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• General purpose collider detectors are an assembly of sub-systems providing complementary 
measurements of the components of the momentum four-vector of particles produced in collisions.

General purpose particle detectors : ATLAS and CMS
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• Inner trackers make 
multiple non-destructive 
measurements of 
charged particles 
determine momentum.  

• Outer calorimeters 
cause most particles to 
destructively deposit 
their energy to 
determine energy. 
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• Introduction
• Fundamental interactions : radiation, ionization, pair production, nuclear interactions
• Electromagnetic showers
• Hadronic showers
• Measuring the energy of showers
• Detector resolution
• Components of scintillator / light systems
• Next lecture 

Outline
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• Information from all sub-systems used simultaneously to reconstruct electrons, photons, 
muons, charged hadrons, and neutral hadrons with optimal resolution.

Particle flow reconstruction
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• Calorimeters are essential for photons, neutral hadrons, and electrons
• Also important for charged hadron reco and muon ID.

These objects are stored in the CMS Physics Analysis Tools format that includes detailed
information. Second, Mini-AOD contains all particle candidates in a packed format that contains
only basic kinematic information. The candidates are produced by the CMS Particle Flow (PF)
reconstruction algorithm [2, 3] (Fig. 3), and their presence allows analysts to re-reconstruct
physics objects with new techniques directly from Mini-AOD. Third, trigger information is also
stored. Triggers are used to decide which collisions events are recorded. The trigger data identify
which triggers were tripped and enables calculation of trigger e�ciencies. Fourth, information
about simulated particles is included. Final state particles are stored, as well as generated jets
and reference information. Fifth, some miscellaneous information like the interaction vertices
and Emiss

T filters is also included.

Particle Flow Algorithm

Particle Flow
CandidatesElectron, muon, tau, 

jet, & photon candidates

Figure 3. CMS Particle Flow (PF) algorithm [2, 3]. The top half of the diagram shows
how collisions lead to particle decays and final state particles, which leave tracks and deposits
in the CMS detector. The bottom half shows that PF candidates are derived from detector
information and then become input for the PF algorithm that uses them to construct high-level
physics objects like leptons and jets, which then are used by analysts to reconstruct the collision
event.

5. Physics Objects in Mini-AOD
Mini-AOD contains leptons, photons, jets, and Emiss

T objects. High-quality electrons are saved
with detailed information if their transverse momentum (pT) is greater than 5 giga-electronvolts
(GeV), or, if not, with only their detector clusters. Full muon information is saved for muon
candidates that meet basic quality requirements. Likewise, high-quality tau candidates with
pT > 18 GeV are saved. Similar to electrons, photon candidates that pass quality requirements
are stored in detail, while lower quality photons are stored with only basic detector cluster
information.

Two collections of jets are saved: one for general use, and one intended for substructure
studies. The general-use jets must have pT > 10 GeV and include b-quark jet discriminators
and secondary decay vertex information. Jets in the second collection must have pT > 100 GeV
and include jet substructure information.
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• Charged particles : Trackers provide primary measurement at low energies, but calorimeter 
resolution improves with energy (and tracking resolution degrades with energy) 

• Neutral particles : Only detector that measures neutral energy
• Invisible particles (neutrinos, new particles) :  Calorimeters are critical for hermetic detectors 

that can infer presence of undetected particles through transverse momentum imbalance

What do we to measure with Calorimeters?

7/24/245

Other Calorimeter benefits 
• Fast trigger
• Precise timing measurements

Challenges 
• Energy calibration less 

straightforward than tracking
• Must be large (costly) for full particle 

shower containment.
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LHC calorimeter success : 
0.1% precision on Higgs mass

7/24/246

The CMS Collaboration / Physics Letters B 805 (2020) 135425 7

Fig. 5. Data and signal-plus-background model fit for all categories summed (left) and where the categories are summed weighted by their corresponding sensitivities, given 
by S/(S+B) (right). The one (green) and two (yellow) standard deviation bands include the uncertainties in the background component of the fit. The lower panel in each plot 
shows the residuals after the background subtraction.

Fig. 6. The expected number of signal events per category and the percentage breakdown per production mode. The σeff value (half the width of the narrowest interval 
containing 68.3% of the invariant mass distribution) is also shown as an estimate of the mγ γ resolution in that category and compared directly to the σHM. The ratio of the 
number of signal events (S) to the number of signal plus background events (S+B) is shown on the right-hand panel.

