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Calorimetry is an important measurement technique in experimental particle physics.
Although calorimeters based on liquefied noble gases were first proposed 50 years ago,
they continue to play an important role in modern particle physics and have substantially
contributed to the discovery of the Higgs boson at the Large Hadron Collider (LHC)

at CERN in 2012.
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alorimetry refers to the absorption of a parti-

cle and the transformation of its energy into

a measurable signal related to the energy of

the particle [1]. A calorimetric measurement
requires that the particle is completely absorbed and is
thus no longer available for subsequent measurements.
Since the energy of the incident particle is usually much
higher than the threshold of inelastic reactions between
the particle and the detector medium, the energy loss will
produce a cascade of lower energy particles, whose num-
ber is proportional to the incident energy. Charged parti-
cles in the shower ultimately loose their energy through
elementary processes, mainly by ionization and atomic
level excitation.

In electromagnetic calorimeters, specialized in the meas-
urement of photons and electrons, the shower develop-
ment is characterised by the radiation length X, which
is defined as the mean distance in which electrons lose
all but 1/e of their initial energy by radiation.

To fit into limited space, electromagnetic calorimeters
need to be made of dense materials with a short radia-
tion length. Sufficient longitudinal shower containment
for typical particle energies requires a depth of above
20 X,. This can be achieved either by homogeneous cal-
orimeters, usually consisting of very dense scintillat-
ing crystals (e.g. PbWO,, X, = 8.9 mm, LYSO, Cs], ...)
or sampling calorimeters in which high-Z absorbers (e.g.
Pb, X, = 5.6 mm or W, X, = 3.5 mm) are stacked with ac-
tive medium and electrodes interleaved. The left picture
of Figure 1 illustrates this principle. Compared to ho-
mogeneous calorimeters consisting exclusively of active
medium, sampling calorimeters usually exhibit worse
energy resolution, since only a statistically fluctuating
fraction of the shower leads to energy deposits in the
active medium.

Calorimeters using liquefied noble gases (noble liquids)
are based on the measurement of the ionization charge
produced inside the liquid. As shown in the right sketch
of figure 1, the charges move in an applied electric field,
inducing a current in readout electrodes proportional to
the liberated charge and hence to the energy deposited
by the showering particle.

This technique was introduced in the early 1970s [2]
using liquefied argon (LAr) as the active material. Other
suitable materials are the heavier noble liquids (LKr, LXe),
however, due to their much higher price and limited
availability, they are less popular for large calorimeter
systems in collider experiments.

Noble liquid ionization calorimeters offer a number of
attractive advantages, especially for collider experiments.
They are characterized by intrinsic stability and excellent
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uniformity of response, adaptability to high segmenta-
tion, radiation hardness and reasonable cost. Indeed, the
price of a litre of LAr compares favorably with the price
ofabottle of beer. A disadvantage is the operation at cry-
ogenic temperatures that requires cryostats and elaborate
cryogenic systems.

The LHC, the world’s largest particle accelerator located
at CERN, accelerates and collides protons at four inter-
action points with center-of-mass energies of 13 TeV.
In these collisions, new particles are produced, most of
which decay instantaneously into more stable particles.
Figure 2 shows a transverse cross-section of one wedge of
the ATLAS detector [3] consisting of many layers of parti-
cle detectors which are arranged cylindrically around the
beam axis and the interaction point. All measurements
combined contribute to the reconstruction of the full
event, including short-lived particles which are created
in the collision but decay instantaneously.

Electrons and photons shower in the electromag-
netic LAr calorimeter, whereas hadrons produce more
penetrating showers and are absorbed inside the had-
ronic calorimeter.

The ATLAS electromagnetic calorimeter is a lead-LAr
sampling calorimeter with accordion geometry [4] ena-
bling a uniform acceptance without any gaps for services.
The width of the active LAr gaps (Figure 1) is 2 mm in
the central region, with a drift field of 10 kV/cm. The
energy resolution of this calorimeter is oz/E = 1.5 % for
typical photon energies from Higgs decays. As shown in
Figure 3, the calorimeter is segmented into four longitu-
dinal read-out layers. The strip layer is finely segmented
to distinguish between photons and neutral pions (1)
decaying into two nearby photons. The photon pointing
measurement aligns the measurements from the firstand
the second layer and extrapolates the photon trajectory
to the interaction region. Such additional information
obtained due to segmentation played a decisive role in
the Higgs boson discovery.
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Already during the design of the LHC detectors, the
Higgs decay into a pair of photons was considered to be
one of the most promising signatures, and was chosen as
a benchmark for the optimization of the LHC detectors,
especially the electromagnetic calorimeters.

In July 2012, the discovery of the Higgs boson in the
ATLAS and CMS experiments was indeed driven by the
high significance of the two-photon decay [5,6]. The two
detectors use complementary concepts of their electro-
magnetic calorimeters: instead of a sampling calorimeter,
CMS opted for a homogeneous lead tungstate crystal cal-
orimeter (PbWO,) providing excellent energy resolution.
The crystal calorimeter of CMS outperforms ATLAS in the
photon energy resolution, whereas the segmented ATLAS
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Particle flow optimizes the jet energy resolution by reconstructing each particle in-

dividually and by using the best measurement for each; charged particles measured

in the tracker, photons and 1° in the electromagnetic calorimeter, neutrons in the

hadronic calorimeter.
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LAr calorimeter compensates the worse resolution by pho-
ton pointing which helps to determine the correct primary
vertex, crucial to calculate the transverse momentum and
hence the invariant mass of the Higgs boson.

The Future Circular Collider (FCC) is an ambitious pro-
ject for an accelerator complex at CERN in the post-LHC
era. An electron-positron collider, FCC-ee [7], is con-
sidered as a possible first step to measure precisely the
Higgs properties and improve the measurement of key
electro-weak parameters by several orders of magnitude.
The tunnel length of 100 km is chosen to later house a
100 TeV hadron circular collider, the FCC-hh [8].

The intrinsic stability, uniformity, excellent linearity and
energy resolution as well as its adaptability to high seg-
mentation make noble liquid calorimeters a promising
candidate for the next generation of lepton collider or
“Higgs Factory” experiments. At the FCC-ee [7] Standard
Model precision measurements at the Z pole will benefit
from statistical uncertainties up to 300 times smaller than
at LEP. Also, precision measurements of the Higgs prop-
erties will have to rely on an extremely well controlled
systematic error which requires an excellent understand-
ing of the detector and the event reconstruction. High-
resolution calorimetry and an efficient particle-flow

combination with the tracker measurement will be a
prerequisite to achieve these ambitious physics goals.



Experiments at the FCC-hh with unprecedented lumi-
nosity will face an extreme radiation environment, where
radiation-hard noble liquid calorimetry seems to be the
most adapted, and possibly the only applicable technol-
ogy. Up to 1000 simultaneous collisions will occur every
25 ns at the interaction points, producing extreme pile-up
conditions potentially hiding interesting collisions of
high momentum transfer. High segmentation of the elec-
tromagnetic calorimeter is a prerequisite to distinguish
energy deposits from interesting collisions and to reject
pile-up. It has been shown that noble-liquid calorimetry
can be optimized in terms of segmentation to allow for
4D imaging, machine learning and - in combination with
the tracker measurements — particle-flow reconstruction
[9]. These techniques, together with excellent timing res-
olution, will be essential to reconstruct jets, reject pile-up
and identify the proton collisions of interest. m
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