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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
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The Calorimeter Response
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The calorimeter responses to the em and non-em components of hadron showers



Fluctuations of electromagnetic shower fraction
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Fig. 11. Signal distributions for 20 GeV ⇡
* particles. Shown are the measured Éerenkov (a) and scintillation (b) signal distributions as well as the signal distribution obtained by

combining the two signals according to Eq. (2), using � = 0.45 (c).
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Fig. 12. The hadronic response of the RD52 lead–fiber dual-readout calorimeter, for single pions (a) and protons (b). Shown are the average Éerenkov signal and the dual-readout signal
(Eq. (2)) per unit deposited energy, as a function of the energy.
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Fig. 13. The hadronic energy resolution of the RD52 lead–fiber dual-readout calorimeter,
for single pions. Shown are the results for the Éerenkov signals alone, and for the dual-
readout signals, obtained with Eq. (2).

on the basis of the Éerenkov signals exhibits substantial deviations from
E

*1_2 scaling. The straight line fit through the experimental data points

suggests a 5% resolution at infinite energy. This is a consequence of the
fact that the event-to-event fluctuations in the em shower fraction (fem)
are not stochastic.

The statistical errors on the results presented in Figs. 12 and 13
are smaller than the size of the data points in these figures. Sources
of systematic errors include

÷ The value of the dual-readout parameter � (Eq. (2)). We have
varied the value of this parameter between 0.4 and 0.5 (see
Fig. 10), and found that the energy resolutions changed only by
1%–2%. On the other hand, the reconstructed energy varied by
4%–5% over this parameter range. The effect is larger since the
reconstructed energy continuously increases with the value of
� , while the energy resolution reaches a minimum value in the
chosen parameter range.

÷ The effects of light attenuation. Hadronic showers deposit their
energy deeper inside the calorimeter than the electrons that were
used to calibrate the signals. Because of light attenuation in the
fibers, the signals increase when the light is produced closer to
the PMTs, i.e., deeper inside the calorimeter. This is illustrated
in Fig. 7. Because we selected event samples in which more
than 20% of the total leakage signal was produced in the first
ring of leakage counters, the effects of light attenuation were
limited, in two ways. First, the event-to-event fluctuations in
light attenuation were reduced, thus minimizing the effect on the
energy resolution and the shape of the response function. Second,
the difference between the hadronic and electronic energy scales
was minimized. Based on the light attenuation characteristics of
the fibers, we estimated this difference to be about 2%.
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The hadronic performance of non-compensating calorimeter 
(e/h ≠1)
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Fig. 2. Properties of the electromagnetic fraction of hadron showers. Shown are the measured values of the average value of that fraction as a function of energy, for showers developing
in lead or copper (a) and the distribution of fem values measured for 150 GeV ⇡* showers developing in lead (b). The curves in diagram a represent Eq. (1).
Source: Experimental data from [4,5].

Fig. 3. Experimental consequences of non-compensation for the hadronic calorimeter performance. The non-linearity reported by CMS (a) and the energy resolution reported by ATLAS
(b). For comparison, the hadronic energy resolution reported for the compensating ZEUS calorimeter is shown as well. See text for details.

Indeed, it turned out that the mentioned effects of non-compensation
on energy resolution, linearity and line shape, as well as the associated
calibration problems [8] are absent in compensating calorimeters.
However, it also turned out that fission had nothing to do with this, and
that the use of uranium was neither necessary nor sufficient for reaching
the compensation condition. The crucial element was rather the active
material of the sampling calorimeter, which had to be very efficient in
detecting the numerous neutrons produced in the shower development
process. Hydrogenous active material may meet that condition, since in
a sampling calorimeter with high-Z passive material, MeV type neutrons
lose most of their kinetic energy in elastic neutron–proton scattering,
whereas the charged particles are sampled according to dE_dx.

Compensation can thus be achieved in sampling calorimeters with
high-Z absorber material and hydrogenous active material. It requires a
very specific sampling fraction, so that the response to shower neutrons
is boosted by the precise factor needed to equalize e and h. For example,
in Pb/scintillating-plastic structures, this sampling fraction is Ì2% for
showers [11–13]. This small sampling fraction sets a lower limit on the
contribution of sampling fluctuations to the energy resolution, while the
need to efficiently detect MeV-type neutrons requires signal integration
over a relatively large volume and at least 30 ns. Yet, the experiment
that holds the current world record in hadronic energy resolution (ZEUS,
�_E Ì 35%_

˘
E) used a calorimeter of this type [14]. The experimental

energy resolution data reported for this calorimeter are shown in Fig. 3b.
Especially at high energies, this resolution is much better than that of
the calorimeters currently operating in the LHC experiments.