10. Summary

In this Letter we describe a measurement of the Higgs boson 
mass in the diphoton decay channel with 35.9 fb−1 of data col-
lected in 2016 at 

√
s = 13 TeV at the LHC. New analysis techniques 

have been introduced to improve the precision of the measure-
ment and we have used a refined detector calibration. The tech-
nique that is new with respect to the previous analysis in the 
diphoton decay channel [9] is the introduction of residual energy 
corrections in much finer bins of η, pT and the shower shape 
variable R9 of the electrons from Z → ee decays, in which the 
electron showers are reconstructed as photons. We have also em-
ployed a new method to estimate the systematic uncertainty due 
to changes in the transparency of the crystals in the electromag-
netic calorimeter with radiation damage. The measured value of 

the Higgs boson mass in the diphoton decay channel is found 
to be mH = 125.78 ± 0.26 GeV. This measurement has been com-
bined with a recent measurement by CMS of the same quan-
tity in the H → ZZ → 4ℓ decay channel [5] to obtain a value of 
mH = 125.46 ± 0.16 GeV. Furthermore, when the Run 2 result with 
the 2016 data set is combined with the same measurement per-
formed in Run 1 at 7 and 8 TeV the value of the Higgs boson mass 
is found to be mH = 125.38 ± 0.14 GeV. This is currently the most 
precise measurement of the mass of the Higgs boson.
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• Tracking systems : low mass to minimally perturb particle trajectories
• Calorimeter systems : maximum density to destructively convert the energy of incident 

particle into many lower energy particles (particle shower) and count / measure the 
secondary particles to determine the original particle energy.

Key questions for understanding calorimetry

7/24/247

The Physics of Hadron Shower Development

60 THE PHYSICS OF SHOWER DEVELOPMENT

will see, in hadronic showers a certain fraction of the dissipated energy is fundamentally
undetectable.

When discussing em showers (Section 2.1), we saw an important difference between
the absorption of photons and electrons. Electrons lose their energy in a continuous
stream of events, in which atoms of the traversed medium are ionized and bremsstrah-
lung photons are emitted. On the other hand, photons may penetrate a considerable
amount of matter without losing any energy, and then interact in a manner that may
change their identity (i.e., the photon may turn into a e

+
e
� pair).

FIG. 2.22. Schematic depiction of a hadron shower. The energy carried by the hadron is typi-
cally deposited in the form of an electromagnetic and a non-electromagnetic component. The
em component is the result of ⇡

0s and ⌘s produced in the nuclear reactions. The non-em
component consists of charged hadrons, and nuclear fragments. Some fraction of the energy
transferred to this component (the “invisible” energy needed to break apart nuclei excited in
this process) does not contribute to the calorimeter signals.

When a high-energy hadron penetrates a block of matter, some combination of these
phenomena may occur (Figure 2.22). When the hadron is charged, it will ionize the
atoms of the traversed medium, in a continuous stream of events, in much the same way
as a muon of the same energy would do (Section 2.2). However, in general, at some
depth, the hadron encounters an atomic nucleus with which it interacts strongly. In this
nuclear reaction, the hadron may change its identity dramatically. It may, for example,
turn into fifteen new hadrons. Also the struck nucleus changes usually quite a bit in such
a reaction. It may, for example, lose ten neutrons and three protons in the process and
end up in a highly excited state, from which it decays by emitting several �-rays.

Neutral hadrons do not ionize the traversed medium. For these particles, nuclear
reactions are the only option for losing energy. This is in particular true for neutrons,
which are abundantly produced in hadronic shower development. As a result, neutrons
deposit their kinetic energy in ways very different from those for the charged shower
particles, with potentially very important implications for calorimetry.

The particles produced in the first nuclear reaction (mesons, nucleons, �s) may in
turn lose their energy by ionizing the medium and/or induce new (nuclear) reactions,
thus causing a shower to develop. Conceptually, this shower is very similar to the em
ones discussed in Section 2.1. Initially, the number of shower particles increases as

Large, non-Gaussian fluctuations of EM component Large, non-Gaussian fluctuations of invisible energy losses

Responsible for the Fluctuations of Hadron Showers
!2

dense 
material

Key questions:
• What type is incident particle?
• What interactions at each vertex of shower?
• What types of secondaries are produced?
• What signals do secondaries produce?
• How much signal do secondaries produce per GeV?
• How to measure signals of secondaries? Wigmans
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Considering key questions

7/24/248

Calo 
Type

Target 
Primaries

Interactions Secondaries Signals Measurement 
Strategy

Typical active 
material

EM e±, γ EM e±, γ 

• Cerenkov 
radiation 

• ionization, 
• scintillation

• total absorption 
• sampling

• liquid argon 
• scintillating crystal 
• Cerenkov glass 
• silicon

Hadron Hadrons EM + strong • π0 → γγ 
• π±, K± 

• neutrons, soft γ 
• nuclear 

fragments, 
protons 

• binding energy 

• sampling • plastic scintillator  
• silicon

• Key questions generally motivate development of two complementary 
types of calorimeters: 
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Fundamental interactions
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Charged particle interactions with matter

7/24/2410

4 34. Passage of Particles Through Matter
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Figure 34.1: Mass stopping power (dE/dx) for positive muons in copper as a function of —“ =
p/Mc over nine orders of magnitude in momentum (12 orders of magnitude in kinetic energy).
Solid curves indicate the total stopping power. Data below the break at —“ ¥ 0.1 are taken from
ICRU 49 [6] assuming only — dependence, and data at higher energies are from [7]. Vertical bands
indicate boundaries between di�erent approximations discussed in the text. The short dotted lines
labeled “µ≠ ” illustrate the “Barkas e�ect,” the dependence of stopping power on projectile charge
at very low energies [8]. dE/dx in the radiative region is not simply a function of —.

