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Motivation

PDG

V. Baru et al, Phys. Lett. B 586 (2004) 53 
J. Weinstein, N. Isgur, Phys. Rev. D 27, 588 (1983)
J. Weinstein, N. Isgur, Phys. Rev. D 41, 2236 (1990)
F. Kleefeld, et al, Phys. Rev. D 66, 034007 (2002)
N. N. Achasov et al, Phys. Rev. D 103, 014010 (2021)

In contrast to the vector and tensor mesons, the identification of the scalar mesons 
is a long-standing puzzle, due to large decay widths, decay channels, etc.
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Motivation

 (GeV/c)q/n
T

p
0 1 2

q
/n 2v

0

0.05

0.1

0.15

0.2  = 200 GeVNNsAu+Au 
30-80 %

)2 (GeV/cq)/n0-m
T

(m
0 1 2

p K p 0
sK

L X W f

D. Molnar and S. A. Voloshin, Phys. Rev. Lett. 91, 092301 (2003).
PHENIX, Phys. Rev. Lett. 91, 182301 (2003)
STAR, Phys. Rev. Lett. 92, 052302 (2004), Phys. Rev. Lett. 116, 062301 (2016) 

Ø RHIC, the number-of-constituent-quark (NCQ) scaling well explains data
Ø Use the v2 NCQ scaling to test the quark content of f0(980) 

A Gu, T Edmonds, J Zhao, and F Wang, Phys. Rev. C.101.024908 (2020) 
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RHIC previous measurements

“Using the statistical model prediction for the yield of 𝜌=42 leads to f0(980)~8. 
Comparing this number to the numbers predicted for f0(980) in Table II, we find the 
data consistent with the KK picture. Therefore. Despite the quoted experimental 
error of around 50%, the STAR data can be taken as evidence that the f0(980) has 
a substantial KK component, and a pure tetraquark configuration can be ruled out 
for its structure.”

forms of hadron wave functions are used and the tempera-
ture and chemical potentials are varied in a reasonable
range. Moreover, the correlated uncertainties in the number
of charm quark and its fugacity largely cancel out in the
studied ratios.

Our results also indicate that the yields of many multi-
quark hadrons are large enough to be measurable in experi-
ments. In particular, the heavy exotic hadrons containing
charm or strange quarks can be produced at RHIC with
appreciable abundance and even more so at LHC.
Moreover, since the newly proposed states with charm
quark are below the strong decay threshold, the back-
ground of their weak hadronic decays could be substan-
tially reduced through vertex reconstruction. Since the
expected number of D0 observed through the vertex detec-
tor is of the order of 105 per month at LHC, even the !DNN
states are definitely measurable. Therefore, relativistic
heavy ion collisions provide a good opportunity to search
for multiquark hadrons, and this may very well lead to the
first observation of new multiquark hadrons.

In Fig. 1, we show the ratio Rh of the yields at RHIC
calculated in the coalescence model Ncoal

h to those of the
statistical model Nstat

h for the hadrons given in Table I.
The gray band (0:2< Rh < 2) shows the range of the
ratios for normal hadrons with 2q and 3q, which are
denoted by triangles inside the gray band. The ratios
for the crypto-exotic hadrons with usual 2q=3q

configurations also fall inside the gray band. The circles
indicate the ratios obtained by assuming hadronic mo-
lecular configurations and are found to lie mostly above
the normal band (Rh > 2). Moreover, we find that loosely
bound extended molecules with a larger size would be
formed more abundantly. One typical example is
"ð1405Þ. Using the previous relation between the binding
energy and the oscillator frequency !, we find a small
size for "ð1405Þ (! ¼ 174 MeV) and a ratio Rh ¼ 1:1.
A coupled channel analysis [29–31] gives, however, a
larger hr2i, leading thus to a larger Rh ¼ 4:9. The patterns
shown in Fig. 1 also hold for LHC as the freeze-out
conditions are similar to those at RHIC.
As shown by diamonds in Fig. 1, the ratio Rh is below

