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Abstract. We present measurements of mass, width, and yields of the

Δ(1232)++, Σ(1385) and Λ(1520) from p + p, d+Au, and Au+Au collisions at√
sNN = 200 GeV in the STAR experiment at Brookhaven National Laboratory’s

Relativistic Heavy-Ion Collider (RHIC). These measurements are discussed in the

context of re-scattering and regeneration. We also discuss preliminary measurements of

the Ξ(1530) and possibilities for upcoming measurements based on recently collected

data.

1 Introduction

Hadronic resonances are readily produced in the hot dense environment of ultra-relativistic heavy-ion

collisions. Resonance lifetimes vary by more than an order of magnitude, therefore some resonances

are more likely to decay earlier during the evolution of the system than others. By taking advantage

of the interplay of resonance daughter re-scattering and the production of resonances in the hadronic

medium we may gain information about the partonic phase, the hadronic phase, and any difference in

time between chemical freeze-out (fixing the particle ratios) and kinetic freeze-out (the time of last

interaction) [1]. Furthermore, variations of the mean mass and/or width of resonance peaks have been

suggested as a possible indicator of chiral symmetry restoration expected in the quark-gluon plasma

phase [2]. Variation in the mean resonance mass for some meson resonances and the Δ++, and in the

width of the Λ∗ has been observed in p + p, d+Au, and Au+Au [1, 3–6].

2 Masses and Widths

In these proceedings the following decay channels were utilized for reconstructing the presented reso-

nances; Δ++ → p+π+, Σ± → Λ+π±, Λ(1520) → p+K−, and Ξ(1530)0 → Ξ−+π+. Charge conjugates

of these decay channels were used for the antiparticles. Resonance masses and widths were obtained

from the Breit-Wigner fits described below after subtraction of the combinatorial background by var-

ious techniques (also described below).

The mid-rapidity mass and width of the Δ++ as functions of transverse momentum are shown in

the left and right columns of Fig. 1 for minimally-biased d+Au and p + p collisions respectively.

They were obtained by fitting the pπ invariant mass distribution with a relativistic p-wave Breit-

Wigner function [7] multiplied by a phase factor (see [5] for details). The Δ++ mass is found to be

significantly smaller than the standard Particle Data Group (PDG) value [8], while the width is within

uncertainties of the expected value [8]. The main contributions to the systematic uncertainties were
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Figure 1. From [5], the Δ++ mass (upper) and width (lower) from mid-rapidity (|y| < 0.5) d+Au (left) and p + p
(right) collisions at

√
sNN = 200 GeV. Solid lines indicate the mass and width from the Particle Data Group [8].

Systematic uncertainties are indicated by brackets.

found to be related to the function used to describe the residual background in the invariant mass

distribution and to the slope parameter used in the phase space factor. In the d+Au system the overall

systematic uncertainty on the Δ++ mass and width was found to be of the order of 20 MeV/c2 and

30 MeV/c2, respectively. Systematic uncertainties in the p + p system were determined in a similar

manner and found to be of the order of 10 MeV/c2 and 15 MeV/c2 for the mass and width, respectively,

of the Δ++.

Several explanations have been offered for the observed mass shift of the Δ++ in d+Au, including

dynamical interactions with the surrounding matter, distortions of the phase space due to re-scattering

of the daughters, and Bose-Einstein correlations with pions in the surrounding matter [3]. For the

mass shift observed in p + p it has been suggested that ππ re-scattering may be responsible since it

does not require the presence of a medium [9].

Figure 2 shows the mid-rapidity mass and width of the Λ(1520) and the mass of the Σ(1385) from

d+Au collisions at
√

sNN = 200 GeV as functions of transverse momentum. The values were obtained

fitting the invariant mass spectrum with a non-relativistic Breit-Wigner function plus either a Gaussian

(in the Σ(1385) case) or a linear function (in the Λ(1520) case) to account for residual background.

