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We present the recent measurements of very low transverse momentum (𝑝 T ) dilepton and J/𝜓 production in peripheral Au+Au collisions via the 𝜇+ 𝜇 − channel by the STAR experiment. Significant
J/𝜓 and 𝜇+ 𝜇 − enhancements are observed at very low 𝑝 T compared to the expectation of hadronic
production. The comparison to model calculations is presented, and its physics implications are
discussed.
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1. Introduction

2. Results
2.1 J/𝜓 measurements
The invariant yield of J/𝜓, as a function of 𝑝 T in different centrality bins, is shown in the left
panel of Fig. 1. The data points are fitted with the Tsallis function for 𝑝 T > 0.2 GeV/𝑐. Significant
enhancements at 𝑝 T < 0.2 GeV/𝑐 are observed with respect to the extrapolation of the fit. To quantify
the modification of J/𝜓 production in Au+Au collisions with respect to that in 𝑝+𝑝 collisions, the
nuclear modification factor (𝑅 𝐴𝐴) is used. It is defined as,

𝑑𝑁 𝐽/𝜓 /𝑑𝑝 T Au+Au
1

𝑅AA =
×
,
(1)
𝑁coll
𝑑𝑁 𝐽/𝜓 /𝑑𝑝 T 𝑝+ 𝑝

where the 𝑁coll is the average number of nucleon-nucleon binary collisions and 𝑑𝑁 𝐽/𝜓 /𝑑𝑝 T Au+Au ,

𝑑𝑁 𝐽/𝜓 /𝑑𝑝 T 𝑝+ 𝑝 are the J/𝜓 invariant yields in Au+Au and 𝑝+𝑝 collisions, respectively. The
√
reference J/𝜓 distribution in 𝑝+𝑝 collisions at 𝑠 = 200 GeV is obtained by combining STAR
and PHENIX measurements [9, 10]. In the right panel of Fig. 1, 𝑅 𝐴𝐴 as a function of 𝑝 T in
different centrality bins is shown. A large enhancement of the J/𝜓 yield at low 𝑝 T in peripheral
collisions relative to the 𝑝+𝑝 collisions is observed. It suggests that the excess J/𝜓 yield is due to
the photon-induced production in peripheral collisions.
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In relativistic heavy-ion collisions, ultra-strong electromagnetic (EM) fields are induced by
incoming ions at the very early stages of the collision and can generate various QED and QCD
related phenomena. The strong EM field can be represented by a flux of quasi-real photons [1, 2]
leading to photon-induced interactions [3, 4]. While such interactions are traditionally studied
in ultraperipheral collisions (UPCs) without any nuclear overlap, a significant enhancement of
dilepton and J/𝜓 production at very low transverse momentum (𝑝 T < 0.2 GeV/𝑐) above the expected
hadronic interaction yields have been observed experimentally in non-UPC events [5–7]. The
observed excess yields exhibit a much weaker centrality dependence compared to the hadronic
production and are consistent with photon-induced interactions. Measurements of the vector meson
and dilepton production at very low 𝑝 T in peripheral events provide a unique opportunity to study the
photoproduction in heavy-ion collisions with well-defined and relatively smaller impact parameters
compared to that of UPC. It also provides information of the strength and the spatial distribution of
the EM fields produced in these collisions.
√
The STAR experiment recorded a large sample of Au+Au collisions at 𝑠NN = 200 GeV in
2014. In total, an integrated luminosity of 14.2 nb−1 was sampled by the dimuon trigger, which
is used for the J/𝜓 measurement, while approximately 800 million minimum-bias events are used
for 𝜇+ 𝜇 − continuum measurement. In these proceedings, we present the new measurements of the
dilepton and J/𝜓 production at very low 𝑝 T in peripheral collisions via the 𝜇+ 𝜇 − channel using the
2014 dataset, which are complementary to the previous dielectron results. Distributions of invariant
mass, 𝑝 T , and 𝑝 2T are shown. Different models are compared to the data and their implications are
discussed.
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Figure 1: The invariant yield (left) and 𝑅 𝐴𝐴 (right) of J/𝜓 as a function of 𝑝 T in different centrality bins.
The 𝑅 𝐴𝐴 distributions are compared with previous dielectron measurements [7]. The error bars represent
the statistical uncertainties and the boxes represent the systematic uncertainties.
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Figure 2: The J/𝜓 yield as a function of the negative momentum transfer squared –t (≈ 𝑝 2T ) for
the 40%–80% centrality class in Au+Au collisions,
in comparison with previous dielectron measurements [7]. The error bars represent the statistical uncertainties, while the boxes represent the systematic
uncertainties. The black solid line is an exponential fit to the data points in the range of 0.002–0.015
(GeV/𝑐2 ). The dashed black line is an extrapolation
of the fit.