the normal band (Rh < 0:2) when a hadron has a compact
multiquark configuration. In particular, for light quark
configurations, these ratios are an order of magnitude
smaller than those of normal hadrons or molecular con-
figurations. This is consistent with the naive expectation
that the probability to combine n quarks into a compact
region is suppressed as n increases. The tetraquark states of
f0ð980Þ and a0ð980Þ are typical examples. This suppres-
sion also applies to 5q states in multiquark hadrons
["ð1405Þ and !KKN] and the 8q state in !KNN. On the
other hand, the yield of hadrons at higher transverse mo-
menta is expected to be enhanced if they have multiquark
configurations since quark coalescence enhances the

TABLE II. Yields in one unit of central rapidity with oscillator frequencies ! ¼ 550 MeV, !s ¼ 519 MeV, and !c ¼ 385 MeV.

RHIC LHC
2q=3q=6q 4q=5q=8q Mol. Stat. 2q=3q=6q 4q=5q=8q Mol. Stat.

f0ð980Þ 3:8; 0:73ðs!sÞ 0.10 13 5.6 10, 2.0 (s!s) 0.28 36 15
a0ð980Þ 11 0.31 40 17 31 0.83 1:1$ 102 46
Dsð2317Þ 1:3$ 10%2 2:1$ 10%3 1:6$ 10%2 5:6$ 10%2 8:7$ 10%2 1:4$ 10%2 0.10 0.35
Xð3872Þ & & & 4:0$ 10%5 7:8$ 10%4 2:9$ 10%4 & & & 6:6$ 10%4 1:3$ 10%2 4:7$ 10%3

"ð1405Þ 0.81 0.11 1.8–8.3 1.7 2.2 0.29 4.7–21 4.2
!KKN & & & 0.019 1.7 0.28 & & & 5:2$ 10%2 4.2 0.67
!DN & & & 2:9$ 10%3 4:6$ 10%2 1:0$ 10%2 & & & 2:0$ 10%2 0.28 6:1$ 10%2

!KNN 5:0$ 10%3 5:1$ 10%4 0.011–0.24 1:6$ 10%2 1:3$ 10%2 1:4$ 10%3 0.026–0.54 3:7$ 10%2

!DNN & & & 2:9$ 10%5 1:8$ 10%3 7:9$ 10%5 & & & 2:0$ 10%4 9:8$ 10%3 4:2$ 10%4

TABLE I. List of multiquark states. For hadron molecules, the oscillator frequency !Mol: is fixed by using the binding energy (B) or
the interhadron distance (R). The !Mol: for the last two states is taken from the corresponding two-body system (T).

Particle m (MeV) g I J! 2q=3q=6q 4q=5q=8q Mol. !Mol: (MeV) Decay mode

f0ð980Þ 980 1 0 0þ q !q (L ¼ 1) q !qs !s !KK 67:8ðBÞ !! (strong decay)
a0ð980Þ 980 3 1 0þ q !q (L ¼ 1) q !qs !s !KK 67:8ðBÞ "! (strong decay)
Dsð2317Þ 2317 1 0 0þ c!s (L ¼ 1) q !qc!s DK 273ðBÞ Ds! (strong decay)
Xð3872Þ 3872 3 0 1þ & & & q !qc !c !D !D( 3:6ðBÞ J=c!! (strong decay)
"ð1405Þ 1405 2 0 1=2% qqs (L ¼ 1) qqqs !q !KN 20:5ðRÞ % 174ðBÞ !# (strong decay)
!KKN 1920 4 1/2 1=2þ & & & qqqs!s (L ¼ 1) !KKN 42ðRÞ K!#, !"N (strong decay)
!DN 2790 2 0 1=2% & & & qqqq !c !DN 6:48ðRÞ Kþ!%!% þ p
!KNN 2352 2 1=2 0% qqqqqs (L ¼ 1) qqqqqqs !q !KNN 20:5ðTÞ % 174ðTÞ "N (strong decay)
!DNN 3734 2 1=2 0% & & & qqqqqqq !c !DNN 6:48ðTÞ Kþ!% þ d, Kþ!%!% þ pþ p