Residual background in the case of the Σ(1385) comes mostly from the Ξ and Ξ, which have the

same decay channels as the Σ(1385) and Σ(1385). The Λ(1520) mass is consistent with the expected

value within uncertainties (indicated by brackets in Fig. 2). This figure would seem to indicate a

significantly different width for the Λ(1520) compared to the PDG value [8]. However, simulations

that include both the detector resolution and the kinematic cuts indicate an expected width of 0.022

GeV/c2, which is consistent with our measurements within the quoted uncertainties. Identified sources
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Figure 2. From [5], the Λ(1520) mass (upper left) and width (upper right) and the Σ(1385) mass (lower) from

mid-rapidity (|y| < 0.5 for Λ(1520), |y| < 0.75 for Σ(1385)) d+Au collisions at
√

sNN = 200 GeV. Solid lines

indicate the mass and width from the Particle Data Group [8]. Systematic uncertainties are indicated by brackets.

of systematic uncertainty include the choice of bin width, and of the range used for background

normalization and fitting.

Both the mass and width of the Σ(1385) were found to be consistent [5] with the values from the

PDG [8]. However, if the width is held constant at the PDG value (37.6 ± 1.1 MeV/c2) and the mass

remains a free parameter, a small deviation is observed in the low-pT region as seen in Fig. 2. Similar

to the Λ(1520), sources of systematic uncertainty for measurements on the Σ(1385) include choice of

bin sizes and fit range, event and track selection cuts, and normalization of the background distribution

produced from the mixed-event technique [5]. The systematic uncertainties on the Σ(1385) mass are

shown as brackets in Fig. 2.

3 Spectral Shapes

Comparisons of spectral shapes may provide information on the relative contributions of hard and

soft processes to particle production. Gluon saturation and the color glass condensate (CGC) suggest

that identified hadron spectra may follow a generalized scaling law and fall onto an approximately

universal curve versus transverse mass (mT ≡
√

p2
T + m2) [10]. Saturation of the gluon density is not

be expected in the p + p system. Nevertheless, identified hadron spectra from p + p collisions at ISR

[11–13] and SPS [14] seem to follow an approximate scaling law. In Fig. 3 we present the transverse

mass spectra of several identified baryons and mesons detected by the STAR detector in p+p collisions

[15] (left panel) and d+Au collisions [5] (right panel) at
√

sNN = 200 GeV. In particular, for the d+Au

collisions the spectra of several resonances (ρ, K∗, Δ, Σ∗, and Λ∗) are shown. The spectra in p + p
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Figure 3. Mid-rapidity transverse mass spectra for several species of identified hadrons from minimum-bias p+p
collisions [15](left) and d+Au collisions [5](right) at

√
sNN = 200 GeV. The spectra have been scaled by arbitrary

factors that provide the best match at mT ≈ 1 GeV. The scaling factors for the d+Au collisions are shown in the

figure.

and d+Au have been arbitrarily scaled to match at mT ≈ 1 GeV. One aspect that immediately stands

out in the p+ p data is the difference in spectral shape above mT ≈ 2 GeV. Closer examination reveals

the harder spectra to be exclusively those of the mesons. The proton and pion spectra from d+Au

collisions still seem to diverge, although to a lesser degree, above mT ≈ 4 GeV but any such splitting

among the resonances is mostly absent over the measured range. We echo the call in [5] for more

theoretical work on the similarities of p + p and d+Au.

The average transverse momentum, 〈pT 〉, provides a means of partially characterizing the shape

of the transverse momentum spectrum in a single number. Generally, for spectra of the same approx-

imate shape, a larger 〈pT 〉 indicates a harder spectra. Figure 4 shows the 〈pT 〉 for various hadronic

species, including resonances, from three different collision systems all at the same energy. A strong

dependence on particle mass is immediately apparent and present in all three systems. A somewhat

weak dependence on collision system could be inferred from the ordering of the points for each parti-

cle in 〈pT 〉, going from its lowest value in p + p through d+Au to its highest value in central Au+Au

indicating harder spectra in the heavy-ion system compared to the p + p.

