid	
  Argon	
  (ac>ve	
  material)	
  and	
  Lead	
  (Absorber)	
  
Principle$of$LAr/Pb$calorimeter$

•  Interac?ons$mainly$in$lead$absorber$
•  Charged$par?cles$ionize$Ar$atoms$
•  Elecrons$driY$in$the$LAr$gap$where$an$electric$field$is$

applied$
•  Signal$is$induced$on$the$read]out$electrodes$by$the$

moving$electrons$
•  Induced$signals$have$a$caracteris?c$triangular$shape$

current$peak$~$energy$lost$by$par?cles$$$

E 

tdriY$~$450$ns$

13/06/11$ 18$

Principle	
  of	
  opera>on	
  
•  Interac>on	
  mainly	
  in	
  lead	
  absorber	
  
•  Charged	
  par>cles	
  ionize	
  Ar	
  atoms,	
  ioniza>on	
  charge	
  drik	
  in	
  LAr	
  gap	
  where	
  an	
  electric	
  field	
  is	
  applied	
  	
  
•  Signal	
  is	
  induced	
  on	
  the	
  readout	
  electrodes	
  by	
  the	
  moving	
  electrons	
  
•  Induced	
  signals	
  have	
  a	
  characteris>c	
  triangular	
  shape	
  current	
  peak,	
  propor>onal	
  to	
  energy	
  lost	
  by	
  par>cle	
  	
  

Principle$of$LAr/Pb$calorimeter$
•  Interac?ons$mainly$in$lead$absorber$
•  Charged$par?cles$ionize$Ar$atoms$
•  Elecrons$driY$in$the$LAr$gap$where$an$electric$field$is$

applied$
•  Signal$is$induced$on$the$read]out$electrodes$by$the$

moving$electrons$
•  Induced$signals$have$a$caracteris?c$triangular$shape$

current$peak$~$energy$lost$by$par?cles$$$

E 

tdriY$~$450$ns$

13/06/11$ 18$

tdrik	
  ~450ns	
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dQ t( )
dt
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2014 JINST 9 C09007
Figure 4. The LAr readout chain showing the amplifiers and bi-polar shapers that shape the triangular
ionization pulse on the FEBs.

The amplitude A and the time offset t are computed by the formulas:

A = Â5
i=0 ai(si� p) At = Â5

i=0 bi(si� p)

where ai and bi are the optimal filtering coefficients, si are the ADC samples and p is the pedestal
in ADC counts. In addition, a quality factor is computed that measures how well the actual pulse
shape matches the reference pulse shape. The optimal filtering coefficients are derived from the
predicted pulse shape and the noise auto-correlation. The pulse shape as well as the pedestal and
the amplification of the readout chain can be measured using an electronic calibration system. This
system injects well-known exponential pulses at the beginning of the readout chain near where the
physics pulse is produced. The injection is performed by calibration boards located in the same
crates as the FEBs.

The amplitude, A, is then used in the calculation of cell energies as shown in equation (1.1):

Ecell = FµA!MeV · DDAC!µA · Mcalibration

Mphysics
· R · A (1.1)

The FµA!MeV factor is obtained from test beam and describes the amplitude of the current pulse
per one MeV of energy deposited in the detector. The DDAC!µA factor represents the amount of
current obtained from a calibration board for a given DAC setting. The Mcalibration/Mphysics is a
factor applied to compensate the difference in shapes between calibration and physics pulses. This
difference would otherwise introduce biases in the energy reconstruction. The factor is calculated
by comparing the maximum amplitudes of the calibration and physics pulses. The R factor quan-
tifies the gain of each cell and is obtained from Ramp calibration runs in which the timing of the
pulses is kept constant and the amplitude is varied.

2 The Liquid Argon Calorimeter performance

The performance of the calorimeter and quality of the results crucially depend on a proper moni-
toring of both hardware and data quality.

– 4 –

Fig. 4. Shapes of the LAr calorimeter current pulse in the detector and of
the signal output from the shaper chip. The dots indicate an ideal position of
samples separated by 25 ns [1].
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Fig. 5. Sketch of an EMB module where the different layers are visible.
The granularity in eta and phi of the cells of each of the three layers and of
the trigger towers is also shown [1].

the raw signals from up to 128 calorimeter channels, process,
digitize and transmit samples via optical link (see Fig. 6) to the
Back-End electronics housed outside the experimental cavern.
The signal for each channel is split into three overlapping
linear gain scales (Low, Medium and High) in the approximate
ratio 1/9/80, in order to meet the large dynamic range require-
ments for the expected physics signals. For each gain, the
triangular pulse is shaped (Fig. 4) with a bipolar CR−(RC)2

analog filter to optimize the signal-to-noise ratio. The shaped
signals are then sampled at the LHC bunch-crossing frequency

Fig. 6. Front End Board block diagram [1].

of 40 MHz and the samples for each gain are stored in
a Switched Capacitor Array (SCA) analog memory buffer
while waiting for a Level–1 (L1) trigger accept. For events
accepted by the trigger, the optimal gain is selected for each
channel, and the samples are digitized and transmitted. In 2011
and 2012, typically 5 samples were digitized for each pulse,
whereas for the upcoming 14 TeV run, reducing the number
of samples per pulse to 4 is being considered.
In addition to the FEBs, the Front End Crates house several

additional boards. Tower Builder Boards facilitate the prop-
agation of information to the trigger processor by summing
calorimeter cells in all layers in “trigger towers” with a size
of approximately 0.1 × 0.1 in ∆η ×∆φ. Calibration Boards
allow the calibration of the electronics by injecting a known
exponential pulse to simulate the LAr ionization signal. The
calibration signals are then reconstructed through the regular
readout chain. Finally, auxiliary boards perform service tasks
such as clock distribution, communication and monitoring.

