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Abstract

The intense photon fluxes from relativistic nuclei provide an opportunity to study photonuclear inter-
actions in ultraperipheral collisions. The measurement of coherently photoproduced π+π−π+π− fi-
nal states in ultraperipheral Pb–Pb collisions at

√
sNN = 5.02 TeV is presented for the first time. The

cross section, dσ /dy, times the branching ratio (ρ → π+π+π−π−) is found to be 47.8±2.3 (stat.)±
7.7 (syst.) mb in the rapidity interval |y| < 0.5. The invariant mass distribution is not well de-
scribed with a single Breit-Wigner resonance. The production of two interfering resonances, ρ(1450)
and ρ(1700), provides a good description of the data. The values of the masses (m) and widths
(Γ) of the resonances extracted from the fit are m1 = 1385± 14 (stat.)± 3 (syst.) MeV/c2, Γ1 =
431± 36 (stat.)± 82 (syst.) MeV/c2, m2 = 1663± 13 (stat.)± 22 (syst.) MeV/c2 and Γ2 = 357 ±
31 (stat.)± 49 (syst.) MeV/c2, respectively. The measured cross sections times the branching ratios
are compared to recent theoretical predictions.

*See Appendix A for the list of collaboration members

http://arxiv.org/abs/2404.07542v1
http://creativecommons.org/licenses/by/4.0


Four pion photoproduction ALICE Collaboration

1 Introduction

Collisions involving ultrarelativistic heavy ions offer a rich area for research. The distance between the
centers of two nuclei at the moment of their closest approach, called the impact parameter, is one of
the most important characteristics of the interaction. When this distance exceeds the sum of the nuclear
radii, ultraperipheral collisions (UPCs) can occur [1–3]. In this case, the charges of all Z protons in a
nucleus act coherently and the photon fluxes from each nucleus are enhanced by a factor of Z2 compared
to proton beams. This enhancement, together with the high beam energies at the LHC, produces strong
fluxes of high-energy photons. At the same time, the requirement of coherent emission from nuclei
limits the photon virtuality to Q2 < (ℏ/RA)

2. Photons with higher virtuality are strongly suppressed by
the nuclear electromagnetic form factor [4–7].

Photon-induced reactions at the LHC include purely electromagnetic photon-photon processes and photon-
nucleus interactions. The latter includes exclusive processes where the photon fluctuates to a bound qq

system, typically a vector meson (VM), which then scatters elastically off the nucleus. The total cross
section for this process can be factorized into the photon flux and the cross section of the corresponding
interaction.

Elastic scattering of the VM can proceed either off the entire target nucleus (coherently), where the nu-
cleus usually remains intact, or off only one of the nucleons (incoherently), where the target nucleus
typically breaks up, emitting nucleons at very forward rapidities. For coherent processes, the size of
the lead ion restricts the transverse momentum (pT) of the VM to about 100 MeV/c, while it is be-
low 1 GeV/c for incoherent processes. VM photoproduction dominates the hadronic structure of the
photon, and the main contribution to the total exclusive photoproduction cross section comes from the
γ + p → ρ0 + p process. Scaling from a proton to a nuclear target is often implemented using a Glauber
approach assuming VM dominance model [8].

Coherent ρ0 photonuclear production was thoroughly investigated in Au–Au UPCs at RHIC [9, 10] and
in Pb–Pb [11], p–Pb [12] and Xe–Xe UPCs [13] at LHC. The cross section for this process and dσ/dy

distributions were found to be well described by a Glauber calculation. The study of the excited states
of the ρ0 meson is particularly intriguing. The Particle Data Group (PDG) [14] identifies ρ(1450) and
ρ(1700) as two possible excited states based on the previous experimental measurements conducted
mainly in e+e− annihilation and at lower collision energies. However, such data are relatively sparse
and have large uncertainties. In UPCs, such a high-mass resonance was observed by the ALICE Col-
laboration [11] in exclusive two-pion events. Another possible decay mode of an excited ρ resonance
involves four charged pions, π+π−π+π−, in the final state. The photoproduction of the four-pion final
state has been measured by the OMEGA spectrometer [15–17] and in UPCs, by the STAR Collaboration
at RHIC [18]. Previous publications [18–27] suggested that the measured invariant mass spectrum may
be attributed to the two aforementioned resonances. Nonetheless, the accuracy of the data was insuffi-
cient for distinguishing these two resonances and determining their mixing angle. In contrast, a recent
preliminary measurement by the H1 Collaboration [28] suggests the possibility of fitting the data with a
single broad resonance. To date, no measurements of this final state have been carried out at the LHC,
making searches for the π+π−π+π−final state crucial for understanding the nature of these resonances.

This article reports on the first measurement of exclusive π+π−π+π− photoproduction in Pb–Pb UPCs
at
√

sNN = 5.02 TeV. A resonance structure is found in the invariant mass spectrum and the cross section
times branching ratio (ρ → π+π+π−π−) is measured for excited ρ states in the rapidity interval |y|< 0.5.
The possibility of two excited resonances and their mixing is also studied.
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2 Experimental setup

The analyzed data were recorded by the ALICE Collaboration in the fall of 2015 when the LHC provided
Pb–Pb collisions at

√
sNN = 5.02 TeV. A detailed description of the ALICE systems and their perfor-

mance is given in Refs. [29, 30]. The π+π−π+π− final state is reconstructed using the Inner Tracking
System (ITS) [31] and the Time Projection Chamber (TPC) [32] to measure the pion tracks. The Silicon
Pixel Detector (SPD) makes up the first two layers of the ITS, the closest to the beam, and is used for
both tracking and triggering purposes.

The TPC is the main tracking detector. It is a large cylindrical gaseous detector with a central membrane
at high voltage and readout planes, composed of multiwire proportional chambers at each of the two
end caps. It covers the full azimuthal range and pseudorapidity interval |η | < 0.9 for tracks which
fully traverse it. The ITS and TPC are located inside a large solenoid magnet, creating a uniform 0.5 T
magnetic field parallel to the beam-direction axis.

The V0 and AD detectors are used as veto detectors to reject hadronic events. The V0 detector [33]
is a set of two segmented scintillators, V0A and V0C. V0A covers the 2.8 < η < 5.1 range, while
V0C covers −3.7 < η < −1.7. The AD [34] detector is a set of two arrays of scintillation detectors,
ADA and ADC, placed further away from the nominal interaction point and covering 4.7 < η < 6.3 and
−6.9 < η <−4.9, respectively.