In compensating calorimeters, the total kinetic energy of the neu-
trons produced in the hadronic shower development thus represents
the measurable quantity correlated to the invisible energy. The relative
magnitude of the signal provided by these neutrons can be tuned
to achieve equality of the electromagnetic and non-electromagnetic
calorimeter responses (e_h = 1.0), by means of the sampling fraction.
This mechanism works because the calorimeter response to charged
shower particles is much more sensitive to a change in the sampling
fraction than the response to neutrons.

4. Dual-readout calorimetry

The dual-readout approach aims to achieve the advantages of com-
pensation without the disadvantages mentioned in the previous section:

÷ The need for high-Z absorber material, and the associated small
e_mip value, which causes non-linearities at low energy and
deteriorates the jet performance [15],

÷ A small sampling fraction, which limits the em energy resolution,
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The Poor Performance of Hadron Calorimeter
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Nuclear binding energy losses



Two approaches to improve the hadronic performance

1. Compensation 

- the total kinetic energy of neutrons 

2. Dual-Readout 

-  the electromagnetic shower fraction
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These are measurable quantities that are correlated to the binding energy losses



Compensation
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Boosting the signal contributed by the MeV-type neutrons 
by means of adjusting the sampling fraction achieves e/h=1 



Hadronic signal distributions measured  
with SPACAL (Pb-Scintillation fiber) 

(Compensating Calorimeter)
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Dual-Readout Calorimetry

• Dual-readout method (DREAM)


- The electromagnetic shower fraction is measured by means of 
comparing scintillation (dE/dx) and Cerenkov signals event by 
event. The fluctuations in fem can be eliminated.


• e/h=1 can be achieved without the limitations 

- the small sampling fraction 

- a large detector volume

- a long signal integration time
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Dual-Readout Method
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÷ The need to detect MeV-type neutrons efficiently, which implies
integrating the signals over relatively large detector volumes and
long times.

The purpose of the dual-readout technique is to measure the em
shower fraction (fem) event by event. If successful, this would make it
possible to diminish/eliminate the effects of fluctuations in fem on the
hadronic calorimeter performance. This was in itself not a new idea.
Starting around 1980, attempts have been made to disentangle the
energy deposit profiles of hadronic showers with the goal to identify the
em components, which are typically characterized by a high localized
energy deposit [16]. Such methods are indeed rather successful for
isolated high-energy hadron showers, but fail at low energy, and in
particular in cases where a number of particles develop showers in the
same vicinity, as is typically the case for jets.

The dual-readout method exploits the fact that the energy carried by
the non-em shower components is mostly deposited by non-relativistic
shower particles (protons), and therefore does not contribute to the
signals of a Éerenkov calorimeter. By measuring simultaneously dE_dx
and the Éerenkov light generated in the shower absorption process, one
can determine fem event by event and thus eliminate (the effects of)
its fluctuations. The correct hadron energy can be determined from a
combination of both signals.

This principle was first demonstrated by the DREAM Collabora-
tion [17], with a Cu/fiber calorimeter. Scintillating fibers measured
dE_dx, quartz fibers the Éeren-kov light. The response ratio of these
two signals is related to fem as

C
S

=
fem + (1 * fem)(h_e)C
fem + (1 * fem)(h_e)S

(4)

where (h_e)C = 0.21 and (h_e)S = 0.77 are the values of the h_e ratios
for the Éerenkov and scintillator structures in the DREAM calorimeter,
respectively. In general, the em fraction is thus given by:

fem =
(C_S)(h_e)S * (h_e)C

[1 * (h_e)C ] * (C_S)[1 * (h_e)S ]
. (5)

The hadron energy (E) can be derived directly from the two signals
S and C [9]:

E = S * �C
1 * �

. (6)

in which � is constant, independent of energy and of the particle type,
determined solely by the e_h values of the scintillation and Éerenkov
calorimeter structures:

� =
1 * (h_e)S
1 * (h_e)C

. (7)

Some of the merits of this method are illustrated in Fig. 4, which
shows that the dual-readout calorimeter is very linear and produces the
same response for pions and protons (Fig. 4a), that the response function
is well described by a Gaussian and, most importantly, that the hadronic
energy was correctly reproduced in this way (Fig. 4b). This was true both
for single pions as well as for multiparticle events [18]. In Appendix,
details are given about the particular way in which results such as those
shown in Fig. 4 were obtained.

In dual-readout calorimeters, the total non-em energy, which can be
derived from the measured total energy (Eq. (6)) and the em shower
fraction (Eq. (4)), thus represents the measurable quantity correlated
to the invisible energy. The limitations that apply for compensation do
not apply in this case. Any absorber material may be used, as a matter
of fact the dual-readout method may even be applied for homogeneous
calorimeters, such as BGO crystals [19]. The sampling fraction is not
restricted and neutron detection is not a crucial ingredient for this
method. Therefore, one is considerably less constrained when designing
a calorimeter system of this type than in case of a system based on
compensation.

