
Highlights from nuclear collisions 
studied by the STAR experiment

Jinhui Chena) for the STAR Collaboration 

a) Institute of modern physics, Fudan University 

Hadron 2019, 16-21 Aug. 2019,  

Guilin, China



!2

Introduction to the STAR experiment 

Selected results on hadrons in hot and nuclear environment including hypernuclei 

– Heavy and light hadron production in hot medium 

– Hypertriton binding energy and mass diff. measurement 

– Search for nOmega bound state  

Summary and Outlook 
– BES-II and fixed target

Outline
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The STAR Experiment

Zhenyu Ye March 29, 2019 4

• Tracking and PID (full 2!)
TPC: " < 1
TOF: " < 1
BEMC: " < 1
EEMC: 1 < " < 2
HFT (2014-2016): " < 1
MTD (2014+): " < 0.5

• MB trigger and event 
plane reconstruction
BBC: 3.3 < " < 5
FMS: 2.5 < " < 4
VPD: 4.2 < " < 5
ZDC: 6.3 < "

• On-going/future upgrades 
EPD  (2018): 2.1 < " < 5.1
iTPC (2019): " < 1.5
eTOF (2019):−1.6 < " < −1
FCS    (2021+): 2.5 < " < 4
FTS    (2021+): 2.5 < " < 4

TPCMTDMagnet BEMC BBCEEMC TOF VPD
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The STAR detectors

STAR: a complex set of various detectors, a 
wide range of measurements and a broad 
coverage of different physics topics
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1. QCD phase diagram

High energy : asymptotic freedom
Low energy : color confinement

High T：topological excitation
High density:color superconductor

Fukushima et al, arXiv 1005.4814

Wilczek et al, arXiv hep-ph/001133

RHIC top energy 
p+p,p+Al,p+Au,3He+Au,Cu+Cu,Cu+Au
,Ru+Ru,Zr+Zr,Au+Au,U+U 
– QCD at high energy density/

temperature 
– Properties of QGP,EoS 
– Polarized proton: nucleon 

structure… 

Beam energy scan 
Au+Au vs. sqrt(s) 
– QCD phase transition 
– Search for critical point 
– Turn-off of QGP signatures 

Fixed target program 
Au+Au @ 4.5 GeV, Al+Au @ 4.9 GeV 
– High baryon density regime 

The STAR experiment and physics
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Open heavy flavor production
STAR Col. Phys. Rev. C 99.034908(2019)

Strong suppression of high pT D0 in central 
AA Collisions: e-loss 
The open charm hadron ratio are significantly 
higher than p+p collisions: charm quark 
hadronization by coalescence with light flavors
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• Ds/D0 and Λ"/D0 in Au+Au are significantly higher than p+p collisions:
charm quark hadronization through coalescence with light flavor quarks
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Quarkonium production

J/ψ RAA vs. Centrality

• Both, low and high pT, RAA decreases from peripheral to central collisions
• Low pT : more suppressed at RHIC in central and semi-central
→ Less regeneration due to lower charm production

• High pT : hint of systematically less suppression at RHIC for semi-central
→ Probably stronger dissociation at LHC due to high temperature

ALICE : PLB 734 (2014) 314,CM
S: JH

EP 05 (2012) 063

pT > 0.15 GeV/c pT > 5 GeV/c

21Guannan Xie

arXiv:1905.13669 , submitted to P.L.B Inclusive J/ψ from STAR
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Nuclear modification factors RCP

• No KS0 suppression in Au+Au 7.7 and 11.5 GeV
• Cronin effect and other effects (radial flow) compete with 

partonic energy loss
• Intermediate pT, particle RCP difference becomes smaller @ 

7.7 and 11.5 GeV

STAR, arXiv:1906.03732

Strange hadron production in BES-I
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Anti-hadron to hadron ratio (STAR BES-I)

• STAR BES data lie in a trend 
with NA49 data

• ഥ𝐁/𝐁 ratios increase with 
number of strange quarks at 
low energies
ഥ𝛀+/𝛀− > ഥ𝚵+/𝚵− > ഥ𝚲/𝚲 > ഥ𝒑/𝒑

