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Abstract Experimental data from the NA49 collabora-

tion show an unexpectedly steep rise of the rapidity width

of the φ meson as function of beam energy, which was

suggested as possible interesting signal for novel physics.

In this work we show that the Ultra-relativistic Quantum-

Molecular-Dynamics (UrQMD) model is able to reproduce

the shapes of the rapidity distributions of most measured

hadrons and predicts a common linear increase of the width

for all hadrons. Only when following the exact same analy-

sis technique and experimental acceptance of the NA49 and

NA61/SHINE collaborations, we find that the extracted value

of the rapidity width of the φ increases drastically for the

highest beam energy. We conclude that the observed steep

increase of the φ rapidity width may be a problem of limited

detector acceptance and the simplified Gaussian fit approxi-

mation.

1 Introduction

A promising observable for the understanding of strongly

interacting matter created in heavy ion collisions is the

production of φ mesons. Being a s̄s state with zero net-

strangeness it has a small hadronic cross section and may

therefore transport information directly from hadronisation.

Being at the same time a multi-strange hadron and net

strangeness neutral it is further sensitive to different real-

izations of strangeness suppression in peripheral collisions,

either via canonical strangeness suppression or via a γs

strangeness suppression factor. It has been further found

that many transport simulations have substantial problems

to describe the yields of φ mesons, which may hint to hith-

a e-mail: bleicher@itp.uni-frankfurt.de (corresponding author)

erto unknown production channels. For the production of φ

mesons in hadronic and partonic matter many mechanisms

have been proposed, such as thermal production [1], OZI sup-

pressed reactions [2], kaon coalescence [3], catalytic reac-

tions [4,5] or from heavy resonance decays [6].

The production of φ mesons has been studied extensively

in experiments at the CERN-LHC [7], RHIC [8–10], CERN-

SPS [11–13], BNL-AGS [14] and at GSI [15–17]. Especially

deep sub-threshold production of strangeness in the φ and �

hadrons has been subject of low energy and large baryon

density experiments e.g. at HADES [16–18] accompanied

by theoretical efforts [5,6].

The NA49 collaboration at the CERN-SPS has reported on

the rapidity widths of several hadrons ranging from π−, K ±

to � + �
0

and to the φ meson for central Pb+Pb collisions

in the energy range from Elab = 20A GeV to Elab = 158A

GeV [12]. Recently, additional measurements in p+p colli-

sions in the same energy range have been reported by the

NA61/SHINE experiment [13]. The general observations for

π−, K ± and � + �
0

was that the rapidity widths increase

linearly as a function of the beam rapidity both in Pb+Pb

and in p+p collisions in the investigated energy regime and

that the rapidity widths in Pb+Pb and p+p are very similar to

each other. These results are summarized as open (p+p) and

filled (Pb+Pb) symbols in Fig. 1. The φ seems to follow this

linear trend in p+p collisions, but shows a stark difference in

Pb+Pb collisions. For Pb+Pb collisions the data suggest a dra-

matic deviation from the trend observed for all other hadrons,

namely a much broader rapidity width of the φ meson for the

highest collision energy.

In this article we aim to explore the reason for this appar-

ent broadening of the rapidity width of the φ in Pb+Pb colli-

sions at 158A GeV using microscopic transport simulations.
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We will first calculate the rapidity distributions and widths

directly from the UrQMD simulations and then proceed with

the analysis following the experimental procedure to extract

σy of the φ meson.

2 The UrQMD model and resonance reconstruction

The Ultra-relativistic Quantum Molecular Dynamics model

(UrQMD) [19–21] is based on the covariant propagation of

hadrons and their resonances in phase space. As a QMD-

type model it keeps track of all n-body correlations provid-

ing a realistic time evolution for the n-body phase space dis-

tribution function. In its current version UrQMD includes

mesonic and baryonic hadrons and resonances up to 4 GeV

in mass. Their binary interactions are modeled via measured

or derived cross sections, while additional QMD potentials

can be switched on but will not be used in the present work.

Experimentally, unstable resonances like the φ are recon-

structed from the invariant masses of their decay products.