C. Cell Energy and Time Reconstruction
The optimal filtering [8] technique is used to reconstruct the

cell energy and peaking time from the samples of the shaped
calorimeter pulse. The procedure described here applies to all
LAr subsystems though it differs slightly in the case of the
FCal. To calculate the cell energy, Ecell in MeV, from the
samples sj in ADC counts, the following formula is used:

Ecell = FµA→MeV ·FDAC→µA ·
1

Mphys

Mcali

·R
Nsamples
∑

j=1

aj (sj − p)

while to calculate the time a similar formula is used:

tcell =
1

Ecell

Nsamples
∑

j=1

bj (sj − p)

where FµA→MeV is a coefficient that is obtained from test
beam studies and converts the ionization current values to
energy values, FDAC→µA is a property of the calibration board
and Mphys

Mcali
is a factor to correct for differences between the

physics signal and calibration pulses. R is the ramp slope
and p is the pedestal (electronic baseline) obtained from
calibration. The parameters aj and bj are sets of Optimal
Filtering Coefficients calculated from the knowledge of the
calibration pulse shape and the noise autocorrelation function,
to give the optimal energy and time resolution. Finally, a
Quality Factor, Q2, is calculated for each cell, as an estimate
of the quality of the reconstructed pulse.

III. OPERATION
In order to meet the performance requirements, a significant

effort is made by the LAr Operations group to continuously

128	
  channels	
  

•  3	
  gains	
  to	
  cover	
  a	
  large	
  dynamic	
  range:	
  low	
  gain	
  /	
  medium	
  gain	
  /	
  high	
  gain	
  	
  ~	
  1	
  /	
  9	
  /	
  80	
  	
  
•  Shaper:	
  bipolar	
  CR	
  (RC)2	
  
•  analogue	
  pipeline	
  (switched	
  capacitor	
  array)	
  to	
  cover	
  L1	
  trigger	
  latency	
  
•  ADC:	
  12-­‐bit,	
  40	
  MHz	
  
•  For	
  each	
  L1-­‐triggered	
  event:	
  op>mal	
  gain	
  signal	
  is	
  selected	
  and	
  4-­‐5	
  samples	
  are	
  digi>zed	
  and	
  

transmided	
  off-­‐detector	
  via	
  an	
  op>cal	
  link	
  	
  

ATLAS	
  LAr	
  Calorimeter	
  –	
  Front-­‐end	
  and	
  Readout	
  electronics	
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FIG. 17 Schematic view of the segmentation of the ATLAS electromagnetic calorimeter.
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FIG. 18 (a): Fractional electron energy resolution as a function of energy as obtained from a beam

test of the ‘module zero’ of the ATLAS barrel electromagnetic calorimeter (the electronic noise has

been subtracted). (b): Difference between the true primary vertex and the vertex reconstructed

by the electromagnetic calorimeter, as obtained for H → γγ events with mH = 100 GeV simulated

with GEANT.
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ATLAS	
  LAr	
  Calorimeter	
  

•  Length:	
  at	
  least	
  22	
  X0	
  (47cm)	
  
•  3	
  longitudinal	
  layers	
  (+pre-­‐sampler)	
  
•  4	
  X0	
  rejec>on	
  of	
  π0	
  in	
  two	
  γ
•  16	
  X0	
  for	
  shower	
  core	
  (largest	
  frac>on	
  of	
  energy)	
  
•  2	
  X0	
  evalua>on	
  of	
  late	
  showers	
  (shower	
  tail)	
  	
  

Copper/Polyimide	
  
electrode	
  

Honeycomb	
  spacer	
  

Stainless-­‐steel	
  clad	
  
Pb	
  absrober	
  plates	
  

ATLAS$LAr$EM$calorimeter$

Energy$resolu?on:$

Segmenta?on$in$(eta,$phi)$
Segmenta?on$in$depth,$3$layers:$
$ Strips,$Middle,$Back$
$ Strips$highly$segmented:$
$ good$rejec?on$π0/γ$
24$X0$in$total$
Presampler$up$to$|eta|$=1.8$

13/06/11$ 20$

EMB,	
  EMC-­‐OW	
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ATLAS	
  LAr	
  Calorimeter	
  

LAr	
  as	
  an	
  ac>ve	
  material	
  

•  It	
  is	
  dense:	
  1.4g	
  /cm3	
  
•  rela>vely	
  high	
  electron	
  mobility:	
  ~5	
  mm/µs	
  at	
  1kV/mm	
  	
  
•  A	
  good	
  ioniza>on	
  yield:	
  ioniza>on	
  poten>al	
  of	
  23.6	
  eV	
  
•  It	
  is	
  easy	
  to	
  obtain	
  and	
  purify:	
  rela>vely	
  low	
  cost	
  compared	
  to	
  e.g.	
  liquid	
  krypton	
  or	
  liquid	
  xenon)	
  

