
Configularions 
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Reminder - Energy resolution of EM calorimeter 

Intrinsic limit 

 
Resolution 
 
 
 
Spatial and angular resolution scale like 1/√E 

Relative energy resolution of a calorimeter improves with E0 

c

total
E
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stochas3c	
  term	
  	
  	
  	
  constant	
  term	
  	
  	
  	
  noise	
  term	
  

inhomogeni3es	
  
bad	
  cell	
  inter-­‐calibra3on	
  
non-­‐lineari3es	
  

electronic	
  noise	
  
radioac3vity	
  
pile	
  up	
  

  

N	
  –	
  number	
  of	
  charged	
  tracks	
  



ATLAS Lar ECAL 
ccordion Design 

Lead plates to initial showering 
Ionization occurs liquid argon: drifts to 
sensors (electrodes on Cu/kapton sheets) 
Fine segmentation transversely; 3 depths 
Resolution: ~10%E-1/2 

•  A 
– 
– 

 
– 
– 
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  Hadron	
  calorimeter	
  measurement	
  
–   Charged hadrons: complementary to track measurement in magnetic field 
–   Neutral hadrons: the only way to measure their energy. 
In nuclear collisions many secondary particles are produced 
–   Secondary, tertiary nuclear reactions generate hadronic cascades 
–   Electromagnetically decaying particles initiate EM showers  

 Both hadronic and electromagnetic showers are present 
–   Energy can be absorbed as nuclear binding energy or target recoil 

(invisible energy) 
Similar to EM showers, but more complex → need simulation tools (MC) 
-à GEANT 
Characterized by the hadronic interaction length 

 
 
 
 
 
 

Hadron	
  Showers	
  

 
 



Hadronic	
  shower	
  
•  h 
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The interaction of energetic hadrons (charged or neutral) is determined by 
inelastic nuclear processes.  
 

 

 

 

 

 

In analogy to X0 we define a hadronic absorption length    
       
     

 
 
 
 
 

Nuclear interaction of hadrons 

n

p

π+

π0

π-

hadron
Z,A

inelA
a N

A
σ

λ =

mul9plicity ~ ln(E) 
pt	
  ~	
  	
  0.35	
  GeV/c	
  	
  	
  

(related	
  to	
  1	
  fm	
  size	
  of	
  the	
  proton)	
  
Excita3on	
  and	
  breakup	
  of	
  nucleus	
  -­‐>	
  nucleus	
  fragments	
  +	
  secondary	
  par3cles	
  	
  
At	
  high	
  energies	
  (>1	
  GeV)	
  	
  the	
  cross-­‐sec3ons	
  depend	
  only	
  weakly	
  on	
  the	
  energy	
  and	
  on	
  
the	
  type	
  of	
  the	
  incident	
  par3cle	
  (p,	
  p,	
  K…)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  σinel	
  ≈	
  σ0	
  A0.7	
  	
  	
  	
  	
  	
  	
  	
  σinel	
  (pp	
  at	
  13	
  TeV)	
  ≈	
  73.1	
  mb	
  

p,n,p,K,… 

Hadronic shower 
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Hadronic interaction Cross section 

σ Tot =σ el +σ inel

σ el ≈10mb σ inel ≈ A
2/3

σ Tot =σ tot (pp)A
2/3

where: σ tot (pp) increases with s

Hadronic interaction length 

λint&characterizes both 
longitudinal and transverse 
shower profile 

Rule of thumb argument: the geometric cross section goes as the square of the size of 
the nucleus, aN

2, and since the nuclear radius scales as aN ~ A1/3, the nuclear mean free 
path in gm/cm2 units scales as A1/3.   

λint =
1

σ tot ⋅n
=

Aρ
σ ppA

2/3NA

≈ 35g / cm2( )A1/3

N(x) = N(0)e−x/λint



Hadronic shower 
Hadronic interaction Cross section 

 
σ Tot  = σ el  + σ inel 

σ el ≈ 10mb σ inel 
2/3 

≈ A 2/3 

σTot  = σ tot ( pp)A 

where: σ tot ( pp)  increases with  s 

Hadronic interaction length 

λint	
  	
  characterizes both 
longitudinal and transverse 
shower profile 

λ =int 
1 

σ ⋅ n  σtot  pp 
= Aρ

A2/3 N A 
≈ (35g / cm2 ) A1/3 

N (x) = N (0)e− x /λint 



Hadronic interactions cross sections 

σ tot =σ el +σ inel 
σ el ≈10mb  
σ inel ≈ A2/3 

σ tot (nucl) =σ tot (pp)A2/3          σ tot (pp) increases with s 

Note:	
  Interac9ons	
  include	
  elas9c	
  scaLering,	
  where	
  original	
  hadron	
  is	
  free	
  to	
  interact	
  again	
  