34.2.3 Stopping power at intermediate energies

The mean rate of energy loss by moderately relativistic charged heavy particles is well described
by the “Bethe equation” [2, 4, 5, 9],

=
≠dE

dx

>
= Kz2 Z

A

1
—2

C
1
2 ln 2mec2—2“2Wmax

I2 ≠ —2 ≠ ”(—“)
2

D

. (34.5)

Eq. (34.5) is valid in the region 0.1 . —“ . 1000 with an accuracy of a few percent. At —“ ≥ 0.1
the projectile speed is comparable to atomic electron “speed,” and at —“ ≥ 1000 radiative e�ects
begin to be important (Sec. 34.6). Both limits are Z dependent. A minor dependence on M at
high energies is introduced through Wmax, but for all practical purposes the stopping power in a
given material is a function of — alone. Small corrections are discussed in Sec. 34.2.6.1,2

This is the mass stopping power ; with the symbol definitions and values given in Table 34.1,
the units are MeV g≠1cm2. As can be seen from Fig. 34.2, dE/dx defined in this way is about
the same for most materials, decreasing slowly with Z. The linear stopping power, in MeV/cm, is
fl dE/dx, where fl is the density in g/cm3.

1For incident spin 1/2 particles, (Wmax/E)2/4 is included in the square brackets. Although this correction is
within the uncertainties in the total stopping power, its inclusion avoids a systematic bias.

2In this section, “dE/dx” will be understood to mean the mass stopping power “È≠dE/dxÍ.”

31st May, 2024

Radiation / Bremsstrahlung: 
• dominates at high momentum
• initiates particle showers

Ionization : 
• dominates at low momentum
• Gives rise to scintillation in 

appropriate materials

• NB y-axis units: energy loss 
scales with density

Radiation / Cherenkov: 
• Smaller energy loss than ionization, 

but useful for detection

PDG
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Charged particle interactions with matter

7/24/2411

PDG

19 34. Passage of Particles Through Matter

Table 34.2: Tsai’s Lrad and LÕ
rad, for use in calculating the radiation

length in an element using Eq. (34.25).

Element Z Lrad LÕ
rad

H 1 5.31 6.144
He 2 4.79 5.621
Li 3 4.74 5.805
Be 4 4.71 5.924

Others > 4 ln(184.15 Z≠1/3) ln(1194 Z≠2/3)

Figure 34.11: 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).

34.4.3 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 [42]

d‡/dk = (1/k)4–r2
e

)
(4

3 ≠ 4
3y + y2)[Z2(Lrad ≠ f(Z)) + Z LÕ

rad] + 1
9(1 ≠ y)(Z2 + Z)

*
, (34.28)

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

31st May, 2024

e±  → Pb

Radiation / Bremsstrahlung: 
• dominates at high momentum
• initiates particle showers

Ionization : 
• dominates at low momentum
• Gives rise to scintillation in 

appropriate materials

Radiation / Cherenkov: 
• Smaller energy loss than ionization, 

but useful for detection

Radiation dominates for 
e±  with E > 10 MeV
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23 34. Passage of Particles Through Matter
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Figure 34.15: Photon total cross sections as a function of energy in carbon and lead, showing the
contributions of di�erent processes [50]:

‡p.e. = Atomic photoelectric e�ect (electron ejection, photon absorption)
‡Rayleigh = Rayleigh (coherent) scattering–atom neither ionized nor excited
‡Compton = Incoherent scattering (Compton scattering o� an electron)

Ÿnuc = Pair production, nuclear field
Ÿe = Pair production, electron field

‡g.d.r. = Photonuclear interactions, most notably the Giant Dipole Resonance [51]. In these
interactions, the target nucleus is usually broken up.

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

electron and the photon “split apart.” The interference is usually destructive. Calculations of the

31st May, 2024
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Ÿnuc = Pair production, nuclear field
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‡g.d.r. = Photonuclear interactions, most notably the Giant Dipole Resonance [51]. In these
interactions, the target nucleus is usually broken up.

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

electron and the photon “split apart.” The interference is usually destructive. Calculations of the

31st May, 2024

Photon interactions with matter

Pair production
• dominates at LHC energies
• initiates photon showers

Compton scattering & photoelectric effect 
• dominates below ~1 MeV

PDG
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Electromagnetic showers
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“Simple” case : electromagnetic shower 

7/24/2414 August 11, 2014 HCPSS14: Calorimetry 1 (Mans)HCPSS14: Calorimetry 1 (Mans) 9

Mean Free Path
● What is the mean free path for an electron?