•  It	
  is	
  radia>on	
  hard	
  
•  “slow”	
  charge	
  collec>on:	
  vdrik	
  =	
  450ns	
  >>	
  25ns	
  (LHC	
  BC	
  frequency)	
  
•  Cryogenics:	
  difficult	
  opera>on,	
  addi>onal	
  dead	
  material	
  	
  

Pb	
  as	
  an	
  absorber	
  

•  short	
  radia>on	
  length	
  (0.56	
  cm)	
  è	
  compact	
  calorimeter	
  
•  It	
  is	
  easy	
  to	
  machine,	
  cheap	
  and	
  radia>on	
  hard	
  
•  Rela>vely	
  non-­‐toxic	
  

Very	
  good	
  electromagne>c	
  calorimetry	
  
iden>fica>on	
  and	
  energy	
  measurement	
  

over	
  a	
  large	
  dynamic	
  range	
  	
  
50MeV	
  g	
  1Tev	
  :	
  16	
  bit	
  

24	
  L.	
  Musa	
  –	
  HCP	
  2017	
  -­‐	
  CERN	
  



ELECTROMAGNETIC	
  CALORIMETERS	
  
Scin>lla>ng	
  PbWO	
  Crystals	
  	
  

CMS	
  Electromagne>c	
  Calorimeters	
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CMS	
  Electromagne>c	
  Calorimeter	
  

Primary	
  Detec>on	
  Material	
  
Lead-­‐tungstate	
  crystals	
  (PbWO4)	
  	
  

Endcap	
  has	
  also	
  preshower	
  detector	
  
•  Sits	
  inside	
  endcap	
  crystal	
  array	
  
•  Sampling	
  calorimeter	
  
•  Lead	
  “radiator”	
  +	
  silicon	
  strip	
  sensors	
  (2	
  layers)	
  

Photo-­‐detectors	
  
•  Mounted	
  onto	
  backside	
  	
  of	
  each	
  crystal	
  
•  Barrel:	
  2	
  x	
  silicon	
  avalanche	
  photodiodes	
  (APDs)	
  
•  Endcap:	
  vacuum	
  phototriodes	
  (VPTs)	
  	
  
•  QE	
  (@420nm):	
  80%	
  (APD),	
  15%	
  (VPT)	
  	
  
•  Temperature	
  sensi>vity:	
  -­‐2.2%	
  /	
  0C	
  	
  	
  

Characteris>cs:	
  dense,	
  fast,	
  rela>vely	
  radia>on	
  hard	
  
•  Radia>on	
  Length	
  X0	
  =	
  8.9	
  mm	
  
•  Moliere	
  radius	
  RM	
  =	
  22	
  mm	
  
•  Emission	
  spectrum	
  420-­‐550nm	
  (blue-­‐green	
  scin>lla>ng	
  light)	
  
•  Fast:	
  80%	
  of	
  light	
  emided	
  within	
  25ns	
  (comparable	
  to	
  LHC	
  bunch-­‐crossing	
  >me)	
  
•  Radia>on-­‐hard	
  –	
  up	
  to	
  10Mrad	
  
★	
  	
  But	
  light	
  yield	
  	
  rela>vely	
  low	
  and	
  strongly	
  temperature	
  dependent:	
  -­‐2.2%	
  /	
  0C	
  	
  	
  

è	
  need	
  to	
  stabilize	
  crystal	
  volume	
  temperature	
  to	
  0.1	
  0	
  C	
  

ECAL	
  (endcap)	
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CMS	
  Electromagne>c	
  Calorimeter	
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Large-scale geometry: Barrel

● Range: 0 ≤ |η| ≤ 1.479

● Inner radius: 1.29 m

● 61,200 crystals = 360 around * 170 
lengthwise

● 5x2 crystals in a “submodule”

– Each submodule matches up with a 
trigger tower in η and φ

● Submodules arranged into modules

● 4 modules (85x20 crystals) in one 
“supermodule”

– Each covers ½ the length in η and 20° in 
φ (36 total)

● Crystal axes point 3° away from 
nominal interaction point
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•  Range:	
  0	
  ≤	
  |η|	
  ≤	
  1.497	
  

•  Inner	
  radius:	
  1.29	
  m	
  

•  61,200	
  crystals	
  =	
  360	
  (around	
  φ)	
  x	
  170	
  (along	
  z)	
  

•  Cross	
  sec>on	
  22	
  x	
  22mm	
  =	
  1x1	
  RM	
  	
  
•  Length:	
  230mm	
  =	
  25.8	
  X0	
  
•  Most	
  energy	
  (94%)	
  from	
  a	
  single	
  par>cle	
  contained	
  in	
  3x3	
  crystals	
  

14-Nov-2013 12

Large-scale geometry: Endcaps

● Range: 1.479 ≤ |η| ≤ 3.0

● Set back 3.14 m from nominal 

interaction point

● Each endcap made of two “Dees,” 

3662 crystals per dee

● Crystals are arranged in 5x5 

“supercrystals”

– Each dee holds 138 supercrystals 

and 18 partial supercrystals

● Supercrystals arranged in an x-y 

grid, NOT an η-φ grid.