PRL 106, 212001 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
27 MAY 2011

212001-3

P. Fachini (STAR Collaboration) J. Phys. G: 30 (2004) 565
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Figure 3. The pT distributions at mid-rapidity (|y| < 0.5) from ρ0 (left) and f0 (right) produced
in minimum bias pp and peripheral Au+Au collisions. See text for explanation on the functions
used to fit the data. The errors shown are statistical only, and they are smaller than the symbols
that represent the measurements.
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Figure 4. ρ0/π (left) and f0/π (right) ratios as a function of beam energy. The ratios from Au+Au
collisions correspond to 40–80% of the hadronic cross section. The ratios are from measurements
in e+ e− collisions at 10.45 GeV [22], 29 GeV [23] and 91 GeV [24] beam energies and pp at
6.8 GeV [25], 19.7 GeV [26], 27.5 GeV [14] and 52.5 GeV [27]. The errors on the ratios at√

sNN = 200 GeV correspond to the quadratic sum of the statistical and systematic errors, and the
π− results are from [28].

In order to evaluate the systematic uncertainty in the ρ0 mass due to unknown contributions in
the hadronic ‘cocktail’, the ρ0 mass was obtained by fitting the peak to the BW × PS function
plus an exponential function representing the unknown contributions. This uncertainty is
correlated between minimum bias pp and peripheral Au+Au and corresponds to the main
contribution to the systematic uncertainties shown in figure 2. The other contribution of
∼3 MeV/c2 corresponds to the uncertainty in measuring the particle momentum. The
mass resolution in the TPC is ∼9 MeV/c2. The ρ0 mass obtained from the fit using the
BW × PS function plus an exponential function was always higher than the mass obtained
from the BW × PS function in the hadronic ‘cocktail’ fit.

In order to obtain the resonance yield, detector acceptance and efficiency corrections
[17] were applied to the uncorrected numbers of ρ0 and f0 obtained from the fit to the
BW × PS function in the hadronic ‘cocktail’. The d2N/(2πpT dpT dy) distributions at mid-
rapidity (|y| < 0.5) as a function of pT for minimum bias pp and peripheral Au+Au collisions
are depicted in figure 3. In pp interactions, a power-law fit was used to extract the ρ0 and f0

yields per unit of rapidity. In Au+Au collisions, an exponential fit in mT − m0 was used to
extract the ρ0 and f0 yields and the inverse slopes. Here, m0 is the ρ0 and f0 masses reported
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Figure 3. The pT distributions at mid-rapidity (|y| < 0.5) from ρ0 (left) and f0 (right) produced
in minimum bias pp and peripheral Au+Au collisions. See text for explanation on the functions
used to fit the data. The errors shown are statistical only, and they are smaller than the symbols
that represent the measurements.
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Figure 4. ρ0/π (left) and f0/π (right) ratios as a function of beam energy. The ratios from Au+Au
collisions correspond to 40–80% of the hadronic cross section. The ratios are from measurements
in e+ e− collisions at 10.45 GeV [22], 29 GeV [23] and 91 GeV [24] beam energies and pp at
6.8 GeV [25], 19.7 GeV [26], 27.5 GeV [14] and 52.5 GeV [27]. The errors on the ratios at√

sNN = 200 GeV correspond to the quadratic sum of the statistical and systematic errors, and the
π− results are from [28].