 

● Photon radiation length:

MFP=X 0=
1

nσ

X0=
1

4 nα re

2
Z

2
ln

183
3√Z

X0

γ=
9

7
X 0

Electron 
Shower 
in a thin
absorber

• At LHC energies, primary electrons / photons interact 
with matter dominantly through bremsstrahlung / pair 
production
• Alternating sequence → EM shower

• Shower development characterization:
• Longitudinal : cross section → radiation length (X0) 
• Transverse : electron multiple scattering → Moliere 

radius (RM)

• EM showers are compact and relatively uniform
• Reconstruction of shower shape used to distinguish 

e+ from overlapping π0→γγ

August 11, 2014 HCPSS14: Calorimetry 1 (Mans)HCPSS14: Calorimetry 1 (Mans) 11

Electromagnetic Shower Development

● In the first radiation lengths of a shower, radiative processes 
dominate, resulting in a large multiplication of photons, 
electrons, and positrons

● As the average particle energy drops, Compton scattering, 
photoelectric, and ionization processes dominate

● In the final count of particles, there 100x as many liberated atomic 
electrons as positrons

● Finally, particle energies fall to the point where they are absorbed in 
atomic systems and the density of particles starts to fall

August 11, 2014 HCPSS14: Calorimetry 1 (Mans)HCPSS14: Calorimetry 1 (Mans) 11

Electromagnetic Shower Development

● In the first radiation lengths of a shower, radiative processes 
dominate, resulting in a large multiplication of photons, 
electrons, and positrons

● As the average particle energy drops, Compton scattering, 
photoelectric, and ionization processes dominate

● In the final count of particles, there 100x as many liberated atomic 
electrons as positrons

● Finally, particle energies fall to the point where they are absorbed in 
atomic systems and the density of particles starts to fall



James Hirschauer | Calo Lecture 1

Radiative interactions

7/24/2415

• Electron interacting with material sees distribution of 
high charge, high mass nuclei screened by diffuse 
cloud of electrons.

• Cross section to radiate determined by 
• classical electron radius
• α x (photon propagator integral over the region of 

unscreened nuclear charge)

• Cross section scaling:
• With square of nuclear charge (Z2)
• Dominated by low momentum exchange (1/q2)

August 11, 2014 HCPSS14: Calorimetry 1 (Mans)HCPSS14: Calorimetry 1 (Mans) 8

Radiative Interactions
● Cross-section is set by classical electron radius 

and a photon propagator integral over the 
unscreened nuclear charge

● Electromagnetic radiative interactions will 
occur dominantly at low momentum (photon 
propagator 1/q2) and in regions with 
coherent non-zero net charge (near the 
nucleus)

σradiative≈π re

2[( απ )Z
2∫

1/ratom

2

1/rnucleus

2

dq
2

q
2 ]

σradiative≈4 α re

2
Z

2
ln(ratom

rnucleus
)

σradiative≈4 α re

2
Z

2
ln(183

3√Z )
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Ionization

7/24/2416

• When not radiating, charged particles 
deposit energy via ionization.

• This energy gives rise to measurable 
signals in active material of 
calorimeter by
• Producing charge
• Producing scintillation light

• Radiation drives shower development 
and ionization provides signal.
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Figure 34.1: Mass stopping power (dE/dx) for positive muons in copper as a function of —“ =
p/Mc over nine orders of magnitude in momentum (12 orders of magnitude in kinetic energy).
Solid curves indicate the total stopping power. Data below the break at —“ ¥ 0.1 are taken from
ICRU 49 [6] assuming only — dependence, and data at higher energies are from [7]. Vertical bands
indicate boundaries between di�erent approximations discussed in the text. The short dotted lines
labeled “µ≠ ” illustrate the “Barkas e�ect,” the dependence of stopping power on projectile charge
at very low energies [8]. dE/dx in the radiative region is not simply a function of —.

34.2.3 Stopping power at intermediate energies

The mean rate of energy loss by moderately relativistic charged heavy particles is well described
by the “Bethe equation” [2, 4, 5, 9],

=
≠dE

dx

>
= Kz2 Z

A

1
—2

C
1
2 ln 2mec2—2“2Wmax

I2 ≠ —2 ≠ ”(—“)
2

D

. (34.5)

Eq. (34.5) is valid in the region 0.1 . —“ . 1000 with an accuracy of a few percent. At —“ ≥ 0.1
the projectile speed is comparable to atomic electron “speed,” and at —“ ≥ 1000 radiative e�ects
begin to be important (Sec. 34.6). Both limits are Z dependent. A minor dependence on M at
high energies is introduced through Wmax, but for all practical purposes the stopping power in a
given material is a function of — alone. Small corrections are discussed in Sec. 34.2.6.1,2

This is the mass stopping power ; with the symbol definitions and values given in Table 34.1,
the units are MeV g≠1cm2. As can be seen from Fig. 34.2, dE/dx defined in this way is about
the same for most materials, decreasing slowly with Z. The linear stopping power, in MeV/cm, is
fl dE/dx, where fl is the density in g/cm3.

1For incident spin 1/2 particles, (Wmax/E)2/4 is included in the square brackets. Although this correction is
within the uncertainties in the total stopping power, its inclusion avoids a systematic bias.

2In this section, “dE/dx” will be understood to mean the mass stopping power “È≠dE/dxÍ.”