● Crystal axes point to a spot 1.3 m 

past the nominal interaction point 

Endcap	
  Sec>on	
  
•  2	
  x	
  endcaps,	
  containing	
  7324	
  

crystals	
  each	
  
•  Cross-­‐sec>on:	
  28.6	
  x	
  28.6mm	
  

=	
  1.3x1.3	
  RM	
  

•  Length:	
  220mm	
  =	
  24.7	
  X0	
  
•  Most	
  of	
  energy	
  also	
  contained	
  

in	
  3x3	
  crystals	
  

Barrel	
  Sec>on	
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Energy Resolution
(In case you're not sick of this plot yet...)

→ Comes from electron test-beam studies on a supermodule.Electron	
  test-­‐beam	
  

σ E

E
=

a
E
⊕
b
E
⊕ c

a	
  =	
  stochas>c	
  term	
  =	
  3.63	
  ±0.1%	
  	
  
c	
  =	
  constant	
  term	
  =	
  0.26	
  ±	
  0.01	
  	
  

Electromagne>c	
  Calorimeter	
  –	
  Test	
  beam	
  performance	
  	
  

Energy	
  resolu>on	
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CMS	
  –	
  homogeneous	
  PbWO4	
   ATLAS	
  –	
  sampling	
  Pb-­‐LAr	
  

a	
  =	
  stochas>c	
  term	
  =	
  10.1	
  ±0.1%	
  	
  
c	
  =	
  constant	
  term	
  =	
  0.17±	
  0.04	
  	
  

Global	
  Constant	
  Term	
  0.6-­‐0.7%	
  



PileUp	
  
System	
  

VELO:	
  
primary	
  vertex	
  
impact	
  parameter	
  
displaced	
  vertex	
  

Trigger	
  Tracker:	
  p	
  for	
  
trigger	
  and	
  Ks	
  reco	
  

Tracking	
  
Sta>ons:	
  
p	
  of	
  charged	
  
par>cles	
  

RICHES:	
  
PID:	
  K,π	
  separa>on	
  

Muon	
  
System	
  

Calorimeters:	
  
PID:	
  e,γ,	
  π0	
  

IP	
  

LHCb	
  Calorimeters	
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The LHCb Calorimetry System

3Yu. Guz        INSTR-2017                LHCb Calorimeter System

¾ solid angle coverage 
300x250 mrad

¾ distance from IP: ~12.5 m
¾ four subdetectors: 

SPD,PS,ECAL,HCAL
¾ based on scint./WLS 

technique, light readout
with PMT

¾ provides:
� L0 trigger on high pT e±, π0, γ, hadron
� precise energy measurement of e± and γ
� particle identification: e±/γ/hadron; 

contributes to Muon ID (HCAL).
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The	
  LHCb	
  Calorimetry	
  System	
  

Four	
  Subdetectors	
  	
  
•  SPD:	
  	
  	
  Scin>lla>ng	
  Pad	
  Detector	
  
•  PS: 	
  scin>lla>ng	
  pads	
  (preshower)	
  
•  ECAL:	
  “shashlik”-­‐	
  type	
  	
  
•  HCAL:	
  scin>lla>ng	
  >le	
  iron	
  plate	
  

Based	
  on	
  scin>lla>on/WLS	
  technique,	
  light	
  readout	
  with	
  PMT	
  

•  Solid	
  angle	
  coverage:	
  300	
  x	
  250	
  mrad	
  
•  Distance	
  from	
  IP:	
  ~12.5m	
  

Provides	
  
•  L0	
  trigger	
  on	
  high	
  pT	
  e±,	
  π0,	
  γ,	
  hadron	
  
•  energy	
  measurement	
  of	
  e±	
  and	
  γ	
  
•  Par>cle	
  iden>fica>on:	
  e±/γ/hadron	
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SPD

PS

Lead

The scintillation light is captured by WLS fibers glued into the tiles, 

and transported via clear fibers to  64-channel HAMAMATSU multi-

anode PMT R7600-00-M64MOD.

Both PS and SPD are equipped with LED monitoring system

Inner
144 tiles 4x4 cm2

Middle
64 tiles 6x6 cm2

Outer
16 tiles 12x12 cm2

The scintillator tiles are 15 mm thick. The light is captured and re-emitted 
by WLS fiber (3.5 loops) glued in a deep groove machined at the surface of 
the tile. Light readout: multi-anode PMT.

LED

64-ch  
MAPMT

VFE board

#
 c

e
ll

s

Nphe/MIP

The light yield of all 12032 cells 
measured on cosmics at 
production: ~ 25+-12 ph.el. / MIP

HV setting: uniform, ~700-800 V

PS / SPD
Preshower detector: two planes of scintillator tiles, with 1.5 cm thick lead plane between 

them. Size and segmentation:  matches ECAL. 
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Preshower	
  detector:	
  two	
  planes	
  of	
  scin>llator	
  >les	
  (15mm	
  thick)	
  with	
  one	
  lead	
  plane	
  (15mm	
  thick)	
  between	
  
them.	
  Size	
  and	
  segmenta>on	
  match	
  ECAL	
  	
  