14

STAR, PRC96, 044904
STAR, arXiv:1906.03732

• Antibaryon/baryon ratios lie in a 
trend with NA49 data, and 
increase with strange quark at low 
energies
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STAR Col. arXiv: 1906.03732
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Triton Production in Beam Energy Scan

Quark Matter 2018, Venice, Italy Zhenyu Ye @ University of Illinois at Chicago 31

• Coalescence parameter !" ∝ $%&'" in thermal model. !() similar to !*+ for ,-- < 62 GeV

• Non-monotonic energy dependence in neutron density fluctuation Δ2 = 45* / 2*
Peng Liu 

#556, May 15, 15:40
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Hypertrion binding energy measurements
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Figure 3 | Measurements of the relative mass-to-charge ratio di�erences between nuclei and antinuclei. The
current STAR measurement of the relative mass di�erence �m/m between 3

⇤H and 3
�̄H is shown by the red star marker.

The di�erences between d and d̄ and between 3He and 3He measured by the ALICE Collaboration19 are also shown
here. The dotted vertical line at zero on the horizontal axis is the expectation from CPT invariance. The horizontal
error bars represent the sum in quadrature of the statistical and systematic uncertainties.

The ⇤ binding energy B⇤ for 3
⇤H and 3

�̄H is calculated using the mass measurement shown in equation (1). We
obtain

B⇤ = 0.41 ± 0.12(stat.) ± 0.11(syst.) MeV
This binding energy is presented in Fig. 4 (left panel) along with earlier measurements4,31–33 from nuclear emulsion
and helium bubble chamber experiments. The current STAR result di�ers from zero with a significance of 2.6�. The
masses used for ⇤, ⇡�, p, d and 3He in the early measurements of B⇤ were di�erent from contemporary standard
CODATA30 and PDG18 values. Thus the early B⇤ values have been recalculated using the most precise mass values
known today, and the recalibrated results are shown by short horizontal magenta lines in Fig. 4 (left panel; see Methods
section for details). Even after recalibration, the central value of the current STAR measurement is larger than the
measurement from 19734 which is widely used. It has been pointed out in Ref.23 that for measurements of B⇤ for
p-shell hypernuclei, there exists a discrepancy in the range of 0.4 to 0.8 MeV between emulsion data and other modern
measurements. Whether the e�ect would be similar in s-shell hypernuclei such as the hypertriton is unclear, but
such a discrepancy is much larger than the systematic uncertainty assigned to emulsion measurements34. Until this
discrepancy is well understood, an average of the current measurement with early results can not be reliably carried
out.
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Figure 4 | Comparison of the STAR results with earlier measurements (left) and theoretical calculations (right)
of B⇤ for 3

⇤H and 3
�̄H. The black points and their error bars (which are the reported statistical uncertainties) represent

B⇤ for 3
⇤H based on earlier data4,31–33. The short horizontal magenta lines represent the best estimates of B⇤ for 3

⇤H
based on the same early data but using modern hadron and nucleus masses. The current STAR measurement plotted
here is based on a combination of 3

⇤H and 3
�̄H assuming CPT invariance. Error bars show statistical uncertainties and

caps show systematic errors. The green lines in the right panel represent theoretical calculations of B⇤.
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Figure 2 | Particle identification using TPC and TOF, and the invariant mass distributions for 3
�H and 3

�̄H
reconstruction. hdE/dxi versus p/q is presented in panel a, and 1/� versus p/q in panel b. In both cases, the colored
bands show the measured data for each species of charged particle, while the red curves show the expected values.
Charged particles are identified by comparing the observed hdE/dxi and 1/� with the expected values. The invariant
mass distributions of 3

⇤H and 3
�̄H, which are reconstructed through 2-body and 3-body decay channels, are shown as

data points with statistical error bars only in panels c and d, respectively. The red curves represent a fit with a Gaussian
function plus a linear background, using the unbinned Maximum Likelihood (ML) method. The 3

�H and 3
�̄H mass

determination is not based on these curves; see the text for details.