4 Ratios

The ratio of resonance yield to the yield of a stable particle with similar quark content can provide in-

formation on the dynamics of relativistic heavy-ion collisions [1, 3, 4, 16]. Furthermore, a comparison

of the resonance-to-stable ratio from Au+Au collisions with the same ratio from p+ p collisions may

provide some insight regarding the interplay of resonance decay daughter re-scattering and resonance

(re-)generation in the hadronic phase of the collision. In Fig. 5, a “ratio of ratios” is shown, that is the

ratio of the resonance-to-stable ratio from d+Au and from Au+Au to that from p + p [5].

As can be seen in the figure, the resonance-to-stable ratios of Λ(1520)/Λ and K(892)/K− are sig-

nificantly smaller in Au+Au than those from p + p. One explanation that has been provided is that a

longer-lived hadronic phase in the Au+Au system allows more re-scattering of the resonance decay

daughters thereby decreasing the measured yield relative to that in p + p [1]. Similarly, the relative
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Figure 4. Mean transverse momentum for various hadrons from minimum-bias p+ p, d+Au, and central Au+Au

collisions at
√

sNN = 200 GeV [5]. The error bars indicate the combined statistical and systematic uncertainties,

which were summed in quadrature.

Figure 5. Ratio of resonance-to-stable ratio in d+Au and Au+Au to that in p + p for particles with similar quark

content as a function of charged particle multiplicity at mid-rapidity [5]. The error bars indicate the combined

statistical and systematic uncertainties, which were summed in quadrature.

agreement of the same ratios in d+Au and p + p may indicate the absence of a long-lived hadronic

phase in d+Au collisions [5]. The Δ++/p and Σ(1385)/Λ, as well as the ρ0/π− ratios show no depen-

dence on multiplicity and collision system within uncertainties and may be insensitive to differences

in the lifetime of the hadronic phase. This insensitivity might be expected if the Δ++,Σ(1385), and ρ0

regeneration cross sections are large [5].

Resonance Workshop at Catania

00031-p.5



5 New Measurements on the Ξ(1530)0

One of the heaviest baryon resonances measured in heavy-ion collisions is the doubly-strange

Ξ(1530)0. Measurements of the Ξ(1530)0 yields and spectra in p + p and Au+Au collisions may pro-

vide further insight into the dynamics of heavy-ion collisions. The Ξ(1530)0 is a narrow (Γ ≈ 9.1 ± 0.5
MeV) resonance with a clean decay channel, Ξ(1530) → Ξ + π, with a near 100% branching ratio

making it easier to access experimentally than other resonances with many possible decay channels

and/or large branching to neutral channels. Also, if the Ξ + π cross section is small, modifications to

the Ξ(1530)0 yield should be dominated by re-scattering, allowing the Ξ(1530)0 yield in heavy-ion

collisions relative to that in p + p (i.e. the nuclear modification factor RAA) to serve as a measure of

the degree of hadronic scattering occurring in the late stages of the collision evolution.

Figure 6. The mass (left) and width (right) of the Ξ(1530)0 (filled circles) and anti-Ξ(1530)0 (filled squares) from

p + p collisions in STAR at
√

s = 200 GeV. In each plot a horizontal line indicates the expected PDG value for

mass and width. The error bars indicate the uncertainties on the Breit-Wigner fit parameters only.

We present in Fig. 6 measurements of the mass and width of the Ξ(1530)0 (and its antiparticle)

as functions of transverse momentum obtained from 151 million p + p collisions at
√

s = 200 GeV

collected by STAR in 2009. The data shown were obtained by fitting a non-relativistic Breit-Wigner

function to the invariant mass distribution of all Ξ+ π pairs after subtraction of the uncorrelated back-

ground estimated by the rotational method. The error bars in the figure indicate only the uncertainty

on the Breit-Wigner fit parameter. An evaluation of the systematic uncertainty is underway. The cur-

rent measurements are consistent with the PDG values, indicated by horizontal lines, within expected

uncertainties across the entire measured range. The mean transverse momentum and resonance-to-

stable yield will be available once embedding corrections for efficiency and acceptance have been

finalized. Measurement of the pT spectra in p + p is crucial as a baseline in the nuclear modification

factor (RAA). A high-statistics p + p data set was collected by STAR during 2012 consisting of more

than 1.7 × 109 events, which will allow extension of the spectra measurement to higher-pT , a high-

pT azimuthal correlation measurement for both Ξ(1530)0 and Ξ(1530)0 (similar [17]), and possibly

spectral measurements in bins of multiplicity.

