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Abstract

Resonances play a unique role in the study of ultra-relativistic
heavy-ion collisions. Resonance yields, which may be modified by
rescattering and regeneration after hadronization, can be used to study
the properties of the hadronic phase of the collision. The transverse-
momentum spectra of the proton and the φ(1020) can be used to study
the mechanisms of particle production. In addition, resonance mea-
surements in pp and p–Pb collisions help to distinguish initial-state
effects from the effects of the hot and dense final state. The ALICE Col-
laboration has studied the K∗(892)0 and φ(1020) mesons in pp, p–Pb,
and Pb–Pb collisions. Measurements of many resonance properties, in-
cluding pT spectra, integrated yields, masses, widths, mean pT values,
and the nuclear modification factors RAA and RpPb, are presented and
compared to measurements from other experiments, non-resonances,
and the predictions of theoretical models.

In relativistic heavy-ion collisions, strongly interacting matter is studied
under extreme conditions. Based on quantum chromodynamics (QCD), it is
expected that when hadronic matter reaches a high enough energy density a
transition will occur in which quarks become deconfined [1–3]. In this state
of matter, the quark-gluon plasma (QGP), the relevant degrees of freedom
are not hadrons, but rather quarks and gluons. For low baryochemical po-
tentials (typical of heavy-ion collisions at the LHC), the transition between
hadronic matter and the QGP is expected to occur around a temperature of
Tc ≈ 160 MeV [3–5]. Experimentally, this is achieved by colliding nuclei at
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very high energies (a center-of-mass energy per nucleon-nucleon pair,
√

sNN,
greater than a few tens of GeV). An ultra-relativistic heavy-ion collision is
expected to produce a QGP, which thermalizes, expands, and cools for a few
fm/c before making the transition back to hadronic matter. The hadronic
system continues to expand and cool. It first passes chemical freeze-out, af-
ter which inelastic interactions cease and the yield of (most) particle species
are fixed. Elastic interactions continue until kinetic freeze-out, after which
the system is too diffuse to interact. Typical estimates of the time between
chemical and kinetic freeze-out are ∼ 10 fm/c [6, 7].

These proceedings focus on the use of hadronic resonances as probes of
heavy-ion collisions. In addition to deconfinement, strongly interacting mat-
ter is expected to undergo a transition in which chiral symmetry is restored
and the quark masses approach 0. Lattice QCD calculations [8] suggest that
the deconfinement and chiral transitions occur around the same tempera-
ture. Resonances that decay when chiral symmetry was (partially) restored
may exhibit shifted masses or increased widths [9–12].

The yields of stable particles are expected to be fixed at chemical freeze-
out, but the measured yields of resonances, which can decay during the
hadronic phase, may be changed by scattering processes involving their de-
cay products [13–15]. Resonance yields can be regenerated when hadrons un-
dergo pseudo-elastic scattering through a resonance state. Experimentally,
resonances are reconstructed in invariant-mass analyses; if one of the reso-
nance decay products undergoes elastic scattering in the hadronic medium,
the resonance invariant-mass peak may be smeared out, reducing the re-
constructible resonance yield. The decay product of one resonance may
also undergo pseudo-elastic scattering through a different resonance state,
removing information about the original resonance and reducing its mea-
sured yield [6]. The strengths of these processes depend on the chemical
freeze-out temperature, the time between chemical and kinetic freeze-out,
the lifetime of the resonance, and the scattering cross sections of its decay
products. Regeneration and re-scattering are expected to be most important
for pT � 2 GeV/c [6, 13].

In addition, resonances can be used along with stable particles to study
the properties of the collision system and their effects on hadrons with dif-
ferent flavors, masses, and baryon numbers. Specifically, resonances can be
used to study partonic energy loss in the deconfined system, which is quan-
tified using the nuclear modification factor (discussed below). They can also
be used to study the mechanisms through which particles are produced and
the effects that modify the shapes of particle pT spectra (see, in particular,
the discussion of the p/φ(1020) ratio below).
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Figure 1: K∗0/K− and φ/K− ra-
tios as a function of the mid-rapidity
〈dNch/dη〉1/3 for pp, p–Pb, and Pb–Pb
collisions [16–18]. Bars represent sta-
tistical uncertainties, open boxes repre-
sent total systematic uncertainties, and
shaded boxes represent the parts of the
systematic uncertainties that are uncor-
related between multiplicity or central-
ity intervals.