31st May, 2024

PDG
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Longitudinal shower development : Mean Free Path

7/24/2417

• How far does an electron travel before radiating?   
• Electron mean free path (λ) can be written in terms of number of atoms per unit volume (n) 

and cross section for radiation (σ)

• With nuclear charge (Z), molar mass (A), classical electron radius (re=2.8x1013 cm), fine 
structure constant (α=1/137), and Avogadro’s number (NA=6x1023/mol):

<latexit sha1_base64="zY2ejZTKItdmfG5Z3oPKlxG2xas="></latexit>

� = (n�)�1 = (
NA⇢

A
�)�1 =

A

4↵r2e NA⇢ Z2 ln[183 Z�1/3]



James Hirschauer | Calo Lecture 1

Longitudinal shower development : Radiation length

7/24/2418

• Radiation length (X0) is mean distance over which electron loses 1/e of energy to radiation
• Commonly parameterized for different materials (A, Z) in units of g cm-2 (divide by density to 

obtain length in cm) as :

• Proportional to 1/Z2  just like 
mean free path.

• Mean free path for pair 
production by high energy 
photon λ(γ→e+e-) ~ 9/7 X0 8 GeV e- on CsI

B = 15 kGauss
32 x 5.5 x 5.5 cm3

https://www.mpp.mpg.de/~menke/elss/pic2.shtml

<latexit sha1_base64="6V4b55xwZX2sZI5peB7iJvnlg2Q="></latexit>
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[g cm�2]
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Longitudinal shower development : Shower max

7/24/2419

• Shower max = transverse plane with the largest number of particles flowing through it

Longitudinal Shower development (I)

Calorimetry at Colliders, Part 1, HCPSS2012   J. Proudfoot

11

high energy electrons and photons interact primarily through electromagnetic 
interactions with the nucleus => the longitudinal development of the shower is 
dominated by bremsstrahlung and pair production to generate a cascade of particles:  
this scales with radiation length X0 ~180 A / Z2 g/cm2

The radiation length X0 is the mean distance over which electron loses all but 1/e of
its energy by bremsstrahlung

An EGS4 simulation of a 30 GeV electron‐
induced cascade in iron. The circles 
indicate electrons with energy > 1.5MeV

Eventually the electron energy falls below the 
so‐called critical energy at which the 
ionization loss per radiation length is equal to 
the electron energy and the electron then 
dissipates its energy by ionization

Ei  is energy of incident particle
EC  is energy at which brem and ionization rates are equal 

[7 MeV for Pb, 22 MeV for Fe]

Average secondary particle energy : EC

Number of secondary particles : Nmax = Ei / EC

Depth of shower max : Lmax ~ ln (Ei / EC) X0

Implications
• “MIP counting” : energy of incident particle can be estimated from Nmax

• In sampling calorimeter, Lmax is critical to instrument most finely
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Longitudinal development

7/24/2420

• On average, 20-30% of energy 
deposited in few cm around 
shower max.

• Shower dissipates as the 
average secondary particle 
energy decreases

• Pair production → Compton 
/ photoelectric processes 

• Radiation → ionization

• EM calorimeters have typical 
depth of ~25 X0

August 11, 2014 HCPSS14: Calorimetry 1 (Mans)HCPSS14: Calorimetry 1 (Mans) 13

Shower Profile (Cu)

R. Wigmans

EM shower profile 
in Cu max
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Transverse shower development : Moliere radius 

7/24/2421

• Moliere radius (RM) is radius of cylinder containing 
90% of EM shower in a material.  
• Proportional to 1/Z (since X0∝Z-2 and EC ∝Z-1)

• Calorimeter transverse segmentation should be 
finer than but on same order as RM

• With signal sharing between calo cells, shower 
position can be determined to within small 
fraction of cell size  

• Transverse shower shapes are critical for 
identifying merged neutral pions π0→γγ

<latexit sha1_base64="oJgdv7l0ma+mH8sYJgra0ekqjKE="></latexit>

RM = [21 MeV]
X0

EC

Material RM [cm]
Tungsten 0.9
Copper 1.6
LYSO 2.1
PbWO4 2.2
Liquid Argon 9
Earth atmosphere (sea level) 79
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Even EM showers are not so simple …

7/24/2422

• Early part of shower dominated 
by ionization from MIPs

• Late part of shower dominated 
by soft photons

• In principle, this simple fact 
complicates 

• use of depth segmentation
• understanding longitudinal 

effects like radiation 
damage

Wigmans
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Aside : What about muon showers?

7/24/2423

4 34. Passage of Particles Through Matter

Muon momentum
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Figure 34.1: Mass stopping power (dE/dx) for positive muons in copper as a function of —“ =
p/Mc over nine orders of magnitude in momentum (12 orders of magnitude in kinetic energy).
Solid curves indicate the total stopping power. Data below the break at —“ ¥ 0.1 are taken from
ICRU 49 [6] assuming only — dependence, and data at higher energies are from [7]. Vertical bands
indicate boundaries between di�erent approximations discussed in the text. The short dotted lines
labeled “µ≠ ” illustrate the “Barkas e�ect,” the dependence of stopping power on projectile charge
at very low energies [8]. dE/dx in the radiative region is not simply a function of —.