Lastly in Fig. 7, we present measurements of the mass and width of the Ξ(1530)0 and Ξ(1530)0 in

10-20%, 30-40%, and 70-80% central Au+Au collisions at
√

sNN = 200 GeV. As in Fig. 6, the mass

and width are extracted by fitting the invariant mass distribution with a non-relativistic Breit-Wigner

function. In this case a 2nd order polynomial was added to describe the residual background after

incoherent background subtraction estimated by the rotational method. Also as in Fig. 6, the error

bars in the figure indicate only the uncertainty on the Breit-Wigner fit parameter. The mass and width
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Figure 7. Measurements of the mass (upper) and width (lower) of the Ξ(1530)0 (left column) and Ξ(1530)0

(right column) in 10-20%, 30-40%, and 70-80% central Au+Au collisions at
√

sNN = 200 GeV. A horizontal line

indicates the PDG mass and width in each plot.

for both the Ξ(1530)0 and Ξ(1530)0 are consistent with the expected values from the PDG except the

ones measured for pT < 2 GeV/c in 10-20% central Au+Au. However, systematic uncertainties are

still being evaluated so no strong conclusion can be drawn.

Furthermore, since the combinatorial background rises faster than the signal with collision cen-

trality, analysis of high-statistics data from the 2014 run will be necessary to estimate the mass and

width for the 0-5% and 5-10% centrality bins.

6 Summary and Outlook

We have discussed measurements of Δ++,Σ(1385),Λ(1520), and Ξ(1530)0 in collisions ranging from

p+ p to Au+Au all at
√

sNN = 200 GeV in the STAR experiment at RHIC. The Δ++ mass was found to

be smaller than the PDG value by ∼ 40 MeV/c2 in p+ p and ∼ 50 MeV/c2 in d+Au over the measured

range. The Δ++ width agrees with expectations in both collision systems. No such variation from the

PDG values is found for the Σ(1385) and Λ(1520) in either system.

In p + p collisions the transverse mass spectra of Δ++,Σ(1385), and Λ(1520) are found to follow

a generalized scaling law in the range 1 ≤ mT ≤ 2 GeV though no such scaling is observed in Au+Au

collisions at
√

sNN = 200 and 62.4 GeV [5, 18]. The generalized scaling of resonances in d+Au

collisions at
√

sNN = 200 GeV is in contrast to the meson-baryon splitting that was observed among

identified hadrons in p + p collisions at the same collision energy. The 〈pT 〉 of Δ++,Σ(1385), and

Λ(1520) is mass ordered and increases weakly with the size of the collision system.
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The suppression of the resonance-to-stable particle ratio measured in Au+Au collisions for

Λ(1520)/Λ and K(892)/K− with respect to the one in p + p may indicate an extended lifetime of the

source and therefore a dominance of re-scattering over resonance generation in the hadronic phase.

No such suppression is observed for the Δ++/p and Σ(1385)/Λ ratios, possibly due to large regener-

ation cross sections. Similarly, little difference exists in the Λ(1520)/Λ and K(892)/K− ratios from

d+Au and p+p which may indicate the absence of an extended hadronic medium in the d+Au system.

Finally, preliminary measurements with the STAR detector of the mass and width of Ξ(1530)0

and Ξ(1530)0 in p + p collisions and in 10-20%, 40-50%, and 70-80% central Au+Au collisions at√
sNN = 200 GeV have been presented. The masses and widths are found to be within uncertainties

of values expected from the PDG above pT > 2.0. Systematic uncertainties are still being evaluated.

We are hopeful that existing data from the 2012 and 2014 RHIC runs will allow in the near future, for

baryon resonances, the measurement of mid-rapidity pT spectra and yields in the most central Au+Au

collisions, as well as azimuthal anisotropy (v2), high-pT correlations, nuclear modification factors,

and possibly multiplicity-dependent studies in p + p.
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