5. Dual-readout vs. compensation

Compensating calorimeters and dual-readout calorimeters both try
to eliminate/ mitigate the effects of fluctuations in the invisible energy
on the signal distributions by means of a measurable variable that is
correlated to the invisible energy. As mentioned in the previous sections,
the variables used for this purpose are different in compensating and
dual-readout calorimeters. However, with both methods a very signifi-
cant improvement of the hadronic calorimeter performance is obtained,
compared to the standard non-compensating calorimeters used in the
current generation of particle physics experiments: the hadronic re-
sponse is constant (i.e., the calorimeter is linear for hadron signals),
the hadronic response function Gaussian, the hadronic energy resolution
much better and, most importantly, a calibration with electrons also
provides the correct energy for hadronic showers.

In Fig. 5, we compare the energy resolutions obtained with the best
compensating calorimeters, ZEUS [14] and SPACAL [12], and the results
obtained with the RD52 dual-readout fiber calorimeter. Fig. 5b shows
that the hadronic RD52 values are actually better than the ones reported
by ZEUS and SPACAL, while Fig. 5a shows that the RD52 em energy
resolution is certainly not worse.

In making this comparison, it should be kept in mind that

(1) The em energy resolutions shown for RD52 were obtained with
the calorimeter oriented at a much smaller angle with the beam
line (✓,� = 1˝, 1.5˝) than the ones for SPACAL (✓,� = 2˝, 3˝) [20].
It has been shown that the em energy resolution is extremely
sensitive to the angle between the beam particles and the fiber
axis when this angle is very small [21].

(2) The instrumented volume of the RD52 calorimeter (including
the leakage counters) was less than 2 tons, while both SPACAL
and ZEUS obtained the reported results with detectors that were
sufficiently large (>20 tons) to contain the showers at the 99+%
level. The hadronic resolutions shown for RD52 are dominated
by fluctuations in lateral shower leakage, and a larger instrument
of this type is thus very likely to further improve the results.

The comparison of the hadron results (Fig. 5b) seems to indicate that
the dual-readout approach offers better opportunities to achieve supe-
rior hadronic performance than compensation. Apparently, in hadronic
shower development the correlation with the total nuclear binding
energy loss is thus stronger for the total non-em energy (derived from
the em shower fraction) than for the total kinetic neutron energy.
Intuitively, this is not a surprise, since the total non-em energy consists
of other components than just neutrons, and the total kinetic energy of
the neutrons is not an exact measure for the number of neutrons (which
is the parameter expected to be correlated to the binding energy loss).

In order to investigate the validity of this interpretation of the
experimental results, we performed Monte Carlo simulations of shower
development in a block of matter that was sufficiently large to make the
effects of longitudinal and lateral shower leakage insignificantly small2.
Large blocks of copper or lead were used for this purpose.
The simulations were carried out with the GEANT4 Monte Carlo

package [22]. Events were generated with GEANT4.10.3 patch-02,
which was released in July 2017. For applications of calorimetry in high
energy physics, GEANT4 recommends to use the FTFP_BERT physics
list which contains the Fritiof model [23], coupled to the Bertini-style
cascade model [24] and all standard electromagnetic processes. This
is the default physics list used in simulations for the CMS and ATLAS
experiments at CERN’s Large Hadron Collider [25].

Pions of different energies were absorbed in these structures. For
each event, the following information was extracted:

2 Leakage through the front face (albedo) cannot be avoided, but this is an effect at the
level of a fraction of 1% for multi-GeV hadron absorption.
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Hadronic Performance of a Dual-Readout Fiber Calorimeter
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Comparison of Dual-Readout and Compensation
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Prediction of the limits of the hadronic energy resolution

• GEANT 4.10.3-patch2


• FTFP_BERT physics list


• Very large absorber to contain the entire hadron shower


• 10, 20, 50, 100, 200, 500, 1000 GeV π- sent to Cu and Pb (10,000 events)


• Obtained information in each event:


- The em shower fraction


- The total nuclear binding energy loss


- The total kinetic energy of the neutrons
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Correlation between binding energy loss 
and fem (a) and kinetic energy of neutrons(b)
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Correlation between binding energy loss and  
non-em energy (a) and kinetic energy of neutrons(b)
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<EM Shower fraction> and <Binding Energy Loss> Limit on the hadronic energy resolution 
in the absence of DR or compensation



Limits on the hadronic energy resolution
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Conclusion
• Dual-readout and compensation approaches remedy the poor 

hadronic performance caused by fluctuations of the invisible energy 
losses


• Theoretical limits of the hadronic energy resolution were investigated


• Dual-readout has better hadronic energy resolution than 
compensation


• The good energy resolution, signal linearity, Gaussian response 
functions and the same calorimeter response to electrons, pions and 
protons are the characteristic of these two methods in the hadron 
calorimetry
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Backup
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Fluctuations of Hadron Showers
500 GeV Pions, Cu absorber

Red: e-, e+ Cyon: Other Charged Particles
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