m3
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H = 2990.95 ± 0.13(stat.) ± 0.11(syst.) MeV/c2

m3
�̄

H = 2990.60 ± 0.28(stat.) ± 0.11(syst.) MeV/c2

The average mass (weighted by the reciprocal of squared statistical uncertainties) for 3
⇤H and 3

�̄H combined is

m = 2990.89 ± 0.12(stat.) ± 0.11(syst.) MeV/c2 (1)

The relative mass di�erence between 3
⇤H and 3

�̄H is

�m
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= [ 1.1 ± 1.0(stat.) ± 0.5(syst.)] ⇥ 10�4

which is displayed in Fig. 3 along with the relative mass-to-charge ratio di�erences between d and d̄ and between 3He
and 3He measured by the ALICE Collaboration19. The mass di�erence between 3

⇤H and 3
�̄H observed in the present

data is consistent with zero. The current measurement extends the validation of CPT invariance with high precision to
a nucleus containing a strange quark.
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The di�erences between d and d̄ and between 3He and 3He measured by the ALICE Collaboration19 are also shown
here. The dotted vertical line at zero on the horizontal axis is the expectation from CPT invariance. The horizontal
error bars represent the sum in quadrature of the statistical and systematic uncertainties.

The ⇤ binding energy B⇤ for 3
⇤H and 3

�̄H is calculated using the mass measurement shown in equation (1). We
obtain

B⇤ = 0.41 ± 0.12(stat.) ± 0.11(syst.) MeV
This binding energy is presented in Fig. 4 (left panel) along with earlier measurements4,31–33 from nuclear emulsion
and helium bubble chamber experiments. The current STAR result di�ers from zero with a significance of 2.6�. The
masses used for ⇤, ⇡�, p, d and 3He in the early measurements of B⇤ were di�erent from contemporary standard
CODATA30 and PDG18 values. Thus the early B⇤ values have been recalculated using the most precise mass values
known today, and the recalibrated results are shown by short horizontal magenta lines in Fig. 4 (left panel; see Methods
section for details). Even after recalibration, the central value of the current STAR measurement is larger than the
measurement from 19734 which is widely used. It has been pointed out in Ref.23 that for measurements of B⇤ for
p-shell hypernuclei, there exists a discrepancy in the range of 0.4 to 0.8 MeV between emulsion data and other modern
measurements. Whether the e�ect would be similar in s-shell hypernuclei such as the hypertriton is unclear, but
such a discrepancy is much larger than the systematic uncertainty assigned to emulsion measurements34. Until this
discrepancy is well understood, an average of the current measurement with early results can not be reliably carried
out.
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18 J. Haidenbauer et al.: Hyperon-nucleon interaction

Table 5. Comparison of the separation energies EΛ of 3
ΛH,

4
ΛHe(0+) and 4

ΛHe(1+) including and excluding explicit Σs
for different Y N interactions. See text for more details. For
the chiral Y N forces, the SMS NN interaction [57] at order
N4LO+ with cutoff of 450 MeV has been used. For Jülich’04
and NSC97f, the CD-Bonn interaction [61] has been employed.
Energies are given in MeV.

YN interaction 3
ΛH

4
ΛHe(0+) 4

ΛHe(1+)

NLO13(650) w/ Σ 0.087 1.490 0.615

NLO13(650) w/o Σ 0.095 1.155 0.568

NLO19(650) w/ Σ 0.095 1.530 0.916

NLO19(650) w/o Σ 0.100 1.300 0.735

Jülich’04 w/ Σ 0.046 1.704 2.312

Jülich’04 w/o Σ 0.162 2.397 2.319

NSC97f w/ Σ 0.099 1.832 0.575

NSC97f w/o Σ 0.062 1.303 0.679

three- and four-body systems as discussed in Refs. [6, 30].
Corresponding results are summarized in Table 5. Clearly,
this procedure provides primarily a measure for the effec-
tive 3BFs coming from the Σ excitation, cf. Fig. 10 (b).
But one might speculate that the magnitude of an actual
3BF represented, e.g., by the excitation of the Σ∗(1385)
[87] see Fig. 10 (c), should be smaller given that the Σ∗

mass is significantly larger and that the power counting
expects first contributions at a higher order. The actual
change in the 3