The NA49 collaboration, in particular, use the φ → K +K −

channel for the reconstruction in an invariant mass analy-

sis and correct for the branching ratio of 49.1% [12]. This

means, from the invariant mass distributions of the measured

K +K −-pairs, the yield of the φ is obtained by fitting a rela-

tivistic Breit-Wigner distribution in the mass range of the mφ

after subtracting the uncorrelated background. Thus, only φ

mesons where both decay daughter particles escape without

interaction from the fireball can be reconstructed experimen-

tally. Therefore, in the simulation, measurable resonances

are identified by tracing their daughter particles and counting

only those φ mesons for which both daughter particles escape

without further interactions. This method is well established

and has been extensively tested at various collision energies

and resonances [22–28]. We note that in the model calcula-

tion we use all φ → K K decays independent of the charge

in order to have better statistics.1

3 Results

All results have been obtained by calculating 0–7.2% cen-

tral Pb+Pb collisions at the lower energies and 0–5% cen-

tral Pb+Pb collisions at 158A GeV, in accordance with the

experimental centrality cuts [12]. We select the centrality

by an impact parameter cut chosen to match the number of

wounded nucleons which NA49 reports [12]. All calculations

are done with UrQMD (v3.4) in cascade mode. We recon-

struct φ mesons in the φ → K̄ K channel (independent of the

charge) by following the daughter particles through the evo-

1 We have checked that this does not influence the yield and spectra.

Fig. 1 Comparison between experimental results [11–13,29–34] of

the rapidity widths of π− (blue), K + (red), K − (magenta) and �+�
0

(green) in p+p (open symbols) and Pb+Pb (filled symbols) collisions

and UrQMD simulations for Pb+Pb reactions (solid lines) in the energy

range from Elab = 20A GeV to Elab = 158A GeV

lution. Only if both kaons escape without further interaction,

we consider the φ reconstructable.

To establish the baseline for the investigation, we first

compare the rapidity widths of π−, K ± and �+�
0

in Pb+Pb

reactions with those presented in the NA61/SHINE article

[13]. For this purpose we calculate the rapidity distributions

of π−, K +, K − and � + �
0

and extract the width of the

rapidity distribution σy from the simulated data precisely by

σ 2
y = 〈y2〉 − 〈y〉2. Figure 1 shows the comparison of the

rapidity widths calculated from UrQMD (solid lines) to the

experimental data [11–13,29–34] of π− (blue), K + (red),

K − (magenta) and �+�
0

(green) in Pb+Pb (filled symbols)

collisions. The experimental data in p+p collisions are also

shown as open symbols.

One observes that the transport model calculations of σy

agree very well with the experimentally measured data for

all investigated hadron species. Both model and data show

a linear increase of the width of the rapidity distributions

with increasing beam rapidity, with a roughly constant slope

across all hadron species.

As reported in [12] the σy of the φ seems to not follow

this behavior, especially close to
√

sNN = 17.3 GeV.

Before calculating the width of the rapidity distribution

of the φ, the rapidity density should be compared directly

between the model calculation and the experimental data to

confirm the ability of the model to describe the shape of

the rapidity distribution. Figure 2 shows the rapidity distri-

bution of reconstructable φ mesons in 0–5% central Pb+Pb
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Fig. 2 Rapidity distributions of reconstructable φ mesons in 0–5%

central Pb+Pb collisions at Elab = 158A GeV (red, scaled by 2.1)

from UrQMD in cascade mode. The symbols represent experimental

data taken at Elab = 158A GeV (
√

sNN = 17.3 GeV) by NA49 [12]

(black circles), earlier by NA49 [11] (grey squares) and by CERES [35]

(cyan hexagons, Pb+Au). The reflected experimental data is shown by

brighter symbols and colors

collisions at 158A GeV (red, scaled by a factor 2.1) from

UrQMD. The symbols represent experimental data by the

NA49 collaboration [12] (black circles), earlier data by the

NA49 [11] (grey squares) and by the CERES2 experiment

[35] (cyan hexagons). The reflected experimental data is

shown by lighter/open symbols.

We note that describing the yield of φ mesons produced

in nuclear reactions is often a challenging task for transport

approaches as well as for thermal models. This is mainly due

to the fact that it is not a priori clear whether a φ should be

treated as a double-strange or zero-strange hadron. It might

further be accounted for as evidence for hitherto unknown

production channels or medium modifications, see [36,37]

and references therein. Therefore the UrQMD simulations

have been scaled for better comparison by a factor of 2.1

(obtained through a fit to the available data) such that the

integrated yield of the φ matches the experimental value. We

explicitly state that this scaling does, however, neither affect

the shape nor width of the calculated rapidity distribution.