QCD	
  –	
  basic	
  proper3es	
  of	
  pp	
  collisions	
  

4/8/16	
   Ryszard	
  Stroynowski	
   10	
  

Early	
  studies	
  address	
  global	
  characteris3cs	
  of	
  events	
  at	
  13	
  TeV	
  	
  

Source Value
This measurement 73.1 ± 0.9 (exp.) ± 6.6 (lum.) ± 3.8 (extr.) mb
Pythia8 78.4 mb
Kopeliovich et al. [33] 79.8 mb
Menon et al. [34] 81.4 ± 2.0 mb
Khoze et al. [35] 81.6 mb
Gotsman [36] 81.0 mb
Fagundes [37] 77.2 mb

Table 3: The measured total inelastic cross section and an indicative selection of phenomenological predictions.
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Figure 4: The inelastic cross section versus
p

s. The ATLAS measurements based on the MBTS detector are shown
after extrapolation to the full inelastic cross section. Measurements from experiments at other colliders [38], other
LHC collaborations [4, 7, 8] and the Pierre Auger collaboration [9] are also shown. Some of the LHC data points
have been slightly shifted in the horizontal position for display purposes. The data are compared to the Pythia,
EPOS LHC and QGSJET-II MC generator predictions, a model by Block and Halzen [39] and a prediction by
Achilli et al. [40]. The uncertainty on the ATLAS ALFA measurement is smaller than the size of the marker.
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ATLAS-­‐CONF-­‐2015-­‐038	
  

Inelas3c	
  cross	
  sec3on	
  

ATLAS-­‐CONF-­‐2015-­‐028	
  
EPOS	
  provides	
  best	
  descrip3on	
  	
  

σTOT(13	
  TeV)	
  =	
  73.1	
  ±	
  0.9	
  (exp)	
  ±	
  0.9	
  (lum)	
  ±	
  3.8	
  (extr)	
  mb	
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Figure 15: The inelastic cross section versus
p

s as in Fig. 4 but over a wider range of energies. See caption of
Fig. 4 for details.
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Charged	
  par3cle	
  mul3plicity	
  

the extrapolation and the di�erence with the ���� prediction is taken as a systematic uncertainty and
symmetrised to give 1.0150 ± 0.0091.

The mean number of charged particles increases by a factor of 2.2 when
p

s increases by a factor of about
14 from 0.9 TeV to 13 TeV. ���� and ������ 8 �2 describe the dependence on

p
s very well, while ������

8 ������ and ������-�� over-predict the rise in multiplicity with
p

s and ������++ under-predicts the
multiplicity for all

p
s values.
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Figure 4: The average charged-particle multiplicity per unit of rapidity for ⌘ = 0 as a function of the centre-of-mass
energy. The definition of charged-particle includes charged strange baryons. The data are compared to various
particle level MC predictions. The vertical error bars on the data represent the total uncertainty.

9 Conclusion

Charged-particle multiplicity measurements with the ATLAS detector using proton–proton collisions
delivered by the LHC at

p
s=13 TeV during 2015 are presented. Based on nearly 9 million inelastic

interactions the properties of events were studied. The data were corrected with minimal model dependence
to obtain inclusive distributions. The selected kinematic range and the precision of this analysis highlight
clear di�erences between MC models and the measured distributions. Of the models considered ����
reproduces the data the best, ������ 8 �2 and ������ give reasonable descriptions of the data and
������++ and ������-�� provide the worst descriptions of the data.
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Material	
  dependence	
  

λabs  =
A 

N Aσ inel 
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Radiation and absorption length 
Material Z A ρ [g/cm3] X0 [g/cm2] λa [g/cm2]

Hydrogen (gas) 1 1.01 0.0899 (g/l) 63 50.8
Helium (gas) 2 4.00 0.1786 (g/l) 94 65.1
Beryllium 4 9.01 1.848 65.19 75.2
Carbon 6 12.01 2.265 43 86.3
Nitrogen (gas) 7 14.01 1.25 (g/l) 38 87.8
Oxygen (gas) 8 16.00 1.428 (g/l) 34 91.0
Aluminium 13 26.98 2.7 24 106.4
Silicon 14 28.09 2.33 22 106.0
Iron 26 55.85 7.87 13.9 131.9
Copper 29 63.55 8.96 12.9 134.9
Tungsten 74 183.85 19.3 6.8 185.0
Lead 82 207.19 11.35 6.4 194.0
Uranium 92 238.03 18.95 6.0 199.0
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For Z > 6:  λa > X0 



Hadronic	
  vs	
  EM	
  showers	
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Hadronic cascades 

 
 
