Jets in heavy ion collisions
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Abstract. High energy collisions of heavy nuclei permit the study of nuclear matter at
temperatures and energy densities so high that the fundamental theory for strong interactions,
QCD, predicts a phase transition to a plasma of quarks and gluons. This matter, called a
Quark Gluon Plasma (QGP), has been studied experimentally for the last decade and has
been observed to be a strongly interacting liquid with a low viscosity. High energy partons
created early in the collision interact with the QGP and provide unique probes of its properties.
Hard partons fragment into collimated sprays of particles called jets and have been studied
through measurements of single particles, correlations between particles, and measurements of
fully reconstructed jets. These measurements demonstrate partonic energy loss in the QGP
and constrain the QGP’s properties. Measurements of the jet structure give insight into the
mechanism of this energy loss. The information we have learned from studies of jets and
challenges for the field will be reviewed.

1. Introduction

Jets are formed when a parton in a nucleon or nucleus scatters off of a parton in another nucleon
or nucleus. After the scattering, the parton forms a parton shower which then hadronizes,
leading to a collimated spray of hadrons. Jet production from collisions with a sufficiently high
momentum transfer can be calculated perturbatively. The majority of hard scatterings are 2—2,
meaning that a jet has a partner jet approximately 180° away in azimuth. Partons interacting
with the Quark Gluon Plasma (QGP) formed in high energy nucleus-nucleus collisions may lose
energy before the formation of the final hadrons, a process called jet quenching. Jet quenching
is generally understood to occur dominantly through medium-induced gluon bremsstrahlung,
with some contribution from collisional energy loss, leading to a broadening and softening of the
distribution of particles in the jet. Quenching can be studied by measuring jets and the hadrons
they comprise and this can be used to determine the properties of the QGP.

Jet quenching can be measured in heavy ion collisions using single high momentum hadrons,
correlations between high momentum hadrons, fully reconstructed jets, and correlations between
fully reconstructed jets and either other jets or hadrons. These measurements indicate that jets
in heavy ion collisions are broadened and their fragmentation softened. However, a greater
understanding of the bias in the jet population imposed by our measurement techniques and of
cold nuclear matter effects is required to fully understand partonic energy loss in the QGP.



2. Single particle nuclear modification factor R4
Jet suppression can be quantified using measurements of the nuclear modification factor, R4
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where dNA+A /dpr is the spectrum of particles in A+A, doPP/dpr is the cross section in p+p
collisions, respectively, and Tas = Neou/ aff; .; is nuclear overlap integral, the number of binary
nucleon-nucleon collisions in an A+A collision divided by the inelastic cross section in p+p
collisions. An Ra4 < 1 indicates suppression and an R44 > 1 indicates enhancement. Colored
probes are expected to lose energy in the medium, but the QGP should be transparent to
electromagnetic probes. At RHIC the direct photon R44 is consistent with 1, indicating no
energy loss in the medium [1]. All hadrons (unidentified hadrons [2-4], 7° [5], n [6], ¢ [7],
protons [8], J/v [9], w [10], and K* [8]) and electrons from heavy flavor decays [11] have an
Rya < 1 for pp > 4 GeV/c and approach a common value of Rgq4 =~ 0.2 at high momenta,
consistent with substantial jet suppression. At the LHC single hadrons are also observed to be
suppressed [12-14] while electromagnetic probes including direct photons [15], the W [16], and
the Z [17] have an R4 consistent with one.

Energy loss of a parton in the medium is defined theoretically by § = Q?/L where @ is the
momentum transfer from the parton to the medium and L is the path length traversed by the
parton [18]. The single hadron R44 was used by the JET collaboration to constrain the value
of ¢ to 1.2 £ 0.3 GeV?/fm in Au+Au at /sy = 200 GeV and 1.940.7 GeV?/fm in Pb+Pb
collisions at \/syn = 2.76 TeV for a 10 GeV/c quark at 79 = 0.6 fm/c [19)].

3. Measurements of reconstructed jets
All experiments primarily use the anti-k7 algorithm [20] to identify jet candidates, but there
are several approaches to address the large combinatorial background from unrelated processes,
called the underlying event, in heavy ion collisions. Without any background suppression and
subtraction techniques, jet candidates may either be distorted by the inclusion of particles from
the underlying event or be comprised entirely of particles from the underlying event. For Rax
measurements ALICE suppresses the background by requiring a hadron with pp > 5 GeV/c to
be included in the jet, measuring the average background by drawing random cones in the event,
and subtracting the average background from the reconstructed jet energy [21]. ATLAS [21]
and CMS [22] both have iterative procedures, first finding jet candidates, then calculating the
estimated background by omitting high energy jet candidates from the background subtraction.
For R4 measurements ATLAS additionally requires calorimeter jets to be matched to a track
jet comprised of tracks above 4 GeV/c. When the Ry4 from each of these measurements
is compared, the ALICE and CMS measurements are comparable and all measurements are in
agreement at 100 GeV /¢, but the ATLAS R 4 4 is roughly twice as high as the other measurements
at 60 GeV/c. This is likely due to the different biases imposed by the methods.

The di-jet asymmetry is defined as the difference between the momenta of the leading and
subleading jets divided by the sum of the momenta:
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An alternate definition uses the energies of the jets instead of the momenta. Even in p+p
collisions, dijets’ energies will not be perfectly balanced all of the time and there will be some
spread of the distribution of A; about zero. Ay in A+ A collisions is therefore compared to that
in p+p collisions. In A+ A collisions, the leading and subleading jets’ energies are even more



imbalanced, with the distribution of A; no longer even centered about zero, demonstrating that
jets are quenched in the QGP [2324]. When lower momentum particles are included in the
reconstructed jets, the energy balance is restored [25|. This is one of the indications that the
fragmentation function is softened in heavy ion collisions.