ΛH separation energy for the hypertriton
amounts to less than 10 keV for the NLO interactions
when the Σ component is switched off. There is an in-
crease in the binding which means that the effective 3BFs
coming from the Σ excitation are overall repulsive. Inter-
estingly, the opposite is the case for the NSC97f potential,
and also for other Nijmegen Y N interactions considered
in the past [6, 30]. Obviously, there is a delicate interplay
reflecting the actual strength of the Λ-Σ conversion as
well as its realization in the 1S0 and 3S1 partial waves. In
the four-body system, there is a reduction of the binding
energy by around 340 (230) keV for the 0+ state and by
150 (180) keV for 1+, for NLO13 (NLO19), when the ΣN
component is switched off in the few-body calculations.
For results with the NLO13 interaction with other cut-
offs, see Ref. [6]. Also for 4

ΛHe, the trend exhibited by the
phenomenological potentials differs in part. Nonetheless,
at least for the chiral interactions, the variations in the
separation energies when the Σ component is removed is
even slightly smaller than the cutoff dependence, discussed
above. Since these variations provide a measure for the di-
agram of Fig. 10 (b), the results support that 3BFs in our
approach [81] are likely smaller than the uncertainty at
order NLO.

Finally, note that, for nuclear matter calculations, one
possibility to circumvent the computational challenges of
many-body equations consists in the use of density-de-
pendent effective ΛN (and ΣN) interactions that can be
derived from chiral three-body forces [81]. Assuming fur-

thermore that the 3BFs are dominated by the excitation
of decuplet baryons (decuplet saturation), the number of
independent LECs in the three-baryon interactions can be
considerably reduced. A first application of that formal-
ism in studies of the in-medium properties of the Λ has
been reported in Ref. [10]. In this context, let us mention
that adding a density-dependent effective ΛN force to the
NLO19 interaction, with the strength considered in the
aforementioned reference, would bring the single-particle
potential UΛ for NLO13 and NLO19 roughly in agreement
with each other, up to the highest considered Fermi mo-
mentum of kF = 1.7 fm−1, corresponding to a density of
twice the nuclear matter saturation density.

5 Conclusions

In the present work we have investigated the ΛN and ΣN
interactions at next-to-leading order in SU(3) chiral effec-
tive field theory. In particular, we have explored different
options for the low-energy constants that determine the
strength of the contact interactions. One Y N interaction
considered is the initial NLO potential published in 2013
[1]. The other potential has been established in the present
paper. It is guided by the objective to reduce the number
of LECs that need to be fixed in a fit to the ΛN and
ΣN data by inferring some of them from the NN sector
via the underlying SU(3) symmetry. Correlations between
the LO and NLO LECs of the S-waves had been observed
already in our initial Y N study [1] and indicated that a
unique determination of them by considering the existing
ΛN and ΣN data alone is not possible.

As demonstrated in the present work, the two variants
considered yield equivalent results for ΛN and ΣN scat-
tering observables. However, they differ in the strength
of the ΛN → ΣN transition potential and that becomes
manifest in applications to few- and many-body systems.
The influence of this difference on predictions for light hy-
pernuclei and for the properties of the Λ and Σ hyperons
in nuclear matter has been shown and discussed in detail.
It turned out that the effect of the variation in the strength
of the ΛN -ΣN coupling (Λ − Σ conversion) is moderate
for the considered hypernuclei but sizable in case of the
matter properties.

Since the Y N scattering data alone cannot fully con-
strain the ΛN -ΣN transition potential, arguably as a mat-
ter of principle, consistent three-body forces are needed to
compensate for the differences in few- and many-body sys-
tems. Such 3BFs arise only at N2LO in the power counting
that we follow, and therefore, we did not consider them
in the present work which is at the NLO level. However,
we speculate that the effect of such 3BFs should be fairly
small, at least for light hypernuclei, once the Λ − Σ con-
version is taken into account consistently in the corre-
sponding calculations. In such a case, important aspects
of three-body dynamics such as dispersive effects but also
effective three-body forces that arise from the coupling of
ΛN to ΣN are taken into account rigorously.