The trigger used to obtain the data sample for the measurement described in this Letter uses five signals:
a topological SPD trigger and four vetoes of any activity within the time windows corresponding to
nominal beam–beam interactions in ADA, ADC, V0A and V0C. SPD provides a topological trigger
requiring at least two tracklets having an opening angle in azimuth larger than 153 degrees. Such a
trigger leaves a sample with events containing at least two back-to-back tracks in central detectors.

The integrated luminosity is determined using a reference trigger based on the multiplicity of the V0A
and V0C detectors [35]. The integrated luminosity of the analyzed sample was 622±16 mb−1.

For signal extraction and corrections for acceptance and efficiency, two event samples were generated
using the STARlight Monte Carlo [36], based on a Glauber-like eikonal formalism. The simulated ex-
cited ρ meson events were generated according to a Breit-Wigner (B–W) shape discussed below with
the mass and width equal to m = 1720 MeV/c2 and Γ = 249 MeV/c2 for both coherent and incoherent
photoproduction, and processed using realistic simulations of the ALICE detector [37].

3 Event selection and background subtraction

Events that meet the trigger criteria described above were selected if they contain exactly four good-
quality tracks. The selected tracks were required to be reconstructed in both the ITS and the TPC with
at least two hits in the ITS and 50 out of 159 space points in the TPC, or to be reconstructed only in the
ITS with at least three hits. In addition, each track was required to have a distance of closest approach to
the event interaction vertex of less than 3.2 cm in the beam direction, and less than 2.4 cm in the plane
transverse to the beam direction. All four tracks were required to have at least one matching hit seen
by the trigger. The four-track events with zero net charge were used to create the signal sample, while
non-zero net charge events were used to estimate the combinatorial background.

Since coherently produced VMs typically have small summed pT of the four constituent tracks (event
pT), events with a large pT are expected to be dominated by combinatorial background with more par-
ticles in the final state, but only four charged pions are detected. Therefore, a good estimate of its
pT spectrum can be obtained from non-zero net charge events.

In order to estimate the combinatorial and incoherent backgrounds in the signal region (pT < 150 MeV/c),
the event pT distribution, in the invariant mass range 0.8 < m < 2.5 GeV/c2, is fitted using a combination
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of three templates (Fig. 1). First, the template corresponding to the combinatorial background (solid blue
line) was obtained by fitting a fourth-order polynomial function to the pT distribution of non-zero net
charge events with exactly four charged pions. The other two templates were obtained from STARlight
MC samples for the coherent (dashed orange histogram) and incoherent (fine-dashed magenta histogram)
processes, respectively. A χ2 minimization procedure was used to fit the data (red circles) to the sum of
these three templates, where the normalization of each template was a free parameter. The STARlight
MC does not precisely describe the coherent peak’s position, so the following iterative procedure was
implemented. After the initial fit is performed, the combinatorial and incoherent contributions are sub-
tracted bin-by-bin from the data sample. The ratio of the resulting spectra to the coherent MC sample
follows a linear function in pT, which was used to calculate the weight applied to the coherent MC sam-
ple on an event-by-event basis before the template fit was repeated. The final result of this procedure is
shown in Fig. 1 as a solid black histogram for the sum of three templates. The normalization factor of the
combinatorial background was found from the pT> 600 MeV/c interval to be 1.60±0.15 (stat.), resulting
in the yields of the three contributions to the signal region (pT < 150 MeV/c): Ncoh = 1987 ± 54 (stat.),
Nincoh = 134 ± 13 (stat.) and Ncomb = 320 ± 23 (stat.), respectively.
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Figure 1: Distribution of the event pT in events with zero net charge in the invariant mass range
0.8 < m < 2.5 GeV/c2 and the rapidity interval |y|< 0.5. The data (red circles) are shown together with the fitted
function (solid black line) and its three components as described in the text.

4 Signal extraction

The mπ+π−π+π− -dependent product of the cross section times the branching ratio was obtained as fol-
lows. First, the combinatorial background contribution, as obtained from the template fit shown in
Fig. 1, was subtracted from the invariant mass spectra of zero net charge events in the signal region
(pT < 150 MeV/c). Second, this background-subtracted invariant mass spectrum was corrected bin-by-
bin for detector acceptance and trigger efficiency (A× ε). The A× ε correction factor was calculated
using the coherent sample of events generated by STARlight [36], which were processed through the
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ALICE detector response simulation based on GEANT 3.21 [37]. The correction was found to rise lin-
early as a function of event mass from 0 at 1.0 GeV/c2, reaching almost a constant value of 0.07 around
1.5 GeV/c2. Finally, the corrected spectrum was scaled according to the following formula:

d2σ

dydm
×BR =

Nρ × (1− fI)× fp

∆y×∆m×Lint
. (1)

Here BR is the branching ratio (ρ → π+π+π−π−), Nρ is the number of π+π−π+π−events in each
invariant mass bin after the acceptance and efficiency correction, fI is the correction for the remaining
incoherent contribution, equal to (6.3±1.0)%, Lint is the integrated luminosity of the analyzed sample,
equal to 622±16 mb−1, ∆y is the rapidity interval width in which the measurement is performed, equal
to one unit of rapidity, and ∆m is the invariant mass bin width. Finally, fp is the pileup correction, mainly
from two-photon interactions producing low-mass electron-positron pairs. The probability of pileup is
correlated with the average number of inelastic hadronic collisions per bunch crossing. The pileup effect
is estimated using two different methods described in detail in Ref. [11], and its value is 1.071± 0.038
in the current measurement.

The amplitude of the resonance production is usually described by a relativistic Breit–Wigner (B–W)
function as derived by Jackson [38]:

BWpart =

√

mpart ·mevent ·Γevent

m2
event −m2

part + i ·mpart ·Γevent
, (2)

where the mass-dependent width Γevent is given by

Γevent = Γpart ·
mpart

mevent
·
(

m2
event − k ·m2

π

m2
part − k ·m2

π

)3/2

. (3)

Here, mpart, Γpart are the mass and the width of a resonance, mevent is the event mass. The constant k is
equal to 4 for two-pion decays, since both pions have the same energy in the center-of-mass frame. For a
four-pion decay, the value of k is not well defined. If all four pions have the same energy in the center of
mass, one finds k = 16. This is the most natural choice here, since this expression reflects how much the
energy in the center of mass differs from the sum of the masses of the daughter particles. At the same
time, it was found that the fit behavior and the extracted parameters do not show a strong dependence on
the particular choice of the k value.