The	
  light	
  is	
  captured	
  and	
  re-­‐emided	
  by	
  WLS	
  fibers	
  (3.5	
  loops)	
  glued	
  in	
  a	
  deep	
  
groove	
  machined	
  at	
  the	
  surface	
  of	
  the	
  >le.	
  The	
  light	
  is	
  transported	
  via	
  clear	
  
fibers	
  to	
  a	
  64-­‐channel	
  mul>-­‐anode	
  PMT	
  (HAMMAMATSU)	
  

Tiles	
  are	
  equipped	
  with	
  LED	
  monitoring	
  system	
  

Light	
  yield	
  measured	
  for	
  all	
  12032	
  cells	
  with	
  
cosmics	
  during	
  the	
  produc>on:	
  	
  

	
   	
   	
  ~25±12	
  ph.el.	
  /MIP	
  	
  

LHCB	
  Calorimeters	
  -­‐	
  PS	
  and	
  SPD	
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LHCb	
  Calorimeters	
  -­‐	
  ECAL	
  

Shashlik-­‐	
  ECAL	
  

Shashlik	
  technology	
  	
  
•  4mm	
  thick	
  scin>llator	
  >les	
  and	
  2mm	
  thick	
  lead	
  plates,	
  25	
  X0	
  

(1.1	
  λI);	
  Moliere	
  radius	
  ~36mm	
  	
  
•  Modules	
  121.2	
  x	
  121.2	
  mm2,	
  66	
  Pb	
  +	
  67	
  scin>llator	
  >les;	
  
•  Segmenta>on:	
  3	
  zones	
  (inner,	
  middle	
  and	
  outer	
  with	
  9,	
  4,	
  1	
  

cells/module	
  respec>vely	
  
•  Total	
  of	
  3312	
  modules,	
  6016	
  cells,	
  ~100	
  tons	
  
•  Light	
  readout:	
  PMT	
  (HAMAMATSU)	
  

Average	
  performance	
  figures	
  from	
  beam	
  test	
  
(slight	
  difference	
  between	
  zones)	
  

Ligh	
  yield:	
  3000	
  ph.el.	
  /	
  GeV	
  

Energy	
  resolu>on	
  	
   σ E

E
=
8÷10( )%
E(GeV )

⊕ 0.9%
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LHCb	
  Calorimeters	
  -­‐	
  HCAL	
  

par>cles	
  

PMT	
  

spacers	
  

WLS	
  
fibers	
  

light	
  guide	
  
master	
  
plate	
  

scin>llators	
  

Performance from the beam test: 

• energy resolution

• light yield 105±10 ph.el. / GeV

beam

PMT

spacers

WLS
fiberslight

guide

master 
plate

scintillators row 0
row 1
row 2

row 3
row 4

row 5

HCAL module: self-supporting structure containing 
either 16 outer or 8 outer + 32 inner cells. HCAL 
consists of 52 modules, 9.5 tons each.

)%(
E
)%(

E
σ 29569 ±⊕±=

• Tilecal technology (originally developed for ATLAS).
• The volume ratio Scint:Fe ~ 3:16.
• Instrumented depth: 1.2 m,  6 tile rows, ~5.6λI

• Outer cells: 26x26 cm2, Inner : 13x13 cm2 (half tiles)
• Total of 1488 cells, 2x26 modules, 500 tons
• Scintillator, fibers, PMTs, LED system: similar to ECAL
• built-in 137Cs calibration system

An HCAL module with optics 
assembled

Pipes of the 
source movement 
system

beam

HCAL

Yu. Guz        INSTR-2017                LHCb Calorimeter System 6

Tilecal	
  technology	
  (originally	
  developed	
  for	
  ATLAS)	
  
•  The	
  volume	
  ra>o	
  Scint:Fe	
  ~3:16	
  
•  Instrumented	
  depth:	
  1,2m,	
  6	
  >les	
  rows,	
  ~5.6λI	
  
•  Outer	
  cells:	
  26x26	
  cm2,	
  Inner:	
  13x13	
  cm2	
  (half	
  >les)	
  
•  Total	
  of	
  1488	
  cells,	
  2x26	
  modules,	
  500	
  tons	
  
•  Scin>llator,	
  fibers,	
  PMTs,	
  LED	
  system:	
  similar	
  to	
  ECAL	
  

σ E

E
=
69± 5( )%

E
⊕ 9± 2( )%

Average	
  performance	
  figures	
  from	
  beam	
  test	
  

Ligh	
  yield:	
  105±10	
  ph.el.	
  /	
  GeV	
  

Energy	
  resolu>on	
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Silicon	
  Detectors	
  in	
  Calorimetry	
  
CMS	
  High	
  Granularity	
  ECAL	
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HGC	
  –	
  The	
  CMS	
  High	
  Granularity	
  Calorimeter	
  for	
  HL-­‐LHC	
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HL-­‐LHC	
  presents	
  increased	
  challenges	
  for	
  triggering,	
  
tracking	
  	
  and	
  calorimetry,	
  in	
  par>cular	
  for	
  low	
  to	
  
medium	
  pT	
  objects	
  in	
  the	
  End-­‐Caps	
  	
  	
  
•  Higher	
  radia>on	
  load	
  
•  Higher	
  par>cle	
  density	
  
•  Higher	
  mul>plicity	
  

The	
  End-­‐Cap	
  regions	
  will	
  be	
  par>cularly	
  stressed	
  

Improve	
  calorimeter	
  coverage	
  in	
  the	
  forward	
  region	
  

	
  
	
  