In this work, the influence of the Λ − Σ conversion
strength on light hypernuclei and nuclear matter has been

Hildenbrand, Hammer, arXiv: 1904.05818

New data : stronger YNN interaction?
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Figure 5. ⇤� d scattering phase shifts for y = 0 (dashed red line) and physical value of the ⇤ mass (black
solid line). The dark blue/red bands represent the sensitivity to a variation of the chiral EFT input values
by 15%, while the blue/red hatched bands give an estimate of the EFT error.

sensitivity to changes in �i = 1/ai, where i = 1, 3 with the range of applicability of the theory.
From the hypertriton binding energy, the ⇤d scattering is predicted as

a
y=0
⇤d = 16.25+4.45

�2.40 fm , a
y=0.086
⇤d = 13.80+3.75

�2.03 fm (29)

where the error is determined by the uncertainty in the hypertriton binding energy. The change
from finite y is of order 15%, well within errors of this LO calculation. The value for the equal
mass case, y = 0, is in good agreement with the previous work in Refs. [12, 47].

I = 1 channel

The question of whether the ⇤nn system is bound or not has not been answered conclusively. In
the pionless EFT framework, the ⇤nn system is always bound due to the Efimov e↵ect unless the
bound state is outside the range of applicability of the EFT. Thus we can not make a conclusive
statement. From a simple statistical argument based on a flat probability distribution for possible
values of ⇤I=1

⇤ generated by QCD, we estimate that there is a 6% chance to find a ⇤nn bound
state within in the range of pionless EFT, which breaks down for typical momenta of the order of
the pion mass.

For illustrative purposes, we also discuss the Phillips line correlation for a hypothetical
bound dineutron (2n) [48]. The accepted value for the neutron-neutron scattering length is
ann = �18.63 fm [45] but experiments are primarily sensitive absolute value of the scattering
length, such that the sign is mainly determined by the non-observation of a bound dineutron
and theoretical considerations about charge symmetry breaking [49]. The corresponding Phillips
line correlation for the ⇤-dineutron system is shown in Fig. 7. The correlation again shows the
expected behavior for low binding momenta and the ⇤-dineutron scattering length diverges as
the dineutron binding energy is approached. The scattering length associated with the extracted

12

BΛ = 0.13 ± 0.05MeV

Haidenbauer, Meibner, Nogaa, arXiv: 1906.11681

“For a significantly larger BE, the excellent description of the 
LambdaN and SigmaN data can be maintained, by an 
approximate re-adjustment of the potential strengths in the 
LambdaN 1S0 and 3S1 partial waves - though at the expense of 
giving up the strict SU(3) constraints on the LECs between the 
LambdaN and SigmaN channels.”

Three-body hypernuclei from Pionless EFT 
– The d-Lambda scattering length and hyper triton radius is strongly depend 

on the BE. At fixed cutoff an increase in the BE will require a more 
attractive three-body force 

– Our data require higher-order correction to the effective d-Lambda 
assumption 

Updated calculation on YN interaction within Chiral EFT: the in-medium interaction 
of the Lambda predicted by the new potential is now considerably more attractive 
and becomes repulsive at much higher nuclear densities
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Figure 3 | Measurements of the relative mass-to-charge ratio di�erences between nuclei and antinuclei. The
current STAR measurement of the relative mass di�erence �m/m between 3

⇤H and 3
�̄H is shown by the red star marker.

The di�erences between d and d̄ and between 3He and 3He measured by the ALICE Collaboration19 are also shown
here. The dotted vertical line at zero on the horizontal axis is the expectation from CPT invariance. The horizontal
error bars represent the sum in quadrature of the statistical and systematic uncertainties.