In order to evaluate the systematic uncertainty in the ρ0 mass due to unknown contributions in
the hadronic ‘cocktail’, the ρ0 mass was obtained by fitting the peak to the BW × PS function
plus an exponential function representing the unknown contributions. This uncertainty is
correlated between minimum bias pp and peripheral Au+Au and corresponds to the main
contribution to the systematic uncertainties shown in figure 2. The other contribution of
∼3 MeV/c2 corresponds to the uncertainty in measuring the particle momentum. The
mass resolution in the TPC is ∼9 MeV/c2. The ρ0 mass obtained from the fit using the
BW × PS function plus an exponential function was always higher than the mass obtained
from the BW × PS function in the hadronic ‘cocktail’ fit.

In order to obtain the resonance yield, detector acceptance and efficiency corrections
[17] were applied to the uncorrected numbers of ρ0 and f0 obtained from the fit to the
BW × PS function in the hadronic ‘cocktail’. The d2N/(2πpT dpT dy) distributions at mid-
rapidity (|y| < 0.5) as a function of pT for minimum bias pp and peripheral Au+Au collisions
are depicted in figure 3. In pp interactions, a power-law fit was used to extract the ρ0 and f0

yields per unit of rapidity. In Au+Au collisions, an exponential fit in mT − m0 was used to
extract the ρ0 and f0 yields and the inverse slopes. Here, m0 is the ρ0 and f0 masses reported

Sungtae Cho et al. (ExHIC Collaboration), Phys. Rev. Lett. 106:212001, (2011) 
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The STAR detector

STAR preliminary

STAR preliminary

ØTime Projection Chamber    (ϕ=0-2π, |η|<1 )
Tracking - momentum

Ionization energy loss - dE/dx (particle identification) 

ØTime Of Flight detector       (ϕ=0-2π, |η|<0.9)
Timing resolution <100ps  - PID improvement
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CHAPTER 3. ρ0 PRODUCTION IN CU+CU AND AU+AU
COLLISIONS AT

√

SNN = 200 GEV 3.6. ρ0 MASS AND YIELD EXTRACTION

black line in Figure 3.13 is the sum of all the contributions in the hadronic cocktail

and the different individual particle’s contribution is shown in different colors.

3.6 ρ0 Mass and Yield Extraction

The ρ0(770), a resonance vector meson, has J = 1. The π+π− invariant mass

distribution for ρ0 is therefore fitted to a p-wave relativistic Breit-Weigner (BW)

function [114] of the form:

BW (Mππ) =
AMππM0Γ (Mππ)

[(M0
2 −Mππ

2)2 +M0
2Γ2 (Mππ)]

(3.4)

where A is a constant parameter proportional to the yield of the ρ0, Mππ is

the π+π− invariant mass, M0 is the PDG ρ0 mass, and Γ (Mππ) is the momentum

dependent width [114, 116].

Γ (Mππ) =

[

(M2
ππ − 4m2

π)

(M2
0 − 4m2

π)

](2J+1)/2

× Γ0 × (M0/Mππ) (3.5)

In Equation 3.5, Γ0 is the ρ0 full width at half maximum and mπ is the pion

mass in PDG.

In heavy-ion collisions, besides the direct production of ρ0 from partons [117,

118], a ρ0 can also be produced through π+π− scattering in the hadronic medium

via π+ + π− → ρ0 → π+π− [119, 120]. The π+π− invariant mass distribution for

the ρ0 generated in this way might be modified by the initial pions phase space

distribution. Thus, the relativistic Breit-Wigner function should be multiplied by

a Boltzmann factor [121–123] to account for Phase Space (PS). In case of p+p col-

lisions, the hadronic medium is much smaller than that formed in heavy-ion col-

lisions, but still the ρ0 can be produced in the same process [110]. The functional

form of the PS can be written as:

PS (Mππ) =
Mππ

√

M2
ππ + p2T

× exp(−
√

M2
ππ + p2T/T ) (3.6)

where pT is the transverse momentum of the ρ0 and T is the temperature at

67

f0 signal extraction

STAR, Phys. Rev. Lett. 92. 092301 (2004)
STAR, Phys. Rev. C. 92, 024912 (2015)