CMS	
  End-­‐Cap	
  Calorimeters	
  need	
  to	
  be	
  replaced	
  	
  

An	
  en>rely	
  new	
  highly	
  segmented	
  sampling	
  calorimeter	
  
based	
  on	
  Si	
  PADs	
  is	
  being	
  developed	
  

precision	
  >ming	
  in	
  associa>on	
  with	
  the	
  calorimeters	
  as	
  
a	
  means	
  to	
  mi>gate	
  PU	
  for	
  neutral	
  par>cles	
  is	
  also	
  being	
  
considered	
  

HGC	
  –	
  The	
  CMS	
  High	
  Granularity	
  Calorimeter	
  for	
  HL-­‐LHC	
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HGC	
  –	
  The	
  CMS	
  High	
  Granularity	
  Calorimeter	
  for	
  HL-­‐LHC	
  

1032 cm-2 s-1 

1034

1035

η=3	
  

Measurement	
  of	
  Vector	
  Boson	
  Fusion	
  (VBF)	
  jets	
  	
  
a	
  very	
  important	
  at	
  HL-­‐LHC	
  
•  Quarks	
  do	
  not	
  interact	
  through	
  color	
  exchange	
  i.e.	
  the	
  jets	
  are	
  

peaked	
  in	
  forward	
  direc>on	
  at	
  η=3.	
  
•  Signature:	
  high	
  jet	
  ac>vity	
  in	
  forward	
  region,	
  lidle	
  hadronic	
  ac>vity	
  

in	
  the	
  barrel	
  
•  η	
  =	
  3	
  is	
  exactly	
  in	
  the	
  transi>on	
  region	
  of	
  the	
  End-­‐Cap	
  

calorimeters	
  !	
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Raw	
  ΣET~2	
  TeV	
  
14	
  jets	
  with	
  ET>40	
  
EsKmated	
  	
  PU~50	
  

~10cm	
  

LHC	
  Collision	
  Snapshot	
  
Exposure	
  Time	
  =	
  25ns	
  

How	
  to	
  resolve	
  event	
  pile-­‐up	
  -­‐	
  Vertex	
  Spacing	
  	
  

from	
  Chris	
  Tully,	
  Princeton	
  University,	
  HCP	
  Summer	
  School	
  2016	
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0.15ns	
  

0.4ns	
  

0ns	
  
(define	
  to	
  be	
  t=0)	
  

0.11ns	
  

-­‐0.11ns	
  
0.02ns	
  

0.2ns	
  -­‐0.05ns	
  

-­‐0.12ns	
  

LHC	
  Bunch	
  Crossing	
  1ns	
  Clip	
  

Raw	
  ΣET~2	
  TeV	
  
14	
  jets	
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  ET>40	
  
EsKmated	
  	
  PU~50	
  

How	
  to	
  resolve	
  event	
  pile-­‐up	
  -­‐	
  Vertex	
  Spacing	
  	
  

from	
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  HCP	
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System	
  Divided	
  into	
  three	
  separate	
  parts	
  
•  EE	
  –	
  Silicon	
  with	
  tungsten	
  absorber	
  –	
  28	
  sampling	
  layers	
  –	
  25	
  Xo	
  +	
  ~1.3	
  λ	
  
•  FH	
  –	
  Silicon	
  with	
  brass	
  absorber	
  –	
  12	
  sampling	
  layers	
  –	
  3.5	
  λ	
  
•  BH	
  –	
  Scin>llator	
  with	
  brass	
  absorber	
  –	
  11	
  layers	
  –	
  5.5	
  	
  λ	
  

EE	
  and	
  FH	
  are	
  maintained	
  at	
  –	
  30oC.	
  
BH	
  is	
  at	
  room	
  temperature	
  

Construc>on	
  
•  Hexagonal	
  Si-­‐sensors	
  built	
  into	
  modules	
  
•  Modules	
  with	
  a	
  W/Cu	
  backing	
  plate	
  and	
  PCB	
  readout	
  board	
  
•  Modules	
  mounted	
  on	
  copper	
  cooling	
  plates	
  to	
  make	
  wedge-­‐

shaped	
  cassedes	
  

Key	
  parameters	
  
•  ≈	
  600	
  m2	
  of	
  silicon	
  
•  6M	
  ch,	
  0.5	
  or	
  1	
  cm2	
  cell-­‐size	
  
•  21,660	
  modules	
  (8”	
  or	
  2x6”	
  sensors)	
  
•  92,000	
  front-­‐end	
  ASICS	
  
•  Power	
  at	
  end	
  of	
  life	
  115	
  kW	
  

HGC	
  –	
  The	
  CMS	
  High	
  Granularity	
  Calorimeter	
  for	
  HL-­‐LHC	
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•  Cell	
  size	
  ~1cm2	
  
•  for	
  300um	
  &	
  200um	
  thick	
  sensors	
  
	
  	
  	
  	
  	
  	
  a	
  Cell	
  capacitance	
  40~60pF	
  

•  Cell	
  size	
  ~0.5cm2	
  
•  for	
  100um	
  thick	
  sensors	
  
	
  	
  	
  	
  	
  	
  a	
  Cell	
  capacitance	
  ~	
  50pF	
  

Si	
  HGC	
  Sensor	
  

HGC	
  –	
  A	
  High	
  Granularity	
  Calorimeter	
  for	
  the	
  CMS	
  phase-­‐II	
  upgrade	
  