In the present analysis, two approaches using the relativistic B–W formula are used to describe the data.
The first is a single resonance:

dσ

dm
= |A ·BW1|2, (4)

and the second is two interfering resonances with a mixing angle:

dσ

dm
= |A ·BW1 + e−iϕ ·B ·BW2|2, (5)

where A and B are the normalization factors of the first and second B–W resonances, respectively, and ϕ

is the phase difference between them.

The top and bottom panels in Fig. 2 show the results of the fits to the fully corrected invariant mass cross
sections using the expressions (4) and (5), respectively. The uncorrelated systematic uncertainty (see
Sec. 5) is shown as an orange band and is taken into account in the fit. The total uncertainty, calculated
as a statistical and uncorrelated systematic added in quadrature, is represented with a box. The results of
these fits are presented in Table 1, together with the PDG values and the previous measurement by the
STAR Collaboration [18] for comparison.
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Figure 2: Corrected invariant mass spectrum for the coherent four pion photoproduction fitted with one resonance
(top) and two resonance with interference (bottom) models, as described in the text. Black error bars represent the
statistical error, the orange band shows the uncorrelated systematic uncertainty, and the boxes show them added in
quadrature. "Prob" reflects the probability of having the given or a higher χ2/ndf of the fit.

The fit considering one B–W resonance provides mass and width parameters consistent with the ρ(1450)
resonance reported by the Particle Data Group [14]. Notably, this result is 80 MeV/c lower than the one
reported in the STAR publication [18], which reported it to be in statistical agreement with a heavier
ρ(1700) resonance.

The fit by Eq. 5 considerably improves the description of the data, especially in the higher-mass region.
The mass of the lighter resonance is lower than the one reported by PDG for ρ(1450), but still statistically
compatible with it at a 1.7 σ , taking into account both the statistical and the systematic uncertainties of
the current measurement. The mass of the heavier resonance is also slightly lower (2.2 σ ) than the one
reported by PDG. The widths of both resonances agree with the corresponding PDG values within the
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reported uncertainties.

From the χ2/ndf of the two fits the distinction between one or two resonances can be quantified. In the
first case (one resonance), the probability of having this or a larger χ2 is only 0.4%. This hypothesis is
thus strongly disfavored. In the second case (two resonances) the fit is consistent with the hypothesis.

Table 1: Summary of the fit results. The first three rows present the masses and widths reported by PDG [14]
and measured by the STAR Collaboration [18], while the second and third part list the values extracted from each
of the fits by Eq. 4 and by Eq. 5, respectively. The given uncertainties for the ALICE results are statistical and
systematic, respectively. STAR reports only statistical uncertainty, and the uncertainties in the PDG are their best
estimate.

m (MeV/c2) Γ (MeV/c2)
PDG ρ(1450) 1465 ± 25 400 ± 60
PDG ρ(1700) 1720 ± 20 250 ± 100
STAR Au–Au 1540 ± 40 570 ± 60
ALICE Pb–Pb single resonance 1463 ± 2 ± 15 448 ± 6 ± 14
ALICE Pb–Pb ρ(1450) 1385 ± 14 ± 36 431 ± 36 ± 82
ALICE Pb–Pb ρ(1700) 1663 ± 13 ± 22 357 ± 31 ± 49
Mixing angle 1.52 ± 0.16 ± 0.19 (rad)

Previous measurements reported by the STAR [18] and the ALICE [11] Collaborations for the two-pion
decay channel did not observe any resonance around the ρ(1450) mass. This fact is not a contradiction,
but instead can be explained by the hypothesis of the existence of multiple excited ρ states with the
two-pion decay channel being strongly suppressed for ρ(1450).

5 Systematic uncertainties

Several sources of systematic uncertainties in the cross section measurement are considered in this anal-
ysis. The uncorrelated uncertainties related to the acceptance and trigger efficiency and to background
estimation can influence the shape of the invariant mass distribution. They are taken into account before
performing the fits to the spectra. They will influence the cross section, the mass, and the width of the
resonances extracted. Other sources of systematic uncertainty are correlated across the invariant mass
spectra, so they are considered only for the cross section calculations.

The largest source of systematic uncertainty is geometric acceptance and trigger efficiency. It originates
in the uncertainty on the angular distribution of the π+π−π+π− final state. Following the STAR mea-
surement [18], where the decay mode ρ0π+π− was found to be preferred, in this analysis the excited ρ

from STARlight was forced to decay according to this mode (which is different from the standard decay
mode in STARlight). The subsequent decay of ρ0 → π+π− takes into account the spin of the ρ0 being
1. Events generated in this way were then used to calculate the acceptance and efficiency. At the same
time, the PDG [14] mentions several other decay channels, in particular ρ → π+π−π+π− without an
intermediate ρ0 resonance production. Various angular distributions between the final state particles of
these decay channels would result in different fractions of the four pions to be found inside the tracker
acceptance, and thus in the variations of the A× ε corrections. The second possible effect is related
to the trigger used in this analysis, which requires a large opening angle between the selected tracks.
Therefore, the estimated trigger efficiency can also be affected by the angular distribution in the final
state particles. To study these effects, the azimuthal angular distribution between two positive pions in
an event is reweighted to match the flat (isotropic) distribution [18]. The weight calculated for each
event at the generator level is then propagated to estimate the A× ε corrections. The correlated part of
this uncertainty is 12%, while the uncorrelated part amounts to 6.5%.

The uncertainty related to the background subtraction is estimated by varying the scale factor used to esti-
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mate the contribution from the combinatorial background obtained from the template fit (1.60±0.15 (stat.))
within its uncertainty, between 1.45 and 1.75. The effect on the extracted cross section is 1.5%.

The B–W fits are performed with random combinations of the lower and upper limits of the fit range and
of the bin width. These variations result in 1.7% uncertainty for the total cross section measurement.
They also have a dominant effect on the systematic uncertainties of the parameters of the resonances
(masses, widths and the mixing angle) extracted from fits. The reported values correspond to the average
over all such fits, and the related systematic uncertainty is calculated as the root-mean-square deviation
between them.