 
 

neutral	
  pions	
  -­‐>	
  2γ	
  -­‐>	
  electromagne3c	
  
cascade	
  

charged	
  pions,	
  protons,	
  kaons	
  ….	
  
breaking	
  up	
  of	
  nuclei	
  (binding	
  energy),	
  	
  
neutrons,	
  neutrinos,	
  so[	
  g’s	
  
muons	
  ….	
  -­‐>	
  invisible	
  energy	
  

( ) 6.4)(lnn 0 −≈ GeVEπ

	
  for	
  100	
  GeV	
  pp	
  collision:	
  	
  	
  	
  	
  	
  n(π0)	
  ~	
  4.6	
  

Various processes involved. Much more complex than electromagnetic cascades.  

hadronic 
electromagnetic 

number of neutral pions 
 
n(π0) ≈ ln E(GeV) 



Hadronic shower: Longitudinal 
development 

•  h 
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Shower development 

Longitudinal shower shape 

bEacmt
GeVEt I

+≈
+≈

ln)(
7.0][ln2.0)(

%95

max λ

Lateral	
  shower	
  shape	
  
The	
  shower	
  consists	
  of	
  core	
  +	
  halo.	
  	
  	
  95%	
  containment	
  in	
  a	
  cylinder	
  of	
  radius lI. 
Hadronic	
  showers	
  are	
  much	
  longer	
  and	
  broader	
  than	
  electromagne3c	
  ones	
  	
  

For Iron: a = 9.4, b=39     la	
  =16.7	
  cm 
E =100 GeV         t95% ~  80 cm 



Energy	
  resolution	
  of	
  hadronic	
  showers	
  

•  Fluctuations in visible energy (ultimate limit 
of hadronic energy resolution) 
–   fluctuations of nuclear binding energy 

loss in high-Z materials ~15% 
•  Fluctuations in the EM shower fraction, fem 

–   Dominating effect in most hadron 
calorimeters (e/h >1) 

–   Fluctuations are asymmetric in pion 
showers 

–   Differences between p, π induced 
showers (No leading π0  in proton 
showers ) 

•  Sampling fluctuations only minor 
contribution to hadronic resolution in non- 
compensating calorimeter 

3 

0 



Resolution	
  in	
  EM	
  sampling	
  calorimeters	
  
•  Main contribution: sampling fluctuations, from variations in the number of 

charged particles crossing the active layers. 
•  Increases linearly with incident energy and with the finess of the sampling. 
•  Thus: 

nch  ∝ E / t  where (t is the thickness of each absorber layer) 
•  For statistically independent sampling the sampling contribution to the 

stochastic term is: 

•  Thus the resolution improves as t is decreased. 
•  For EM calorimeters the 100 samplings required to approach the resolution of 

homogeneous devices is not feasible 
•  Typically 

σ samp

E
= 1

nch
∝ t

E

σ samp

E
= 10%

E



         Energy resolution of hadron showers 
 
 Hadronic energy resolution of non-compensating calorimeters does 
not scale with 1/√E but as 

� 

σE

E
=

a
E

⊕b E
E0

⎛ 

⎝ 
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a
E
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EM	
  fraction	
  in	
  hadronic	
  calorimeters	
  
Charge conversion of π+/- produces electromagnetic 
component of hadronic shower (π0)   
 
•  e = response to the EM shower component 
•  h = response to the non-EM component 

4 

7 

π+n->π0p	
  



Compensation	
  
•  Non-linearity determined by e/h value of 

the calorimeter 
•  Measurement of non-linearity is one of 

the methods to determine e/h 
•  Assuming linearity for EM showers, 

e(E1)=e(E2): 

•  Response of calorimeters is usually 
higher for electromagnetic (e ) than 
hadronic (h) energy deposits→ e/h>1 



	
  Energy	
  resolu9on	
  
The	
  energy	
  resolu9on	
  can	
  distorts	
  the	
  spectrum	
  

Again	
  :	
  Critical	
  because	
  of	
  very	
  steeply	
  falling	
  spectrum!	
  

eg. Gaussian resolution function 

“true” spectrum 

measured spectrum 

so beware: 
A bad energy resolution can distort the true 
spectrum 

◉ have to determine the energy resolution 

◉ have to “unfold” the measured spectrum 





In	
  ATLAS	
  we	
  reconstruct	
  the	
  data	
  ~36hours	
  after	
  it	
  is	
  recorded.	
  
This	
  time	
  is	
  used	
  to	
  derive	
  updated	
  calibrations	
  from	
  the	
  data,	
  that	
  are	
  needed	
  in	
  the	
  
reconstruc9on.	
  

Once	
  a	
  year	
  we	
  reprocess	
  all	
  the	
  data	
  with	
  updated	
  software	
  and	
  calibrations.	
  

Prompt	
  reconstruc9on	
  