34.2.3 Stopping power at intermediate energies

The mean rate of energy loss by moderately relativistic charged heavy particles is well described
by the “Bethe equation” [2, 4, 5, 9],

=
≠dE

dx

>
= Kz2 Z

A

1
—2

C
1
2 ln 2mec2—2“2Wmax

I2 ≠ —2 ≠ ”(—“)
2

D

. (34.5)

Eq. (34.5) is valid in the region 0.1 . —“ . 1000 with an accuracy of a few percent. At —“ ≥ 0.1
the projectile speed is comparable to atomic electron “speed,” and at —“ ≥ 1000 radiative e�ects
begin to be important (Sec. 34.6). Both limits are Z dependent. A minor dependence on M at
high energies is introduced through Wmax, but for all practical purposes the stopping power in a
given material is a function of — alone. Small corrections are discussed in Sec. 34.2.6.1,2

This is the mass stopping power ; with the symbol definitions and values given in Table 34.1,
the units are MeV g≠1cm2. As can be seen from Fig. 34.2, dE/dx defined in this way is about
the same for most materials, decreasing slowly with Z. The linear stopping power, in MeV/cm, is
fl dE/dx, where fl is the density in g/cm3.

1For incident spin 1/2 particles, (Wmax/E)2/4 is included in the square brackets. Although this correction is
within the uncertainties in the total stopping power, its inclusion avoids a systematic bias.

2In this section, “dE/dx” will be understood to mean the mass stopping power “È≠dE/dxÍ.”

31st May, 2024

• Probability for an EM particle to radiate 
a photon (initiating an EM shower) goes 
as 1/m^2.

<latexit sha1_base64="TDHCJ4RjTo3DeH9i8fRkje4ttmo="></latexit>
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• Muons will radiate and shower at 
high enough energies, but not typical 
collider energies of 1-100 GeV.

• Muons are minimum ionizing in collider 
experiments and identified by their 
ability to fully penetrate the 
calorimeters.

PDG
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Hadronic showers

7/24/2424
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Hadronic shower

7/24/2425

• Radiative processes for charged hadrons 
(π±, K±) experience same mass suppression 
as muons → strong interactions dominate
• σ(πp) = 26 mb; σ(pp) = 40 mb; constant 

with q2

• Hadron showers consist of two components
• EM component :  π0 → γγ
• Hadron (non-EM) components :  

• Charged hadrons π±, K± 
• Nuclear fragments, protons
• Neutrons, soft γ 
• Nuclear binding energy (invisible)

Wigmans

• Hadron showers much less regular than EM 
showers
• Lower cross sections for nuclear interaction
• Fluctuations of EM vs. non-EM components
• Fluctuations of invisible components
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Hadronic shower fluctuations : longitudinal shapes from CMS beam test

7/24/2426
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Hadron-Shower Fluctuations

270 GeV pions
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Hadronic shower : longitudinal development

7/24/2427

• Longitudinal development characterized by nuclear interaction length (λ) 
~ mean free path for nuclear interaction

• 95% longitudinal containment for thickness of 
• L95% = 1 + 1.35 ln (E [GeV]) [λint]
• L95% ~ 10 λint  for E ~ 1 TeV

• Since (λint∝A) and (X0∝AZ-2) ➔ λint >> X0 for high Z material

• λint(Fe) = 10 ⨉  X0 (Fe)

<latexit sha1_base64="IrtX9Ab/mdqmNP/SDzatXnWy4sU="></latexit>

�int =
A[g mol�1]

NA[mol�1] �(pp)[cm2]
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Hadron shower : transverse development

7/24/2429
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Transverse Shower Development

237U is created by 
high-energy photon 
interactions (π0 in 
core of shower)

Mo is created by 
fission events 

initiated by MeV 
neutrons

239Np is created by 
capture of thermal 

neutrons
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Pion Cascade

7/24/2430

Gen N(π±) N(π0) E(π0) 
[GeV]

ΣE(π0) 
[GeV]

ΣE(π0) / 
total

0 1 0 0 0 0

1 2 1 80 80 33%

2 4 2 53 133 55%

3 8 4 36 169 70%

4 16 8 24 193 80%λint λint λint

0 1 2 3 4

240 
GeV

80 
GeV

27 
GeV

9 
GeV

• Shower is series of hadronic interactions π+N ➔ a π0 + b π+ + c π- + X 
• On average each interaction produces 1 π0 and 2 π±

• π0 deposit energy immediately by decaying π0➔γγ and creating EM showers
• π± transport shower deeper into detector depositing ionization energy
• X = nuclear fragments, neutrons, binding energy loss

π0

π0

π0π±

π±

π±

π±

π±

π±
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Pion Cascade (2)

7/24/2431

Gen N(π±) N(π0) E(π0) 
[GeV]

ΣE(π0) 
[GeV]

ΣE(π0) / 
total

0 1 0 0 0 0

1 2 1 80 80 33%

2 4 2 53 133 55%

3 8 4 36 169 70%

4 16 8 24 193 80%λint λint λint

0 1 2 3 4

240 
GeV

80 
GeV

27 
GeV

9 
GeV

• Shower cuts off when particle energies < threshold to produce pions (few x Mπ)
• EM fraction (fraction of energy deposited by π0) increases with each generation of cascade
• Higher energy incident particles have more generations and larger EM fraction

• Toy model : start with 240 GeV π+ and assume energy splits into 3 at each shower generation: 

π0

π0

π0π±

π±

π±

π±

π±

π±

π+
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EM fraction (fEM) depends on initial particle energy

7/24/2432

• Parameterization is not simple 1/3 
per generation because of energy 
loss and other processes.