The shape of the rapidity density of φ mesons calculated

with UrQMD describes the measured rapidity density very

well, especially in terms of the width. This is also quantified

in the reduced chi-squared χ̃2 ≡ χ2/d.o. f. of the UrQMD-

2 Note that CERES has measured φ mesons in a slightly asymmetric

system, i.e. in Pb+Au collisions. The results are thus not necessarily

one to one comparable with the measurements in Pb+Pb.

Fig. 3 The rapidity width σy as a function of the beam rapidity of the

φ calculated using the experimental technique (red filled circles) and

calculated directly from the data set (red triangles-up) in 0−7.2%/0–

5% central Pb+Pb collisions at different energies from UrQMD. The

UrQMD calculations of the width of the π− (blue triangles-down) are

shown as a comparison. Experimental results for the φ [12] in Pb+Pb

are shown as black squares with error bars

Data comparison which evaluates to χ̃2
UrQMD = 0.16 for

UrQMD and to χ̃2
Gauss = 0.10 for a single Gaussian fit to the

data. The quality of both fits is hence very good and both can

be considered a good description of the available data.3

To calculate the width of the φ rapidity density σy two

different methods can be employed:

1. The width is directly calculated, assuming full rapidity

acceptance, as σy =
√

〈(δy)2〉 =
√

〈y2〉 − 〈y〉2 from the

simulated data set as it was done for the comparison of

the π−, K ± and � + �
0

widths in Fig. 1.

2. We employ the method used by the NA49 collabora-

tion, i.e. we fit the rapidity density with a Gaussian (2)

and/or a double Gaussian4 (3) in the rapidity accep-

tance of the NA49 detector.5. Following the experimen-

tal analysis as described in [12, p. 9], we then extrap-

olate the rapidity width from the UrQMD calculations

3 Although the overall normalization of the UrQMD curve underesti-

mates the measured φ yields, the χ2/d.o. f. of the scaled curve suggests

that the kinematics of the φ production are handled properly, hence

allowing to reliably calculate the width of the rapidity distribution.

4 Note, that in case of a double Gaussian the width of the distribution is

not equal to the parameter in the denominator, hence we renamed it as

̟ to avoid confusion. The standard deviation of the double Gaussian

is then σ =
√

̟ 2 + a2.

5 The rapidity acceptances vary with energy. We have chosen the rapid-

ity windows for our analysis in accordance with NA49 [? , Tab. III]
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Fig. 4 The rapidity width σy of φ mesons calculated with the exper-

imental method using a single Gaussian to extrapolate the φ rapidity

density from 0 ≤ y ≤ ymax to the full rapidity range (red circles with

error bar) in 0–5% central Pb+Pb collisions at Elab = 158A GeV from

UrQMD. The experimental results [12] in Pb+Pb are shown as a black

line with error band

in the respective rapidity acceptance to the full accep-

tance using the single (2) and/or double (3) Gaussian

fits (at 158 GeV only the single Gaussian is used) to

the UrQMD calculations in the rapidity acceptance and

then calculate the rapidity width (≡ σExp.) as the average

σExp. = 0.5
(

σ
single Gauss
extrap. + σ double Gauss

extrap.

)

of the extrapo-

lated widths. The extrapolated rapidity width is obtained

as shown below in (1)

σextrap. =

√

√

√

√

√

√

√

√

∑

i

y2
i

(

dN
dy

)

i
�yi +

b
∫

a

y2 ffit(y)dy

∑

i

(

dN
dy

)

i
�yi +

b
∫

a

ffit(y)dy

, (1)

where the sum runs over the rapidity bins, yi is the rapidity

of the i-th bin, (dN/dy)i is the rapidity density of the i-th

bin, �yi is the width of the i-th bin and the integral inte-

grates the region not covered by the acceptance (note that

this does not only cover the forward rapidity, but might

also cover the midrapidity region at certain energies [12])

in which ffit(y) is the single and/or double Gaussian fit to

the UrQMD calculations fitted in the rapidity acceptance.

dN

dy
∝ exp

[

−
y2

2σ 2

]

(2)

dN

dy
∝ exp

[

−
(y + a)2

2̟ 2

]

+ exp

[

−
(y − a)2

2̟ 2

]

(3)

Figure 3 compares the calculated rapidity widths σy (red

triangles-up) and σExp. (red filled circles) of the φ from

UrQMD, in 0−7.2% and 0–5% central Pb+Pb collisions at

different energies, as a function of the beam rapidity. The

UrQMD calculations of the width of the π− (blue triangles-

down) are shown as a comparison. Experimental results for

the φ [12] in Pb+Pb are shown as black squares with error

bars.