Hexagonal	
  sensor	
  geometry	
  (based	
  on	
  SiD	
  design):	
  largest	
  >le-­‐able	
  polygon	
  
⇒ maximize	
  use	
  of	
  circular	
  wafer	
  

⇒ Minimize	
  ra>o	
  of	
  periphery	
  (cracks…)	
  to	
  surface	
  area	
  

Truncated	
  >ps	
  “mouse-­‐bites”	
  used	
  for	
  module	
  moun>ng	
  
⇒ Further	
  increase	
  use	
  of	
  wafer	
  surface	
  

Proposal	
  based	
  on	
  6”	
  wafer	
  sensor	
  produc>on	
  
Working	
  with	
  vendors	
  to	
  move	
  to	
  8”	
  sensor	
  produc>on	
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HGC	
  –	
  A	
  High	
  Granularity	
  Calorimeter	
  for	
  the	
  CMS	
  phase-­‐II	
  upgrade	
  

•  Chosen	
  by	
  tracker	
  for	
  beder	
  noise	
  performance	
  aker	
  irradia>on	
  	
  
•  Different	
  effect	
  of	
  surface	
  damage	
  for	
  p-­‐on-­‐n	
  /	
  n-­‐on-­‐p	
  

•  NMOS	
  input	
  transistors	
  for	
  pre-­‐amp	
  provides	
  best	
  performance	
  
•  Best	
  trans-­‐conductance,	
  noise	
  and	
  power	
  rejec>on	
  
•  Naturally	
  matched	
  to	
  nega>ve	
  signals	
  

But	
  there	
  could	
  be	
  s>ll	
  some	
  advantage	
  for	
  HGC	
  to	
  use	
  n-­‐on-­‐p	
  sensors:	
  simpler	
  
process,	
  beder	
  charge	
  collec>on	
  (especially	
  for	
  300mm	
  thick	
  sensors)	
  	
  	
  	
  

Sensor	
  baseline	
  is	
  n-­‐on-­‐p,	
  but	
  R&D	
  s>ll	
  ongoing	
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300um	
  

200um	
  

100um	
  

Basic	
  Silicon	
  Sensor	
  R&D	
  

HGC	
  –	
  A	
  High	
  Granularity	
  Calorimeter	
  for	
  the	
  CMS	
  phase-­‐II	
  upgrade	
  

Results	
  documented	
  in	
  	
  
CMS	
  Upgrade	
  Technical	
  Proposal	
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HGC	
  –	
  A	
  High	
  Granularity	
  Calorimeter	
  for	
  the	
  CMS	
  phase-­‐II	
  upgrade	
  

Si	
  HGC	
  Module	
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HGC	
  –	
  A	
  High	
  Granularity	
  Calorimeter	
  for	
  the	
  CMS	
  phase-­‐II	
  upgrade	
  

Side	
  connec>on	
  for	
  HV	
  

Signal	
  connec>on	
  

Current	
  Module	
  (on	
  6”	
  wafer)	
  

Si	
  HGC	
  Module	
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Q	
  >	
  20	
  MIP	
  	
  
=>	
  σt	
  	
  ~	
  (22ps	
  /	
  √2)	
  ~	
  15ps	
  

σt	
  ~	
  700ps	
  /	
  (S/N)	
  

σt	
  <	
  50	
  –	
  20	
  –	
  10	
  ps	
  for	
  S/N	
  >	
  14	
  –	
  35	
  –	
  70	
  
	
  

For	
  a	
  MIP	
  in	
  the	
  300µm,	
  200µm,	
  120µm	
  Sensors	
  	
  aker	
  3’000�-­‐1	
  expect	
  
	
  

S/N	
  >	
  7	
  –	
  3	
  -­‐	
  1.5	
  =>	
  20ps	
  for	
  ~	
  5	
  –	
  10	
  –	
  20	
  MIPs	
  

HGC	
  –	
  A	
  High	
  Granularity	
  Calorimeter	
  for	
  the	
  CMS	
  phase-­‐II	
  upgrade	
  

HGC	
  Test	
  Beam	
  	
  
Timing	
  Studies	
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Appendix	
  
Energy	
  Resolu>on	
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Electromagne>c	
  Calorimeters	
  –	
  Energy	
  Resolu>on	
  
Stochas>c	
  Term	
  

Homogenous	
  Calorimeter	
  
•  fluctua>ons	
  of	
  energy	
  deposited	
  in	
  the	
  ac>ve	
  volume	
  does	
  not	
  fluctuate	
  event	
  by	
  event	
  
•  In	
  most	
  cases	
  the	
  intrinsic	
  energy	
  resolu>on	
  can	
  be	
  beder	
  than	
  the	
  sta>s>cal	
  expecta>on	
  
•  The	
  correc>on	
  factor	
  is	
  called	
  Fano	
  factor	
  

Typical	
  stochas>c	
  terms	
  of	
  homogeneous	
  electromagne>c	
  calorimeters	
  are	
  at	
  the	
  level	
  of	
  few	
  percent	
  	
  

•  Energy	
  resolu>on	
  dominated	
  by	
  other	
  effects	
  	
  	
  

σ E

E
=

1

E
1

E(GeV)