These proceedings focus on measurements by the ALICE Collaboration
of the K∗(892)0 and K∗(892)0 resonances (sum or average denoted as K∗0),
as well as the φ(1020) meson (denoted by φ). These resonances are recon-
structed via their decay to charged hadrons: K∗0 → π±K∓ (branching ratio
0.667) and φ → K−K+ (branching ratio 0.489). For a description of the
technique, see [16, 17].

The ALICE Collaboration has measured the masses and widths of the
K∗0 and φ mesons by reconstructing their decays in Pb–Pb collisions at√

sNN = 2.76 TeV [17]. The measured masses and widths of these particles
are consistent with their vacuum values. The lack of the expected signatures
of chiral symmetry restoration may be due to the loss of resonances produced
early in the collision due to re-scattering and the regeneration of additional
resonances late in the collision.

Figure 1 shows the pT-integrated K∗0/K and φ/K ratios measured in pp,
p–Pb, and Pb–Pb collisions at LHC energies [16–18]. These ratios are plot-
ted as funcitons of 〈dNch/dη〉1/3 (measured at mid-rapidity: |η| < 0.5), which
is taken as a proxy for the system size. The K∗0/K ratio is significantly sup-
pressed in central Pb–Pb collision with respect to smaller collision systems
(pp collisions at

√
s = 7 TeV and p–Pb collisions at

√
sNN = 5.02 TeV).

(A “central” collision is one with a small impact paramter, in which the
volume of the system is largest; a “peripheral” collision has a large impact
parameter and smaller system size.) This suppression may be due to signal
loss resulting from re-scattering of the K∗0 decay products in the hadronic
medium (which would be dominant over regeneration). In contrast, the φ/K
ratio depends only weakly on system size and is not suppressed in central
Pb–Pb collisions, suggesting that the longer-lived φ meson is affected less
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Figure 2: Measurements of 〈pT〉 of K∗0, p, and φ in pp, p–Pb, and Pb–Pb colli-
sions [18]. Bars (boxes) represent statistical (systematic) uncertainties.

by re-scattering in the hadronic phase. For both ratios, the values measured
in p–Pb collisions are similar to the values measured in pp and Pb–Pb colli-
sion with similar multiplicities. These ratios are also compared to the values
given by a thermal-model fit to particle yields measured by ALICE in central
Pb–Pb collisions with a chemical freeze-out temperature of 156 MeV (the fit
includes the φ yield, but not the K∗0). The K∗0/K ratio is suppressed with
respect to the thermal-model value, while the φ is not supressed. As de-
scribed in [17], the measured K∗0/K ratio in central Pb–Pb collisions can be
compared to an extended thermal model (modified to include re-scattering
effects) [14, 19, 20] to extract a model-dependent estimate of the time be-
tween chemical and kinetic freeze-out. When this is done, a lower limit of
2 fm/c is found (only a lower limit can be extracted because the model does
not include regeneration).

The K∗0 and φ mesons can also be used along with other particles in
studies of how flavor, mass, and baryon number affect the shapes of particle
pT spectra, which can be characterized using the mean transverse momen-
tum 〈pT〉. Figure 2 shows the 〈pT〉 of three particles with similar masses,
K∗0, p, and φ, measured in pp, p–Pb, and Pb–Pb collisions [18]. In central
Pb–Pb collisions, the 〈pT〉 values of these three particles are consistent with
each other. Hydrodynamic models have been found to provide good descrip-
tions of the matter produced in heavy-ion collisions [21–23]. In such models,
the particle mass tends to be the dominant factor in determining the shape of
the pT spectrum; the similarity of the 〈pT〉 values for K∗0, p, and φ therefore
appears to be consistent with what would be expected from hydrodynamic
models. In contrast, in smaller collision systems (pp, p–Pb, and peripheral
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Figure 3: Ratio p/φ as a function of pT

for p, and φ in pp, p–Pb, and Pb–Pb
collisions. Bars (boxes) represent sta-
tistical (systematic) uncertainties.

Pb–Pb collisions) a splitting is observed between the 〈pT〉 values of p and φ,
suggesting that factors other than the particle mass are playing important
roles in determining the shapes of the pT spectra. It should also be noted
that (unlike the K∗0/K and φ/K ratios) the 〈pT〉 values in p–Pb collisions
follow different trends than observed in Pb–Pb collisions. The 〈pT〉 values
for K∗0, p, and φ rise much faster as functions of 〈dNch/dη〉1/3 in Pb–Pb
collisions and reach (or even exceed) the values observed in central Pb–Pb
collisions, despite the very different system sizes.