Ø Combinatorial background subtraction:
1) Same-event and mix-event are used to construct the combinatorial background

2) Acceptance-corrected like-sign pairs are used to subtract the background 
Ø Signal function of f0, f2, and 𝜌 with: (residual background with pol. 3, blue line)

1) Relativistic Breit-Wigner function x phase space factor (PS), with T=120 MeV

2) Breit-Wigner 
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Relativistic
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f0 signal extraction

Ø f0 with:
1) Relativistic Breit-Wigner times phase space,  with T=120 MeV
2) Breit-Wigner 

Ø Assuming no 𝝙𝛟=𝜙-𝜓2 dependence in the mass and width, fix 
them according to the results above
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Event-plane reconstruction

Ø The TPC 2nd-order event plane was reconstructed with a conventional 
method using charged tracks in the TPC

Ø 𝜙-weight + shift method are used to flatten the event-plane distribution
Ø Modified Bessel function used to calculate the resolution
Ø Event-plane resolution for f0 in wide centrality bin:    Rwide= (𝝨Ri ⨉Yi)/(𝝨Yi) 

Ri,Yi are the resolution and f0 yield in fine centrality bin

A. M. Poskanzer and S. A. Voloshin, Phys. Rev. C.58.3 (1998) 
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Figure 19: Run16 Au+Au 200 GeV, 2-th order TPC Full eventplane and η sub-event event-

plane, φ-weight and shift methods are used to flat the eventplane.

The eventplane resolution (R22, 2th eventplane for 2th hamonic) in the following plots

are calculated using the conventional method, which calculate the correlation between this

two η sub-events:
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√

< cos2(ψeast − ψwest) > (5)
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Figure 23: Run16 Au+Au 200 GeV, ZDC-SMD east and west ADC distributions.

Fig. 26, Fig. 27 Fig. 28, Fig. 29 show the Full ZDC eventplane and the η sub-event 1th

order eventplane distributions from run11, run12, run14 and run16 data,

The ZDC eventplane resolution (R11, 1th eventplane for 1th hamonic; and R12, 1th

eventplane for 2th hamonic) in the following plots are calculated using the conventional

method, which calculate the correlation between this two η sub-events:

〈coskm(Ψm −Ψr)〉 =
√
π

2
√
2
χmexp(−χ2

m/4)[I(k−1)/2(χ
2
m/4) + I(k+1)/2(χ

2
m/4)] (9)

where m for the m-th order eventplane, and k for the resolution for the k-th harmonic. where

m = vm/σ and In is the modified Bessel function of order n.

Fig. 30(left) show the eventplane resolution for ZDC-SMD eventplane.
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f0 elliptic flow 

Ø Event-plane method, signal in different 𝝙𝛟=𝜙-𝜓2 bins.
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SNN = 200 GEV 3.6. ρ0 MASS AND YIELD EXTRACTION

black line in Figure 3.13 is the sum of all the contributions in the hadronic cocktail

and the different individual particle’s contribution is shown in different colors.

3.6 ρ0 Mass and Yield Extraction

The ρ0(770), a resonance vector meson, has J = 1. The π+π− invariant mass

distribution for ρ0 is therefore fitted to a p-wave relativistic Breit-Weigner (BW)

function [114] of the form:

BW (Mππ) =
AMππM0Γ (Mππ)

[(M0
2 −Mππ

2)2 +M0
2Γ2 (Mππ)]

(3.4)

where A is a constant parameter proportional to the yield of the ρ0, Mππ is

the π+π− invariant mass, M0 is the PDG ρ0 mass, and Γ (Mππ) is the momentum

dependent width [114, 116].

Γ (Mππ) =

[

(M2
ππ − 4m2

π)

(M2
0 − 4m2

π)

](2J+1)/2

× Γ0 × (M0/Mππ) (3.5)

In Equation 3.5, Γ0 is the ρ0 full width at half maximum and mπ is the pion

mass in PDG.