The uncertainty related to the remaining incoherent contribution is estimated by varying the requirement
on the total transverse momentum of the π+π−π+π− final state from 0.1 to 0.2 GeV/c. It is 1.5%.

The uncertainty on the track selection is estimated by changing the required number of TPC clusters
matched to the track from 50 to 70 and repeating the complete analysis. The uncertainty corresponds
to the full variation of the results and amounts to 1.5%. The uncertainty on the matching of TPC and
ITS tracks is obtained by comparing the behaviour of real and simulated data under different detector
conditions and is found to be 4% [11].

The uncertainty associated with the determination of the trigger efficiency of the SPD chips is obtained
by changing the requirements on the events used for this data-driven method. Variations include the
maximum amount of activity allowed in the event and the definition of tracks accepted in the efficiency
computation. This uncertainty amounts to 1%.

The probability of the occurrence of pileup is correlated with the average number of inelastic hadronic
collisions per bunch crossing, µ . The uncertainty of the pileup correction is taken as the difference
between the two methods used for its calculation [11]. One method uses an event sample obtained
with an unbiased trigger based only on the timing of bunches crossing the interaction region. The second
method divides the signal sample into subsets of events with a specific range of µ values. The uncertainty
of this correction is taken as the difference between these two methods and found to be 3.8% for the cross
section measurement.

The uncertainty on the luminosity (2.6%) has two contributions which were added in quadrature, one
from the measurement of the reference cross sections in van der Meer scans (2.5% [35]) and another
from the determination of the live-time of the trigger used in this analysis (0.4%).

Table 2 lists the sources of systematic uncertainties for the extracted cross section. The first two rows
present the uncorrelated systematic uncertainties considered in the fits of the invariant mass distributions.
The rest of the table shows the correlated systematic uncertainties that influence only the extraction of
the cross section.

6 Cross section measurement

The total coherent cross section times the branching ratio integrated over the invariant mass range
(0.8–2.5 GeV/c2) is dσ(|y|< 0.5)/dy = 47.8±2.3 (stat.)±7.7 (syst.) mb. The upper limit of the integra-
tion at 2.5 GeV/c2 is chosen to avoid the region where the fit significantly overestimates the data, ensuring
a more accurate calculation of the cross section. The values obtained from the Eq. 5 fit by integrating
each of the B–W resonances individually over the same mass range are 24.8±2.5 (stat.)±8.1 (syst.) mb
and 10.1±2.3 (stat.)±5.3 (syst.) mb for ρ(1450) and ρ(1700), respectively. The individual resonances
exhibit significantly larger uncertainty values because of the correlation between the two contributions.
The sum of these two cross sections is lower than the total observed cross section of the π+π−π+π− state
due to the large interference component.

The final results are compared to a recent theoretical calculation: the KGTT model (Klusek-Gawenda
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Table 2: Summary of the systematic uncertainties. First two rows show the systematic uncertainties uncorrelated
across the invariant mass spectra which are taken into account while performing the fits. The second part of the
table presents the sources of the correlated systematic uncertainty and their corresponding total value that is used
in the calculations of the cross sections.

Source Uncertainty (%)
Background subtraction 1.5
Angular distribution 6.5
Total uncorrelated 6.7
Angular distribution 12.0
Signal extraction 1.7
Track selection 1.5
Track matching 4.0
Incoherent contribution 1.5
Trigger efficiency 1.0
Pileup 3.8
Luminosity 2.6
Total correlated 13.7

and Tapia Takaki) [39], as shown in Fig. 3. One calculation is done for two excited ρ mesons, ρ(1450)
and ρ(1700), and another with a one broad excited ρ meson to account for the recent H1 results [28]. As
for this analysis, the calculation was performed for the excited ρ meson decaying into the π+π+π−π−

final state. The calculation predicts cross sections for both ρ(1450) and ρ(1700), and also for the case
of one broad resonance ρ(1570). The latter was motivated by preliminary results reported by the H1
Collaboration [28] that suggested this possibility. The data is in good agreement with the KGTT model
that considers two excited ρ states. Conversely, the data diverge by 2.1σ from the KGTT calculation
based on a singular resonance as suggested by the H1 Collaboration.

0 10 20 30 40 50 60 70 80 90 100

 (mb)y/dσ d×BR 

ALICE
KGTT single
resonance (H1)

(1450)ρALICE 

(1450)ρKGTT 

(1700)ρALICE 

(1700)ρKGTT 

| < 0.5π+ππ+πy = 5.02 TeV, | NNs, π+ππ+π Pb + Pb + →ALICE,  Pb + Pb 

Figure 3: Cross sections for the one-resonance and two-resonances scenarios (full red circles) compared to the
theoretical calculations from Ref. [39] (open black circles). Horizontal error bars on the data points show the
statistical uncertainty and the boxes represent the statistical and systematic uncertainties added in quadrature.

Additionally, one can compare the ratio between the ρ → π+π−π+π− and ρ0 → π+π− cross sections,
BR×σρ/σρ0 , with the one measured by the STAR Collaboration [18]. This is done by dividing the total
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observed cross section by the results reported recently by the ALICE collaboration in Ref. [11]. The
ρ0 analysis used the same trigger requirements and analysis selections, leading to partial cancellation
of the correlated systematic uncertainty. The obtained value of the (ρ → π+π−π+π−)/(ρ0 → π+π−)
ratio is 0.088 ± 0.004 (stat.)± 0.013 (syst.) for the central rapidity region |y| < 0.5. One has to ex-
trapolate this ratio to the full solid angle to compare it with the corresponding result from STAR [18].
The extrapolation factors were calculated as the ratios of the photoproduction cross sections in the full
rapidity interval to the cross section in the measured rapidity region. Their values were obtained us-
ing the STARlight MC [36] and the theoretical calculation from Ref. [39], with the difference between
these two approaches taken as the relative uncertainty. The extrapolation factors are 8.8± 0.1 (syst.)
and 10.6± 0.1 (syst.) for excited ρ and ρ0, respectively. The resulting cross section ratio, expressed
in percent, is presented in Table 3, together with the STAR result. Our measurement is lower than the
one reported by the STAR Collaboration which found different single-resonance masses and widths, and
carried out their measurements accompanied by forward neutron emission due to mutual nuclear exci-
tation, precluding a comprehensive comparison. Concurrently, the observed reduction in this ratio with
increasing collision energies, from RHIC to the LHC, aligns qualitatively with theoretical predictions
by the KGTT model [39], attributable to a more rapid reduction of Reggeon exchange contributions in
excited ρ compared to ρ0 photoproduction.