August 11, 2014 HCPSS14: Calorimetry 1 (Mans)HCPSS14: Calorimetry 1 (Mans) 18

f
EM

● In the simplest model, 2/3 of the 
energy goes into electromagnetic 
energy at each stage

● The electromagnetic energy 
fraction increases as the initial 
energy increases

● Since other processes are 
present, a more-complex model 
fits better:

● And there are fluctuations!

f em=1−(2

3 )
E/ E0

f em=1−( E

E0
)

k−1

• There are large fluctuations around 
the average behavior!

WigmansWigmans
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EM and non-EM responses are different

7/24/2433

• Calorimeter response = the 
amount of signal (light, charge) 
produced for a given initial energy 

• Calorimeter response to the EM 
and non-EM components is very 
different!
• e/h = EM/(non-EM) response
• Generally e/h > 1

Wigmans
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Total response depends on initial particle energy

7/24/2434

[e/h > 1]  &  fEM energy 
dependence 

➔ 

Calorimeter response 
depends on initial energy 

• Calorimeters must be calibrated separately for wide 
range of energies and for a variety of particle species.

• So far considering single particle response — we also 
care about response to hadronic jets!

• Calorimeter systems are made from separate EM and 
hadronic calorimeters with different e/h!!
• CMS ECAL e/h = 2.4
• CMS HCAL e/h = 1.3

CMS Note 2007/012
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Where does the energy go?

7/24/2435

For the hadronic part of the shower
• 𝐎(60%) : ionizing particles (visible)

• 𝐎(10%) : below-threshold neutrons (somewhat 
visible, usually delayed)

• 𝐎(30%) : nuclear binding energy and recoil (invisible)

Calorimetry at Colliders, Part 1, HCPSS2012   J. Proudfoot

29

[GABRIEL]

CALOR Monte Carlo Code 
circa 1990-based on codes 

used for shielding 
calculations

Ionization energy deposition for hadrons in Fe

The key factor:
Binding energy losses are at the 
level of 25% and are “invisible”

CALOR MC

Fluctuations about these 
averages are large!
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Measuring the energy of the showers

7/24/2436
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Measurement basics

7/24/2437

• Goal is to use fundamental interactions to convert energy of original particle into 
measurable signal that is proportional to the original energy.
• Already discussed : simple proportionality is not practically possible ➔  detailed 

calibration is required as function of energy.

• Even assuming calibration for the average response is perfect, fluctuations 
inherent to the measurement limit the precision / resolution.

• Key questions impacting detector design:
• How will we calibrate?
• How can we minimize the factors that limit the resolution? 
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What are the “measurable signals” and “active materials”?

7/24/2438

Calorimeters use “active material” to produce light or charge
• Ionization in scintillator ➔ light ➔ photosensor ➔ charge
• Ionization in noble liquid or silicon sensor ➔ charge
• Cerenkov radiation ➔  light ➔ photosensor ➔ charge

Charge-based active material
• Silicon : CMS HGCAL , CALICE
• Liquid Argon : ATLAS EM calorimeter

Light-based active material
• Inorganic scintillating crystal : CMS ECAL [PbWO4], Babar [CsI(Tl)]
• Plastic scintillator : CMS HCAL + ATLAS Tile Cal [polystyrene]
• Cerenkov : CMS HF Forward Calorimeter [Quartz]

March 22, 2007 Colin Jessop - CMS101

Crystal Density: Radiation LengthCrystal Density: Radiation Length

1.5 X0 Samples:

Hygroscopic Halides

Non-hygroscopic  

Full Size Crystals:

BaBar CsI(Tl): 16 X0 

L3 BGO: 22 X0

CMS PWO(Y): 25 X0 

BaBar CsI(Tl)

L3 BGO

CMS PWO

PWO     LSO      LYSO      BGO          CeF3               BaF2

CsI           CsI(Na)      CsI(Tl)            NaI(Tl)

~30 cm

16 X0

22 X0

25 X0

CMS HCAL
Plastic tile 
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Crystals used in HEP Calorimeters

7/24/2439

16 X0

22 X0
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�int � X0

Crystals Used in HEP Calorimeters  
Crystal NaI:Tl CsI:Tl CsI BaF2 BGO LYSO:Ce PWO PbF2