Sampling	
  Calorimeters	
  	
  
•  Energy	
  deposited	
  in	
  ac>ve	
  volume	
  fluctuates	
  because	
  ac>ve	
  layers	
  are	
  interleaved	
  with	
  absorber	
  layers	
  
•  “sampling	
  fluctua>ons”	
  represent	
  most	
  important	
  	
  limita>on	
  to	
  energy	
  resolu>on	
  of	
  sampling	
  calorimeters	
  	
  

Sampling	
  term	
  (Amaldi,	
  1981)	
  	
  
σ
E
=

1

Nch

∝
t

E0(GeV)
Nch:	
  number	
  of	
  charged	
  par>cles	
  crossing	
  the	
  ac>ve	
  layer	
  

T:	
  thickness	
  of	
  absorber	
  layers	
  

smaller	
  t	
  a	
  larger	
  sampling	
  of	
  shower	
  by	
  ac:ve	
  layers	
  a	
  beZer	
  energy	
  resolu:on	
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Electromagne>c	
  Calorimeters	
  –	
  Energy	
  Resolu>on	
  

Noise	
  Term	
  

Contribu>on	
  from	
  electronic	
  noise	
  of	
  the	
  readout	
  chain	
  and	
  depends	
  on	
  the	
  detector	
  technique	
  and	
  on	
  
features	
  of	
  the	
  readout	
  circuit	
  

The	
  noise	
  is	
  larger	
  for	
  detectors	
  in	
  which	
  the	
  signal	
  is	
  collected	
  in	
  the	
  form	
  of	
  charge	
  because	
  the	
  first	
  
element	
  of	
  the	
  readout	
  chain	
  is	
  a	
  preamplifier	
  

Noise	
  can	
  be	
  minimized	
  by	
  signal	
  shaping	
  and	
  op>mal	
  filtering	
  to	
  maximize	
  the	
  S/N	
  ra>o.	
  However	
  in	
  
general	
  noise	
  increases	
  when	
  opera>ng	
  at	
  higher	
  rates	
  (larger	
  amplifier	
  bandwidth	
  is	
  required)	
  

The	
  noise	
  equivalent	
  energy	
  is	
  usually	
  required	
  to	
  be	
  much	
  smaller	
  than	
  100MeV	
  per	
  channel	
  per	
  
applica>ons	
  in	
  the	
  several	
  GeV	
  region	
  

Calorimeters	
  in	
  which	
  the	
  signal	
  is	
  collected	
  in	
  the	
  form	
  of	
  light	
  (scin>llator-­‐based	
  sampling	
  or	
  homogenous	
  
calorimeters)	
  can	
  achieve	
  small	
  levels	
  of	
  noise	
  if	
  the	
  first	
  step	
  of	
  the	
  electronic	
  chain	
  is	
  a	
  photosensi>ve	
  
device,	
  like	
  a	
  PMT,	
  which	
  provides	
  a	
  high-­‐gain	
  mul>plica>on	
  of	
  the	
  original	
  signal	
  with	
  almost	
  no	
  noise.	
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Electromagne>c	
  Calorimeters	
  –	
  Energy	
  Resolu>on	
  

Constant	
  term	
  

Not	
  dependent	
  on	
  the	
  par>cle	
  energy	
  	
  
Instrumental	
  effects	
  that	
  produce	
  detector	
  response	
  non-­‐uniformi>es:	
  detector	
  geometry,	
  Imperfec>ons	
  in	
  the	
  
mechanical	
  structure	
  and	
  readout	
  system,	
  temperature	
  gradients,	
  aging,	
  radia>on	
  damage,	
  etc.	
  	
  

With	
  the	
  increasing	
  energy	
  of	
  the	
  present	
  and	
  future	
  accelerators	
  	
  constant	
  term	
  becomes	
  more	
  and	
  more	
  the	
  
dominant	
  contribu>on	
  to	
  the	
  energy	
  resolu>on	
  a	
  very	
  >ght	
  requirements	
  on	
  construc>on	
  tolerances	
  	
  	
  

Typically	
  the	
  constant	
  term	
  should	
  be	
  kept	
  at	
  the	
  level	
  ~1%	
  or	
  smaller.	
  	
  
a	
  This	
  is	
  par>cularly	
  true	
  for	
  homogenous	
  calorimeters,	
  because	
  of	
  their	
  smaller	
  stochas>c	
  	
  term.	
  	
  

Addi>onal	
  contribu>ons	
  to	
  the	
  noise	
  
•  Longitudinal	
  leakage:	
  energe>c	
  showers	
  can	
  lose	
  part	
  of	
  their	
  energy	
  beyond	
  the	
  end	
  of	
  the	
  ac>ve	
  volume	
  

•  Lateral	
  leakage:	
  to	
  limit	
  electronic	
  noise	
  and	
  pile-­‐up	
  a	
  shower	
  reconstructed	
  in	
  a	
  rela>vely	
  small	
  cluster	
  of	
  cells	
  

•  Upstream	
  energy	
  losses:	
  losses	
  in	
  the	
  material	
  preceding	
  the	
  calorimeter	
  (other	
  detectors,	
  structures,	
  cables,	
  etc.)	
  

•  Non-­‐herme>c	
  coverage:	
  cracks	
  and	
  dead	
  regions	
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