In heavy-ion collisions, besides the direct production of ρ0 from partons [117,

118], a ρ0 can also be produced through π+π− scattering in the hadronic medium

via π+ + π− → ρ0 → π+π− [119, 120]. The π+π− invariant mass distribution for

the ρ0 generated in this way might be modified by the initial pions phase space

distribution. Thus, the relativistic Breit-Wigner function should be multiplied by

a Boltzmann factor [121–123] to account for Phase Space (PS). In case of p+p col-

lisions, the hadronic medium is much smaller than that formed in heavy-ion col-

lisions, but still the ρ0 can be produced in the same process [110]. The functional

form of the PS can be written as:

PS (Mππ) =
Mππ

√

M2
ππ + p2T

× exp(−
√

M2
ππ + p2T/T ) (3.6)

where pT is the transverse momentum of the ρ0 and T is the temperature at
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Ø Background subtraction:
1) Same and mix-event are used to construct the background

2) Acceptance-corrected like-sign are used to subtract the background: 
Ø Signal function of f0, f2, and ! with:

1) Relativistic Breit-Wigner times phase space, with T=120 MeV

2) Breit-Wigner 

STAR preliminary
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Ø Background subtraction:
1) Same and mix-event are used to construct the background

2) Acceptance-corrected like-sign are used to subtract the background: 
Ø Signal function of f0, f2, and ! with:

1) Relativistic Breit-Wigner times phase space, with T=120 MeV

2) Breit-Wigner 
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f0 elliptic flow 

Ø Event-plane method, f0 yields in different 𝝙𝛟 bins.
Ø Results fit with amp*(1+2*v2

obscos(2𝝙𝛟))
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Systematic uncertainty

Ø Systematic uncertainty sources:
dca:                         < 0.8cm, 2.0 (1.0)
nHitFits :                  >20 (15)
Signal function:       Breit-Wigner  (Relativistic Breit-Wigner x PS)
Background fun.:     pol2 (pol3)

Ø Total systemic uncertainty :   
RMS(𝜎 (tracks cuts)) ⨂ 𝜎(Sig) ⨂ 𝜎(Bkg) 

dca: distance of closest approach to the primary vertex 
nHitFits: number of hits used in track fitting 
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f0(980) elliptic flow 

Ø Results are compared with other particles 

 (GeV/c)
T

p
0 2 4 6

2v

0

0.2

0.4

 = 200 GeV (30-80%)NNsAu+Au 

STAR preliminary

p K p 0
sK

L X W f

Year Minbias events
Y2011 ~0.5B
Y2014  ~0.8B 
Y2016 ~1.2B
Total ~2.5B

STAR, Phys. Rev. Lett. 116, 062301 (2016)
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NCQ scaling test
STAR, Phys. Rev. Lett. 116, 062301 (2016)

Ø Results are compared with other particles 
Ø NCQ scaling tests the f0(980) content 
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NCQ scaling test

Ø a, b, c, d fixed according to the fit to other hadrons 
Ø NCQ scaling test the f0(980) quark content：

nq(f0(980)) =  3.0+/-0.7+/-0.5
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STAR, Phys. Rev. Lett. 116, 062301 (2016)

X. Dong, S. Esumi, P. Sorensen, N. Xu, Z. Xu. Phys. Lett. B 597 (2004) 328
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Summary and outlook

Ø Preliminary results on the f0(980) elliptic flow

Ø NCQ scaling test for the f0(980) quark content indicates:

nq(f0(980)) = 3.0 +/- 0.7 +/- 0.5

tetraquark, KK, ss, or 𝜋𝜋 coalescence?  more data

Ø Indicate the heavy-ion collisions can be a useful place to examine 

the quark content of scalar mesons

Ø Study of the spectra will be followed-up, and compare with model

Ø Isobar data with more statistics, and ~8 more statistics at RHIC 

2023-2025