Density (g/cm3) 3.67 4.51 4.51 4.89 7.13 7.40 8.3 7.77

Melting Point  (ºC) 651 621 621 1280 1050 2050 1123 824

Radiation Length (cm) 2.59 1.86 1.86 2.03 1.12 1.14 0.89 0.93

Molière Radius (cm) 4.13 3.57 3.57 3.10 2.23 2.07 2.00 2.21

Interaction Length (cm) 42.9 39.3 39.3 30.7 22.8 20.9 20.7 21.0

Refractive Indexa 1.85 1.79 1.95 1.50 2.15 1.82 2.20 1.82

Hygroscopicity Yes Slight Slight No No No No No

Luminescenceb (nm) (at peak) 410 550 420
310

300
220

480 402 425
420

-

Decay Timeb (ns) 245 1220 30
6

650
0.9

300 40 30
10

-

Light Yieldb,c (photons/MeV) 38,000 63,000 1,400
420

13,680
1,560

8,000 32,000 114
40

-

d(LY)/dTb (%/ ºC) -0.2 0.4 -1.4 -1.9
0.1

-0.9 -0.2 -2.5 -

Experiment Crystal Ball BaBar 
BELLE
BES III

KTeV
Mu2e

TAPS
Mu2e-II

L3
BELLE

COMET
CMS BTL
 PIONEER

CMS
ALICE
PANDA

ePIC

A4
G-2

a. at emission peak;  b. up/low row: slow/fast component;  c. with QE of readout device taken out.
6/11/2024 3Presented by Ren-Yuan Zhu, Caltech, in the FCC Week 2024, San Francisco
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What are the “dense materials”?   Total absorption vs. Sampling Calorimeters

7/24/2440

Total absorption calorimeter 
• Dense material and active material is the same
• Transparent crystals with heavy element in matrix : PbWO4 , 

Bi4Ge3O12, CsI(Tl)
• Appropriate materials are expensive ➔ only practical for EM cals 

(                )

16 X0

22 X0
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�int � X0

Sampling calorimeter 
• Dense, inert “absorber” interleaved with light, active material
• CMS HCAL : 17 layers of brass (5-8cm) + plastic scintillator (3.7 

mm)
• CMS HGCAL : 48 layers of CuW / stainless steel (4-10cm) + 

silicon sensors / plastic scintillator (few mm)
• ATLAS LAr ECAL : 2mm Pb “accordion” + 2mm LAr

32 

32 

Showers must be initiated by dense material since 
cross section for radiation ~ Z2.
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Detector resolution

7/24/2441
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Detector resolution

7/24/2442
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�E

E
=

a

E
� bp

E
� c

• Noise term (a) fixed in energy
• e.g. electronics noise

• Stochastic term (b) scales with √E
• e.g. random fluctuations in sampling, 

counting, or path length 
• Constant term (c) scale with E 

• e.g. mis-calibration, detector non-uniformity
Resolution of ATLAS EM barrel 
calorimeter at η~0.3 [Gin 95]
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Total absorption resolution (stochastic term) : CMS PbWO4 ECAL  (e.g.)

7/24/2443

• 1 GeV photon incident on CMS ECAL PbWO4 
crystal

• 100,000 photons/GeV ➔ 1/sqrt(100k) = 0.3%
• 96% of photons are absorbed before reaching 

photon sensor or fail to produce a photoelectron in 
the sensor 

• 4000 p.e./GeV ➔ 1.6%
• Fluctuations in the photodetector generate 

additional factor sqrt(2)
• 1.6% ➔ 2.2%

• Measuring shower in 5x5 crystal area (so that 
electronics noise does not dominate measurement) 
results in shower containment fluctuations of 1.5%

• 2.2% ➔ 2.7%

22 X0

25 X0

CMS HCAL
Plastic tile From Mans
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Sampling calorimeter resolution (stochastic term) : ATLAS LAr ECAL (e.g.)

7/24/2444

Consider ATLAS LAr ECAL with 2mm Pb absorber
• 1 GeV electron produces 128 secondary particles 

since EC(Pb) = 7.8 MeV.
• Each secondary measured by 3 layers of LAr since 

X0(Pb) = 6mm
• Thus, each electron is measured 384 times leading to 

a minimum resolution of

22 X0

25 X0

CMS HCAL
Plastic tile 
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�min =
1p
384

= 5.1%

• Almost all energy loss happens in the absorber with secondaries producing ionization in active material.
• Sampling calorimeter can be thought of as counting the number of produced secondaries, which behave 

as ~MIPs in active material.
• dE/dxMIP = 2-4 MeV/cm in active material  

• Additional effects degrade actual 
stochastic term to ~10% at 1 GeV.

Mans
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Components of scintillation / light systems
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Scintillation : plastic scintillator (e.g.)
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Wave-length shifting
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Photosensors
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• p.e. accelerated over 2kV 
into dynode chain

• Secondary emission 
electrons provide gain 106

Photomultiplier Tube Hybrid Photodiode Silicon Photomultiplier
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Photosensors
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Quantity PMT HPD SiPM
bias voltage 2kV 10kV 50 V
gain (M) 106 103 105-106

volume/channel 10cm3 10cm3 < 1cm3

B-field performance None Good Good
High amplitude noise Fair Poor Good
Response stability Fair Fair Good
sensitivity 1 pe > 1 pe 1 pe
�T for �M/M = 1% 3�C 4�C 1�C
�Vb / Vb for �M/M = 1% 5� 10�4 5� 10�3 10�3

Biggest SiPM 
challenge is 

radiation-induced 
dark current 
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Next lecture on Friday
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• Build on these basic elements of calorimetry
• Practical experience with existing LHC calorimeters
• Status and plans for the HL-LHC calorimeter upgrades
• Research directions for calorimeters at future colliders  (e+e-, muon, pp)
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Additional material
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Crystal calorimeters in HEP
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C Jessop