Table 3: Summary of the cross section ratio measurement. The first part presents the cross section values both for
the single and two resonance scenarios, as extracted from the fits by Eq. 4 and by Eq. 5, respectively. The second
part lists the ratio between the ρ → π+π−π+π− and ρ0 → π+π− cross sections expressed in percent obtained in
this measurement and also reported by the STAR Collaboration [18]. Note that the STAR Collaboration performed
this measurement for the case of mutual nuclear excitation. The given uncertainties are statistical and systematic,
respectively.

BR×σ/dy (mb)
ALICE Pb–Pb single resonance 47.8±2.3±7.7
ALICE Pb–Pb ρ(1450) 24.8±2.5±8.1
ALICE Pb–Pb ρ(1700) 10.1±2.3±5.3√

sNN σ(ρ → π+π−π+π−)/σ(ρ0 → π+π−)
STAR Au–Au [18] 200 GeV (13.4±0.8±4.4)%
ALICE Pb–Pb 5.02 TeV (7.3±0.4±1.2)%

7 Summary

The coherent π+π−π+π− production was studied for the first time in ultraperipheral Pb–Pb collisions
at the LHC. The four-pion cross section integrated over the invariant mass range (0.8–2.5) GeV/c2 is
dσ(|y|< 0.5)/dy = 47.8±2.3 (stat.)±7.7 (syst.) mb. The peak around the invariant mass 1.5 GeV/c2 is
consistent with the results reported by STAR Collaboration. The π+π−π+π− invariant mass distri-
bution is best described by the fit assuming two excited resonances, ρ(1450) and ρ(1700), and the
interference term between them. The extracted masses and widths of the two resonances are m1 =
1385±14 (stat.)±36 (syst.) MeV/c2 and Γ1 = 431 ±36 (stat.)±82 (syst.) MeV/c2, and m2 = 1663 ±
13 (stat.)±22 (syst.) MeV/c2 and Γ2 = 357 ±31 (stat.)±49 (syst.) MeV/c2, respectively. The mixing
angle between the two resonances is ϕ = 1.52 ± 0.16 (stat.)± 0.19 (syst.) rad. The extracted cross
section values are compared to recent theoretical calculations [39]. A better agreement with the two-
resonance scenario, ρ(1450) and ρ(1700), is observed. The ratio of the cross sections of ρ to ρ0 was
also studied and is lower than the one measured by STAR in the events with mutual nuclear excitation.

11



Four pion photoproduction ALICE Collaboration

Acknowledgements

The ALICE Collaboration would like to thank all its engineers and technicians for their invaluable con-
tributions to the construction of the experiment and the CERN accelerator teams for the outstanding
performance of the LHC complex. The ALICE Collaboration gratefully acknowledges the resources and
support provided by all Grid centres and the Worldwide LHC Computing Grid (WLCG) collaboration.
The ALICE Collaboration acknowledges the following funding agencies for their support in building
and running the ALICE detector: A. I. Alikhanyan National Science Laboratory (Yerevan Physics In-
stitute) Foundation (ANSL), State Committee of Science and World Federation of Scientists (WFS),
Armenia; Austrian Academy of Sciences, Austrian Science Fund (FWF): [M 2467-N36] and National-
stiftung für Forschung, Technologie und Entwicklung, Austria; Ministry of Communications and High
Technologies, National Nuclear Research Center, Azerbaijan; Conselho Nacional de Desenvolvimento
Científico e Tecnológico (CNPq), Financiadora de Estudos e Projetos (Finep), Fundação de Amparo à
Pesquisa do Estado de São Paulo (FAPESP) and Universidade Federal do Rio Grande do Sul (UFRGS),
Brazil; Bulgarian Ministry of Education and Science, within the National Roadmap for Research Infras-
tructures 2020-2027 (object CERN), Bulgaria; Ministry of Education of China (MOEC) , Ministry of
Science & Technology of China (MSTC) and National Natural Science Foundation of China (NSFC),
China; Ministry of Science and Education and Croatian Science Foundation, Croatia; Centro de Apli-
caciones Tecnológicas y Desarrollo Nuclear (CEADEN), Cubaenergía, Cuba; Ministry of Education,
Youth and Sports of the Czech Republic, Czech Republic; The Danish Council for Independent Re-
search | Natural Sciences, the VILLUM FONDEN and Danish National Research Foundation (DNRF),
Denmark; Helsinki Institute of Physics (HIP), Finland; Commissariat à l’Energie Atomique (CEA) and
Institut National de Physique Nucléaire et de Physique des Particules (IN2P3) and Centre National de la
Recherche Scientifique (CNRS), France; Bundesministerium für Bildung und Forschung (BMBF) and
GSI Helmholtzzentrum für Schwerionenforschung GmbH, Germany; General Secretariat for Research
and Technology, Ministry of Education, Research and Religions, Greece; National Research, Devel-
opment and Innovation Office, Hungary; Department of Atomic Energy Government of India (DAE),
Department of Science and Technology, Government of India (DST), University Grants Commission,
Government of India (UGC) and Council of Scientific and Industrial Research (CSIR), India; National
Research and Innovation Agency - BRIN, Indonesia; Istituto Nazionale di Fisica Nucleare (INFN), Italy;
Japanese Ministry of Education, Culture, Sports, Science and Technology (MEXT) and Japan Society
for the Promotion of Science (JSPS) KAKENHI, Japan; Consejo Nacional de Ciencia (CONACYT) y
Tecnología, through Fondo de Cooperación Internacional en Ciencia y Tecnología (FONCICYT) and Di-
rección General de Asuntos del Personal Academico (DGAPA), Mexico; Nederlandse Organisatie voor
Wetenschappelijk Onderzoek (NWO), Netherlands; The Research Council of Norway, Norway; Ponti-
ficia Universidad Católica del Perú, Peru; Ministry of Education and Science, National Science Centre
and WUT ID-UB, Poland; Korea Institute of Science and Technology Information and National Research
Foundation of Korea (NRF), Republic of Korea; Ministry of Education and Scientific Research, Institute
of Atomic Physics, Ministry of Research and Innovation and Institute of Atomic Physics and Universi-
tatea Nationala de Stiinta si Tehnologie Politehnica Bucuresti, Romania; Ministry of Education, Science,
Research and Sport of the Slovak Republic, Slovakia; National Research Foundation of South Africa,
South Africa; Swedish Research Council (VR) and Knut & Alice Wallenberg Foundation (KAW), Swe-
den; European Organization for Nuclear Research, Switzerland; Suranaree University of Technology
(SUT), National Science and Technology Development Agency (NSTDA) and National Science, Re-
search and Innovation Fund (NSRF via PMU-B B05F650021), Thailand; Turkish Energy, Nuclear and
Mineral Research Agency (TENMAK), Turkey; National Academy of Sciences of Ukraine, Ukraine;
Science and Technology Facilities Council (STFC), United Kingdom; National Science Foundation of
the United States of America (NSF) and United States Department of Energy, Office of Nuclear Physics
(DOE NP), United States of America. In addition, individual groups or members have received support
from: Czech Science Foundation (grant no. 23-07499S), Czech Republic; European Research Council