Figure 3: The 𝑝 T -integrated J/𝜓 yield (𝑝 T < 0.1
GeV/𝑐) with the expected hadronic contribution subtracted as a function of 𝑁part , in comparison with previous dielectron measurements [7] and model calculation [8]. The error bars represent the statistical
uncertainties, while the boxes represent the systematic uncertainties.
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2.2 𝜇+ 𝜇 − continuum measurements
Figure 4 shows the 𝑝 T distribution of 𝜇+ 𝜇 − pairs in low mass region (0.4-0.65 GeV/𝑐2 ) in
peripheral collisions. The observed excess is found to concentrate below 𝑝 T ≈ 0.15 GeV/𝑐, while
the hadronic cocktail, also shown in the figure, can describe the data for 𝑝 T > 0.15 GeV/𝑐. The
EPA-QED calculations are consistent with the data, while the STARlight calculations can not
describe the data.
Figure 5 shows the 𝑝 2T distributions of excess yield within the STAR acceptance in the mass
region of 0.44-0.56 GeV/𝑐2 in 60-80% centrality class. The STARlight [11, 12] and EPA-QED [13]
calculations are shown for comparison. The EPA-QED calculations describe the results very well,
while the STARlight calculation overshoots the data at low 𝑝 2T but falls below the data at high 𝑝 2T .
√︃
The
𝑝 𝑇2 is also calculated, which is consistent with the EPA-QED calculation but larger than
the STARlight prediction. It confirms that the observed 𝑝 T broadening in data compared to the
STARlight calculations [6] is not from the interaction of the dilepton with the QGP, but due to the
lack of impact parameter dependence in the STARlight model.
Figure 6 shows the 𝜇+ 𝜇 − invariant yields as a function of invariant mass with hadronic cocktail
𝜇𝜇
subtracted for 𝑝 T < 0.1 GeV/𝑐 in different centralities. Data are consistent with EPA-QED
calculations [13].

3. Summary
The measurements of dimuon production in low and high mass regions at very low 𝑝 T in Au+Au
√
collisions at 𝑠NN = 200 GeV from STAR are presented. Significant J/𝜓 and 𝜇+ 𝜇 − enhancements are
observed at very low 𝑝 T in peripheral collisions. The data are comparable with the EPA calculations
indicating the enhancements at very low 𝑝 T come from the photon-induced interactions. These
observables provide the experimental confirmation of the EPA predictions and can be used to map
the strength and spatial distribution of the initial EM field.
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Figure 2 shows the J/𝜓 yield as a function of –t (≈ 𝑝 2T ) for the 40-80% centrality class. An
exponential fit is performed on the distribution. The slope parameter of this fit can be related to
the size of the interaction region within the target. The extracted slope parameter is 153 ± 55
(GeV/𝑐)−2 , consistent with that expected for an Au nucleus [199 (GeV/𝑐)−2 ] within uncertainties.
Figure 3 shows the J/𝜓 yields for 𝑝 T < 0.1 GeV/𝑐 with the expected hadronic contribution subtracted
as a function of 𝑁part . The excess yield is consistent with the EPA calculation [8], indicating photon
induced production.
The J/𝜓 measurements via the dimuon channel are also compared with previous dielectron
results. They are consistent within uncertainties.
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Figure 4: The 𝜇+ 𝜇 − pair spectra in the mass range between 0.44 and 0.56 GeV/𝑐2 within the STAR
acceptance are compared with the hadronic cocktail in different centralities (Left: 60-80%. Right: 40-60%).
The vertical bars on data points depict the statistical uncertainties, and the systematic uncertainties are shown
as gray boxes. Different model calculations are also shown for comparison.
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Figure 6: The 𝜇+ 𝜇 − excess yields (data - cocktail)
𝜇𝜇
as a function of invariant mass for 𝑝 T < 0.10 GeV/𝑐
in different centrality bins compared to the model
calculations [13]. The vertical bars on data points
depict the statistical uncertainties and the systematic
uncertainties are shown as gray boxes.