When central Pb–Pb collisions are compared to pp collisions, an en-
hancement is observed in pT-dependent baryon-to-meson ratios such as p/π
and Λ/K0

S [24, 25] for 1.5 � pT � 6 GeV/c at RHIC and LHC energies.
Various explanations have been proposed to explain this enhancement. In a
hydrodynamic picture the enhancement can be explained by the difference
in the particle masses: all particles would have a common flow velocity, so
more massive particles would be pushed out to higher pT, resulting in an
enhancement in their ratios to less massive particles (see, for example, [21–
23]). In recombination models [26, 27], the quark content and the number of
valence (anti)quarks may play a role in determining the shapes of particle
pT spectra. Such models might therefore yield different shapes for the pT

spectra of baryons and mesons (even those with similar masses). Since the
(anti)proton and φ have similar masses, their ratio can be used to study this
effect, as shown in fig. 3 [18]. The p/φ ratio is constant as a function of pT for
central Pb–Pb collisions at

√
sNN = 2.76 TeV, while developing a slope for

more peripheral collision (as well as for p–Pb and pp collisions; not shown).
The constant ratio in central collisions is consistent with a hydrodynamic
interpretation, but it should be noted that some recombination models can
also reproduce the observed behavior [28].
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Figure 4: Nuclear modification factors RAA (left) and RpPb (right) of various
hadrons. Bars (boxes) represent statistical (systematic) uncertainties.

It is also possible to use the φ meson along with other particles in studies
of the flavor, mass, and baryon-number dependence of parton energy loss
in the QGP. The effect of nuclear matter RAA on particle yields is quan-
tified using the nuclear modification factor: the ratio of the yield in A–A
collisions to the same yield in pp collisions scaled by the number of binary
nucleon-nucleon collisions in the A–A coillison. If the A–A collision is a
simple superposition of NN collisions, RAA would be unity. Figure 4 (left)
shows RAA as a function of pT for the φ meson and for light hadrons; the
suppression at intermediate and high pT is attributed to parton energy loss
in the QGP. The high-pT suppression is the same for almost all hadron
species (including those containing c and b quarks). For 2 < pT < 6 GeV/c,
there appears to be mass ordering in the RAA values for mesons. At RHIC,
different shapes for RAA of (anti)protons and φ was taken as evidence in
favor of recombination models, but in the present data the different RAA

values for these particles are due to differences in the reference (pp) spec-
tra. Figure 4 (right) shows RpPb, the nuclear modification factor for p–Pb
collisions, which quantifies the effect of nuclear matter in the absence of
a QGP (so-called “cold nuclear matter”). The RpPb for π± is consistent
with unity for pT > 2.5 GeV/c, while RpPb for protons exhibits a moderate
enhancement. The RpPb values for φ are consistent with unity for interme-
diate and high pT, though there are hints of a small Cronin enhancement.
Taken together, these RAA and RpPb suggest the presence of mass depen-
dence and/or baryon/meson differences for the processes that determine the
shapes of particle spectra in pp, p–Pb, and Pb–Pb collisions.

Hadronic resonances are useful probes in the study of heavy-ion colli-
sions. Their short lifetimes make them well suited to study the properties
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of the hadronic phase. They can also be compared to other particles as part
of systematic studies of the flavor, mass, and baryon-number dependence
of the process that determine the shapes of particle pT spectra. The AL-
ICE Collaboration has measured the K∗0 and φ mesons in multiple collision
systems [16–18] and has also measured the Σ(1385)± and Ξ(1530)0 bary-
onic resonances in pp collisions [29]. There are also ongoing measurements
of several particles, including ρ(770)0, Σ0, Δ(1232)++, Σ(1385)±, Λ(1520),
and Ξ(1530)0 in pp, p–Pb, and Pb–Pb collisions at LHC energies. The
pT-integrated K∗0/K ratio is observed to be suppressed in central Pb–Pb
collisions, consistent with signal loss due to re-scattering of the K∗0 decay
products, while the longer-lived φ meson is not suppressed. Measurements
of 〈pT〉 and the pT-dependent p/φ ratio indicate that hydrodynamics (in
which particle masses are a dominant factor in determining the shapes of
pT spectra) is well suited to describe central Pb–Pb collisions, while effects
depending on quark content may be important for smaller collision systems.
As quantified by the nuclear modification factor RAA, particle suppression
at high pT is the same for most particle species; at intermediate pT there
may be mass and/or baryon-number dependence.
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