12



Four pion photoproduction ALICE Collaboration

(grant no. 950692), European Union; ICSC - Centro Nazionale di Ricerca in High Performance Com-
puting, Big Data and Quantum Computing, European Union - NextGenerationEU; Academy of Finland
(Center of Excellence in Quark Matter) (grant nos. 346327, 346328), Finland.

References

[1] A. Baltz, “The Physics of Ultraperipheral Collisions at the LHC”, Phys. Rept. 458 (2008) 1–171,
arXiv:0706.3356 [nucl-ex].

[2] J. G. Contreras and J. D. Tapia Takaki, “Ultra-peripheral heavy-ion collisions at the LHC”,
Int. J. Mod. Phys. A30 (2015) 1542012.

[3] S. Klein and J. Nystrand, “Ultraperipheral nuclear collisions”, Phys. Today 70 (2017) 40–47.

[4] S. R. Klein and H. Mäntysaari, “Imaging the nucleus with high-energy photons”,
Nature Rev. Phys. 1 (2019) 662–674, arXiv:1910.10858 [hep-ex].

[5] S. Klein and P. Steinberg, “Photonuclear and Two-photon Interactions at High-Energy Nuclear
Colliders”, Ann. Rev. Nucl. Part. Sci. 70 (2020) 323–354, arXiv:2005.01872 [nucl-ex].

[6] W. Schäfer, “Photon induced processes: from ultraperipheral to semicentral heavy ion collisions”,
Eur. Phys. J. A 56 (2020) 231.

[7] L. Frankfurt, V. Guzey, A. Stasto, and M. Strikman, “Selected topics in diffraction with protons
and nuclei: past, present, and future”, Rept. Prog. Phys. 85 (2022) 126301,
arXiv:2203.12289 [hep-ph].

[8] T. H. Bauer, R. D. Spital, D. R. Yennie, and F. M. Pipkin, “The Hadronic Properties of the Photon
in High-Energy Interactions”, Rev. Mod. Phys. 50 (1978) 261.
[Erratum: Rev.Mod.Phys. 51, 407 (1979)].

[9] STAR Collaboration, B. I. Abelev et al., “ρ0 photoproduction in ultraperipheral relativistic heavy
ion collisions at

√
sNN = 200 GeV”, Phys. Rev. C 77 (2008) 034910,

arXiv:0712.3320 [nucl-ex].

[10] STAR Collaboration, C. Adler et al., “Coherent ρ0 production in ultraperipheral heavy ion
collisions”, Phys. Rev. Lett. 89 (2002) 272302, arXiv:nucl-ex/0206004.

[11] ALICE Collaboration, S. Acharya et al., “Coherent photoproduction of ρ0 vector mesons in
ultra-peripheral Pb-Pb collisions at

√
sNN = 5.02 TeV”, JHEP 06 (2020) 035,

arXiv:2002.10897 [nucl-ex].

[12] CMS Collaboration, A. M. Sirunyan et al., “Measurement of exclusive ρ(770)0 photoproduction
in ultraperipheral pPb collisions at

√
sNN = 5.02 TeV”, Eur. Phys. J. C 79 (2019) 702,

arXiv:1902.01339 [hep-ex].

[13] ALICE Collaboration, S. Acharya et al., “First measurement of coherent ρ0 photoproduction in
ultra-peripheral Xe–Xe collisions at

√
sNN = 5.44 TeV”, Phys. Lett. B 820 (2021) 136481,

arXiv:2101.02581 [nucl-ex].

[14] Particle Data Group Collaboration, R. L. Workman et al., “Review of Particle Physics”,
PTEP 2022 (2022) 083C01.

[15] Omega Photon Collaboration, M. Atkinson et al., “The ρ ′ (1600) in the Reaction
γ p → π+π−π0π0 p at Photon Energies of 20-GeV to 70-GeV”, Z. Phys. C 26 (1985) 499.

[16] WA91 Collaboration, S. Abatzis et al., “Observation of a narrow scalar meson at 1450 MeV in the
reaction pp → p(f) (π+π−π+π−) p(s) at 450 GeV/c using the CERN Omega Spectrometer”,
Phys. Lett. B 324 (1994) 509–514.

[17] WA91 Collaboration, F. Antinori et al., “A Further study of the centrally produced π+π− and
π+π−π+π− channels in pp interactions at 300 GeV/c and 450 GeV/c”,
Phys. Lett. B 353 (1995) 589–594.