Fragmentation functions are the distribution of particles in a jet, usually measured as a
function of z = phadron/E.., or ¢ = In(1/z), and can be measured directly usiung fully
reconstructed jets. These measurements also indicate that the fragmentation function is
softened [2628].

4. Di-hadron correlations

Jets can also be studied by looking at the correlations between two sufficiently high mometum
hadrons. A high momentum trigger particle is used to define the coordinate system and the
distribution of particles relative to that trigger particle is measured. There is a near-side peak
arising from the same jet as that which created the trigger particle and an away-side peak
centered around 180° away arising from the partner jet. These measurements allow studies of
lower momentum jets but have a fairly low signal to background. Early studies were useful for
demonstrating jet suppression at RHIC [29-33,/33//34], before full jet reconstruction was possible.
These measurements have a large combinatorial background which is correlated with the signal,
quantified by the Fourier coefficients of the decomposition of the distribution of particles relative
to the reaction plane, v,. At low momenta, the non-zero v, are understood to arise largely
due to hydrodynamical flow of the medium [35-37]. A large fraction of published studies did
not take odd w, into account for the background subtraction, which does not qualitatively
change the interpretation at high momenta (where the signal to background ratio is high)
but substantially modifies the interpretation at lower momenta. Lower momenta data [38,39]
have been reanalyzed using a different background subtraction technique [40]. The reanalyzed
data demonstrate that the away-side peak is strongly suppressed in Au+Au collisions and
somewhat broader than that in d+Au collisions [41]. This is in contrast to the complete
suppression seen at intermediate momenta [30] and the “Mach cone” structure seen at lower
momenta [33,33,|38],/42,43], but consistent with other measurements demonstrating a softening
and broadening of the fragmentation function.

5. Issues with the definition and bias

In order to compare to theory, even in elementary collisions, it is necessary for both theory and
experiment to use the same jet finding algorithm [44]. The parton shower and the process of
hadronization can move particles in or out of the jet cone. Even in p+p collisions, hadronization
must be taken into account in perturbative calculations of jet cross sections in order to describe
the data [45]. A measurement of a jet therefore should not be thought of as a direct measurement
of the parton.

In addition, the measurement techniques introduced to suppress and subtract background in
heavy ion collisions, introducing a bias in the surviving population of jets. This bias should be
considered part of the definition of the measurement. Most measurements focus on narrow
cone radii (R < 0.3) and either explicitly or implicitly require hard fragments. Since the
background scales with the area of the jet, jets with narrow cone radii have less background and
fewer fluctuations in the background. Selection of harder particles also reduces the background.
However, these approaches bias the jet population towards quark jets rather than gluon jets.
Measurements of jets in eTe™ collisions indicate that gluon jets are broader and fragment into
more, softer particles than quark jets [46|47]. Even though there are more gluon jets produced,
the bias towards quark jets may be significant in some kinematic regions. The selection of jets
which fragment harder and into narrow cones also imposes a survivor bias, where jets that are
retained in the population are less likely to have interacted significantly with the medium. By



looking only at jets which do not look like the background, we are likely missing the most severely
modified jets. These biases and their impact on the jet population needs to be understood better.

6. Cold nuclear matter effects

The goal of measurements of jets in heavy ion collisions is to look for the impact of hot nuclear
matter on the parton, so any possible modifications of jet production in cold nuclear matter need
to be understood for proper interpretation of measurements in A+ A collisions. However, there
are a number of indications of cold nuclear matter effects, including indications of collective
effects [48-50], suppression of the J/v [51] at midrapidity, and suppression of particles from
the decays of hadrons containing heavy quarks at forward rapidities [52,/53]. The minimum
bias nuclear modification factors in p+Pb and d+Au collisions, R,p, and Rg4,, are consistent
with one at midrapidity for single charged hadrons [54-57] and fully reconstructed jets [58-60],
indicating no cold nuclear matter effects at midrapidity. ATLAS studies at forward rapidities
indicate a centrality dependence that cannot be fully explained by a bias in the centrality
selection [58,59]. This indicates that cold nuclear matter effects are not fully understood and
measurements need to be interpreted with care, particularly at forward rapidities.

7. Conclusions

Jet quenching is observed through measurements of the single particle R44, measurements
of di-hadron correlations, and measurements of fully reconstructed jets. These measurements
indicate that jets are broadened and their fragments are softened in heavy ion collisions relative
to jets in p+p collisions, as expected if partons lose energy through gluon bremsstrahlung or
collisional energy loss. Our understanding of partonic energy loss has improved dramatically with
the wealth of measurements and theoretical calculations, particularly through the quantitative
constraint of ¢ by the JET collaboration.

However, the biases in jet definitions imposed by the measurement techniques make it
difficult to directly compare results for different experiments and to interpret the results.
Nearly all measurement techniques bias the jet population towards jets which have had fewer
interactions with the medium and towards quark jets. These effects need to be understood
better quantitatively. This requires a significant effort from both theorists and experimentalists
to understand the impact of the measurement technique. Furthermore, the observation of cold
nuclear matter effects warrants further study in order to properly interpret results from hot
nuclear matter.
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