Figure 5: The 𝑝 2T distributions of excess yield within
the STAR acceptance in the mass region of 0.44-0.56
GeV/𝑐2 in 60-80% centrality compared to different
model calculations.

References
[1] C.F. von Weizsacker, Radiation emitted in collisions of very fast electrons, Z. Phys. 88 (1934)
612.
[2] E.J. Williams, Nature of the high-energy particles of penetrating radiation and status of
ionization and radiation formulae, Phys. Rev. 45 (1934) 729.
[3] L. Frankfurt, W. Koepf and M. Strikman, Diffractive heavy quarkonium photoproduction and
electroproduction in QCD, Phys. Rev. D 57 (1998) 512 [hep-ph/9702216].
5

PoS(ICHEP2022)498

0.1

STARlight × 1.27

STAR Preliminary

−3

10−5

0.05

0.40<Mµµ<0.64 GeV/c2 |y |<0.8
0.18 < pµ< 0.30 GeV/c |ηµ|<0.8

10

10−4

0

cocktail sum
EPA-QED × 1.27
EPA-QED × 1.27 + cocktail

µµ

10−4

10−6

Data

Au+Au 200GeV @STAR
Centrality: 60-80%

−2

Ziyang Li

√
Very low 𝑝 T dimuon production in peripheral Au+Au collisions at 𝑠NN = 200 GeV at STAR

Ziyang Li

[4] G. Baur et al., Coherent gamma gamma and gamma-A interactions in very peripheral
collisions at relativistic ion colliders, Phys. Rept. 364 (2002) 359 [hep-ph/0112211].
[5] ALICE collaboration, Measurement of an excess in the yield of 𝐽/𝜓 at very low 𝑝 T in Pb-Pb
√
collisions at 𝑠NN = 2.76 TeV, Phys. Rev. Lett. 116 (2016) 222301 [1509.08802].
√
[6] STAR collaboration, Low-𝑝 𝑇 𝑒 + 𝑒 − pair production in Au+Au collisions at 𝑠 𝑁 𝑁 = 200 GeV
√
and U+U collisions at 𝑠 𝑁 𝑁 = 193 GeV at STAR, Phys. Rev. Lett. 121 (2018) 132301
[1806.02295].

[8] W. Zha et al., Double-slit experiment at fermi scale: coherent photoproduction in heavy-ion
collisions, Phys. Rev. C 99 (2019) 061901 [1810.10694].
[9] STAR collaboration, 𝐽/𝜓 production cross section and its dependence on charged-particle
√
multiplicity in 𝑝 + 𝑝 collisions at 𝑠 = 200 GeV, Phys. Lett. B 786 (2018) 87 [1805.03745].
[10] PHENIX collaboration, Transverse momentum dependence of J/psi polarization at
midrapidity in p+p collisions at s**(1/2) = 200-GeV, Phys. Rev. D 82 (2010) 012001
[0912.2082].
[11] S.R. Klein, Two-photon production of dilepton pairs in peripheral heavy ion collisions, Phys.
Rev. C 97 (2018) 054903 [1801.04320].
[12] W. Zha, L. Ruan, Z. Tang, Z. Xu and S. Yang, Coherent lepton pair production in hadronic
heavy ion collisions, Phys. Lett. B 781 (2018) 182 [1804.01813].
[13] W. Zha et al., Initial transverse-momentum broadening of Breit-Wheeler process in
relativistic heavy-ion collisions, Phys. Lett. B 800 (2020) 135089 [1812.02820].

6

PoS(ICHEP2022)498

[7] STAR collaboration, Observation of excess J/𝜓 yield at very low transverse momenta in
√
√
Au+Au collisions at 𝑠NN = 200 GeV and U+U collisions at 𝑠NN = 193 GeV, Phys. Rev.
Lett. 123 (2019) 132302 [1904.11658].