13

http://dx.doi.org/10.1016/j.physrep.2007.12.001
http://arxiv.org/abs/0706.3356
http://dx.doi.org/10.1142/S0217751X15420129
http://dx.doi.org/10.1063/PT.3.3727
http://dx.doi.org/10.1038/s42254-019-0107-6
http://arxiv.org/abs/1910.10858
http://dx.doi.org/10.1146/annurev-nucl-030320-033923
http://arxiv.org/abs/2005.01872
http://dx.doi.org/10.1140/epja/s10050-020-00231-8
http://dx.doi.org/10.1088/1361-6633/ac8228
http://arxiv.org/abs/2203.12289
http://dx.doi.org/10.1103/RevModPhys.50.261
https://dx.doi.org/10.1103/RevModPhys.51.407
http://dx.doi.org/10.1103/PhysRevC.77.034910
http://arxiv.org/abs/0712.3320
http://dx.doi.org/10.1103/PhysRevLett.89.272302
http://arxiv.org/abs/nucl-ex/0206004
http://dx.doi.org/10.1007/JHEP06(2020)035
http://arxiv.org/abs/2002.10897
http://dx.doi.org/10.1140/epjc/s10052-019-7202-9
http://arxiv.org/abs/1902.01339
http://dx.doi.org/10.1016/j.physletb.2021.136481
http://arxiv.org/abs/2101.02581
http://dx.doi.org/10.1093/ptep/ptac097
http://dx.doi.org/10.1007/BF01551791
http://dx.doi.org/10.1016/0370-2693(94)90231-3
http://dx.doi.org/10.1016/0370-2693(95)00629-Y


Four pion photoproduction ALICE Collaboration

[18] STAR Collaboration, B. I. Abelev et al., “Observation of π+π−π+π− Photoproduction in
Ultra-Peripheral Heavy Ion Collisions at STAR”, Phys. Rev. C 81 (2010) 044901,
arXiv:0912.0604 [nucl-ex].

[19] L3 Collaboration, P. Achard et al., “Analysis of the π+π−π+π− and π+π0π−π0 final states in
quasi-real two-photon collisions at LEP”, Phys. Lett. B 638 (2006) 128–139,
arXiv:hep-ex/0605021.

[20] M. S. Atiya et al., “High-energy photoproduction of ρ ′(1600)”, Phys. Rev. Lett. 43 (1979) 1691.

[21] A. Donnachie and H. Mirzaie, “Evidence for two ρ ′ (1600) resonances”, Z. Phys. C 33 (1987) 407.

[22] P. Schacht, I. Derado, D. C. Fries, J. Park, and D. Yount, “Resonance production in the reaction γ

p → p π+π−π+π− in the energy range e(γ) = 3.0-18.0 GeV”, Nucl. Phys. B 81 (1974) 205–230.

[23] M. Davier, I. Derado, D. E. C. Fries, F. F. Liu, R. F. Mozley, A. Odian, J. Park, W. P. Swanson,
F. Villa, and D. Yount, “The reaction gamma γ p → p π+π−π+π− at high-energy and photon
dissociation into 4 pions”, Nucl. Phys. B 58 (1973) 31–44.

[24] DM2 Collaboration, A. Antonelli et al., “Measurement of the reaction e+e− → ηπ+π− in the
center-of-mass energy interval 1350 MeV to 2400 MeV”, Phys. Lett. B 212 (1988) 133–138.

[25] DM2 Collaboration, D. Bisello et al., “The pion electromagnetic form-factor in the timelike
energy range 1.35 GeV ≤√

s ≤ 2.4 GeV”, Phys. Lett. B 220 (1989) 321–327.

[26] WA76 Collaboration, T. A. Armstrong et al., “Evidence for new states produced in the central
region in the reaction pp → p(f) (π+π−π+π−) p(s) at 300 GeV/c”,
Phys. Lett. B 228 (1989) 536–542.

[27] WA102 Collaboration, D. Barberis et al., “A Study of the centrally produced π+π−π+π− channel
in pp interactions at 450 GeV/c”, Phys. Lett. B 413 (1997) 217–224, arXiv:hep-ex/9707021.

[28] H1 Collaboration, “Exclusive photoproduction of 2π+2π− final state at HERA.”
https://www-h1.desy.de/psfiles/confpap/DIS2018/H1prelim-18-011.pdf.

[29] ALICE Collaboration, K. Aamodt et al., “The ALICE experiment at the CERN LHC”,
JINST 3 (2008) S08002.

[30] ALICE Collaboration, B. B. Abelev et al., “Performance of the ALICE Experiment at the CERN
LHC”, Int. J. Mod. Phys. A 29 (2014) 1430044, arXiv:1402.4476 [nucl-ex].

[31] ALICE Collaboration, K. Aamodt et al., “Alignment of the ALICE Inner Tracking System with
cosmic-ray tracks”, JINST 5 (2010) P03003, arXiv:1001.0502 [physics.ins-det].

[32] J. Alme et al., “The ALICE TPC, a large 3-dimensional tracking device with fast readout for
ultra-high multiplicity events”, Nucl. Instrum. Meth. A 622 (2010) 316–367,
arXiv:1001.1950 [physics.ins-det].

[33] ALICE Collaboration, E. Abbas et al., “Performance of the ALICE VZERO system”,
JINST 8 (2013) P10016, arXiv:1306.3130 [nucl-ex].

[34] LHC Forward Physics Working Group Collaboration, K. Akiba et al., “LHC Forward Physics”,
J. Phys. G 43 (2016) 110201, arXiv:1611.05079 [hep-ph].

[35] ALICE Collaboration, S. Acharya et al., “ALICE luminosity determination for Pb−Pb collisions
at
√

sNN = 5.02 TeV”, JINST 19 (2024) P02039, arXiv:2204.10148 [nucl-ex].

[36] S. R. Klein, J. Nystrand, J. Seger, Y. Gorbunov, and J. Butterworth, “STARlight: A Monte Carlo
simulation program for ultra-peripheral collisions of relativistic ions”,
Comput. Phys. Commun. 212 (2017) 258–268, arXiv:1607.03838 [hep-ph].

[37] R. Brun, F. Bruyant, F. Carminati, S. Giani, M. Maire, A. McPherson, G. Patrick, and L. Urban,
“GEANT Detector Description and Simulation Tool”, CERN Program Library (10, 1994) W5013.

[38] J. D. Jackson, “Remarks on the phenomenological analysis of resonances”,
Nuovo Cim. 34 (1964) 1644–1666.