Though the experimental value of the width σy of the φ

at 158A GeV is still larger than the widths of the φ, calcu-

lated from the simulated UrQMD events, one notices that the

width of the rapidity density of the φ calculated by follow-

ing exactly the experimental technique shows also a much

larger value than the direct calculation of σy in the model.

One should also keep in mind that this large variation of

the rapidity width σy occurs for two different, but statisti-

cally very likely (i.e. both the scaled UrQMD calculation and

the single and/or double Gaussian fit to the rapidity density

dN/dy have a low χ2, cf. Figure 2), descriptions of the data.

In general one notices that extracting the rapidity width σy

by extrapolating to the full rapidity range using single and/or

double Gaussian fits yields larger widths than the direct cal-

culation in the model, also at the lower energies. The depen-

dence on the beam rapidity remains, however, linear but with

a slightly increased slope. The UrQMD model calculation of

σExp. of the φ meson employing the experimental technique

comes very close to the experimental values though the true

value of the width σy shows the same linear trend with the

same slope as the other hadrons. We, however, also point out

that at 158A GeV the σExp. extracted from UrQMD using a

Gaussian fit still does not reach the value extracted by NA49.

Also the measured rapidity width at the lowest energy (20A

GeV) is slightly better described by the direct calculation of

σy than by using the Gaussian fits.

To better understand the systematics of the strong increase

ofσExp., Fig. 4 shows the rapidity widthσy ofφ mesons calcu-

lated with the experimental method using a single Gaussian

to extrapolate the φ rapidity density from 0 ≤ y ≤ ymax to

the full rapidity range (red circles with error bar) in 0–5%

central Pb+Pb collisions at Elab = 158A GeV from UrQMD.

The experimental results [12] in Pb+Pb are shown as a black

line with error band.

The rapidity width σExp. from the UrQMD calculation

shows a strong dependence on the considered fit range

(i.e. the acceptance of the experimental detector). Smaller

acceptance windows artificially increase the extracted rapid-

ity width. This can be attributed to the extrapolation of

the employed fit function to large forward and backward

rapidities, which deviates from the actual tails of the sim-

ulated distributions, simply because the distribution does not
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exactly resemble a double Gaussian. This phenomenon is not

observed at lower collision energies because the acceptance

in beam rapidity allowed the single or double Gaussian fit to

capture the whole distribution, constraining it also at higher

forward and backward rapidities.

Again, we want to emphasize that all fits will provide a low

χ̃2 as the fit usually does not put much emphasis on the tails

of the distributions. In conclusion it is not clear whether the

systematic error, given by the experiment, is sufficient to cap-

ture the uncertainties arising from fitting a double Gaussian

in an incomplete acceptance. Therefore also the interpreta-

tion of the steep increase of the width as a signal for new

physics remains an open question.

4 Conclusion

In the present article we have employed the Ultra-relativistic

Quantum Molecular Dynamics (UrQMD) model to calcu-

late 0-5% and 0−7.2% central Pb+Pb collisions and extract

the rapidity distributions of reconstructable φ mesons. The

NA49 collaboration observed a strong increase of the width

of the rapidity density of φ mesons around
√

sNN = 17.3

GeV. We have demonstrated that this increase in σy may

arise as an artifact from the limited rapidity coverage of the

detector being extrapolated with a function which may not

be able to capture the tails of the distributions correctly. The

rapidity width calculated directly from the simulated data

set of the φ follows the same linear trend as seen for the

π−, K ± and � + �
0

while the width extracted following

the experimental technique, i.e. calculated directly from the

(transport model) data within the experimental acceptance

and extrapolated to the full rapidity range employing the same

fit function, shows a steeper slope with respect to the beam

rapidity. This brings the rapidity width of the φ closer to the

value measured by NA49. A discrepancy between the NA49

data and the UrQMD calculation following their technique

is, however, still remaining.
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