[39] M. Klusek-Gawenda and J. D. T. Takaki, “Exclusive four-pion photoproduction in ultra-peripheral

14

http://dx.doi.org/10.1103/PhysRevC.81.044901
http://arxiv.org/abs/0912.0604
http://dx.doi.org/10.1016/j.physletb.2006.05.006
http://arxiv.org/abs/hep-ex/0605021
http://dx.doi.org/10.1103/PhysRevLett.43.1691
http://dx.doi.org/10.1007/BF01552547
http://dx.doi.org/10.1016/0550-3213(74)90164-3
http://dx.doi.org/10.1016/0550-3213(73)90545-2
http://dx.doi.org/10.1016/0370-2693(88)91250-6
http://dx.doi.org/10.1016/0370-2693(89)90060-9
http://dx.doi.org/10.1016/0370-2693(89)90989-1
http://dx.doi.org/10.1016/S0370-2693(97)01140-4
http://arxiv.org/abs/hep-ex/9707021
https://www-h1.desy.de/psfiles/confpap/DIS2018/H1prelim-18-011.pdf
http://dx.doi.org/10.1088/1748-0221/3/08/S08002
http://dx.doi.org/10.1142/S0217751X14300440
http://arxiv.org/abs/1402.4476
http://dx.doi.org/10.1088/1748-0221/5/03/P03003
http://arxiv.org/abs/1001.0502
http://dx.doi.org/10.1016/j.nima.2010.04.042
http://arxiv.org/abs/1001.1950
http://dx.doi.org/10.1088/1748-0221/8/10/P10016
http://arxiv.org/abs/1306.3130
http://dx.doi.org/10.1088/0954-3899/43/11/110201
http://arxiv.org/abs/1611.05079
http://dx.doi.org/10.1088/1748-0221/19/02/P02039
http://arxiv.org/abs/2204.10148
http://dx.doi.org/10.1016/j.cpc.2016.10.016
http://arxiv.org/abs/1607.03838
http://dx.doi.org/10.17181/CERN.MUHF.DMJ1
http://dx.doi.org/10.1007/BF02750563


Four pion photoproduction ALICE Collaboration

heavy-ion collisions at RHIC and LHC energies”, Acta Phys. Polon. B 51 (2020) 1393,
arXiv:2005.13624 [hep-ph].

15

http://dx.doi.org/10.5506/APhysPolB.51.1393
http://arxiv.org/abs/2005.13624


Four pion photoproduction ALICE Collaboration

A The ALICE Collaboration

S. Acharya 127, D. Adamová 86, A. Agarwal135, G. Aglieri Rinella 32, L. Aglietta24, M. Agnello 29,
N. Agrawal 25, Z. Ahammed 135, S. Ahmad 15, S.U. Ahn 71, I. Ahuja 37, A. Akindinov 141,
V. Akishina38, M. Al-Turany 97, D. Aleksandrov 141, B. Alessandro 56, H.M. Alfanda 6, R. Alfaro
Molina 67, B. Ali 15, A. Alici 25, N. Alizadehvandchali 116, A. Alkin 104, J. Alme 20, G. Alocco 52,
T. Alt 64, A.R. Altamura 50, I. Altsybeev 95, J.R. Alvarado 44, M.N. Anaam 6, C. Andrei 45,
N. Andreou 115, A. Andronic 126, E. Andronov 141, V. Anguelov 94, F. Antinori 54, P. Antonioli 51,
N. Apadula 74, L. Aphecetche 103, H. Appelshäuser 64, C. Arata 73, S. Arcelli 25, M. Aresti 22,
R. Arnaldi 56, J.G.M.C.A. Arneiro 110, I.C. Arsene 19, M. Arslandok 138, A. Augustinus 32,
R. Averbeck 97, M.D. Azmi 15, H. Baba124, A. Badalà 53, J. Bae 104, Y.W. Baek 40, X. Bai 120,
R. Bailhache 64, Y. Bailung 48, R. Bala 91, A. Balbino 29, A. Baldisseri 130, B. Balis 2, D. Banerjee 4,
Z. Banoo 91, V. Barbasova37, F. Barile 31, L. Barioglio 56, M. Barlou78, B. Barman41, G.G. Barnaföldi 46,
L.S. Barnby 115, E. Barreau 103, V. Barret 127, L. Barreto 110, C. Bartels 119, K. Barth 32,
E. Bartsch 64, N. Bastid 127, S. Basu 75, G. Batigne 103, D. Battistini 95, B. Batyunya 142, D. Bauri47,
J.L. Bazo Alba 101, I.G. Bearden 83, C. Beattie 138, P. Becht 97, D. Behera 48, I. Belikov 129,
A.D.C. Bell Hechavarria 126, F. Bellini 25, R. Bellwied 116, S. Belokurova 141, L.G.E. Beltran 109,
Y.A.V. Beltran 44, G. Bencedi 46, A. Bensaoula116, S. Beole 24, Y. Berdnikov 141, A. Berdnikova 94,
L. Bergmann 94, M.G. Besoiu 63, L. Betev 32, P.P. Bhaduri 135, A. Bhasin 91, M.A. Bhat 4,
B. Bhattacharjee 41, L. Bianchi 24, N. Bianchi 49, J. Bielčík 35, J. Bielčíková 86, A.P. Bigot 129,
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S.K. Saha 4, S. Saha 80, B. Sahoo 48, R. Sahoo 48, S. Sahoo61, D. Sahu 48, P.K. Sahu 61, J. Saini 135,
K. Sajdakova37, S. Sakai 125, M.P. Salvan 97, S. Sambyal 91, D. Samitz 102, I. Sanna 32,95,
T.B. Saramela110, D. Sarkar 83, P. Sarma 41, V. Sarritzu 22, V.M. Sarti 95, M.H.P. Sas 32, S. Sawan 80,
E. Scapparone 51, J. Schambach 87, H.S. Scheid 64, C. Schiaua 45, R. Schicker 94, F. Schlepper 94,
A. Schmah97, C. Schmidt 97, H.R. Schmidt93, M.O. Schmidt 32, M. Schmidt93, N.V. Schmidt 87,
A.R. Schmier 122, R. Schotter 129, A. Schröter 38, J. Schukraft 32, K. Schweda 97, G. Scioli 25,
E. Scomparin 56, J.E. Seger 14, Y. Sekiguchi124, D. Sekihata 124, M. Selina 84, I. Selyuzhenkov 97,
S. Senyukov 129, J.J. Seo 94, D. Serebryakov 141, L. Serkin 65, L. Šerkšnytė 95, A. Sevcenco 63,
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