The ⇤ binding energy B⇤ for 3
⇤H and 3

�̄H is calculated using the mass measurement shown in equation (1). We
obtain

B⇤ = 0.41 ± 0.12(stat.) ± 0.11(syst.) MeV
This binding energy is presented in Fig. 4 (left panel) along with earlier measurements4,31–33 from nuclear emulsion
and helium bubble chamber experiments. The current STAR result di�ers from zero with a significance of 2.6�. The
masses used for ⇤, ⇡�, p, d and 3He in the early measurements of B⇤ were di�erent from contemporary standard
CODATA30 and PDG18 values. Thus the early B⇤ values have been recalculated using the most precise mass values
known today, and the recalibrated results are shown by short horizontal magenta lines in Fig. 4 (left panel; see Methods
section for details). Even after recalibration, the central value of the current STAR measurement is larger than the
measurement from 19734 which is widely used. It has been pointed out in Ref.23 that for measurements of B⇤ for
p-shell hypernuclei, there exists a discrepancy in the range of 0.4 to 0.8 MeV between emulsion data and other modern
measurements. Whether the e�ect would be similar in s-shell hypernuclei such as the hypertriton is unclear, but
such a discrepancy is much larger than the systematic uncertainty assigned to emulsion measurements34. Until this
discrepancy is well understood, an average of the current measurement with early results can not be reliably carried
out.
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Figure 4 | Comparison of the STAR results with earlier measurements (left) and theoretical calculations (right)
of B⇤ for 3

⇤H and 3
�̄H. The black points and their error bars (which are the reported statistical uncertainties) represent

B⇤ for 3
⇤H based on earlier data4,31–33. The short horizontal magenta lines represent the best estimates of B⇤ for 3

⇤H
based on the same early data but using modern hadron and nucleus masses. The current STAR measurement plotted
here is based on a combination of 3

⇤H and 3
�̄H assuming CPT invariance. Error bars show statistical uncertainties and

caps show systematic errors. The green lines in the right panel represent theoretical calculations of B⇤.
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"$# Invariant Masses (with energy loss correction)
Figure 7. The invariant masses of 
!
"# and $!

"$# with energy loss 
correction.

Energy loss in the material in 
front of and in the TPC.

!
"# (2-body + 3-body)
2990.90 ± 0.11 (stat.) ± 0.15   
(syst.) ⁄'() *+

$!
"$# (2-body + 3-body)
2990.59 ± 0.25 (stat.) ± 0.15 
(syst.) ⁄'() *+

!
"# and $!

"$# combined
2990.85 ± 0.10 (stat.) ± 0.15 
(syst.) ⁄'() *+

Systematical uncertainty source:
Ø Energy loss correction.
Ø Different cuts impact.

,-./
0
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STAR Col. arXiv:1904.10520

A=3 with strangeness in nuclei

Figure 2 | Particle identification using TPC and TOF, and the invariant mass distributions for 3
�H and 3

�̄H
reconstruction. hdE/dxi versus p/q is presented in panel a, and 1/� versus p/q in panel b. In both cases, the colored
bands show the measured data for each species of charged particle, while the red curves show the expected values.
Charged particles are identified by comparing the observed hdE/dxi and 1/� with the expected values. The invariant
mass distributions of 3

⇤H and 3
�̄H, which are reconstructed through 2-body and 3-body decay channels, are shown as

data points with statistical error bars only in panels c and d, respectively. The red curves represent a fit with a Gaussian
function plus a linear background, using the unbinned Maximum Likelihood (ML) method. The 3

�H and 3
�̄H mass

determination is not based on these curves; see the text for details.

m3
⇤

H = 2990.95 ± 0.13(stat.) ± 0.11(syst.) MeV/c2

m3
�̄

H = 2990.60 ± 0.28(stat.) ± 0.11(syst.) MeV/c2

The average mass (weighted by the reciprocal of squared statistical uncertainties) for 3
⇤H and 3

�̄H combined is

m = 2990.89 ± 0.12(stat.) ± 0.11(syst.) MeV/c2 (1)

The relative mass di�erence between 3
⇤H and 3

�̄H is

�m
m
=

m3
�H � m3

�̄
H

m
= [ 1.1 ± 1.0(stat.) ± 0.5(syst.)] ⇥ 10�4

which is displayed in Fig. 3 along with the relative mass-to-charge ratio di�erences between d and d̄ and between 3He
and 3He measured by the ALICE Collaboration19. The mass di�erence between 3

⇤H and 3
�̄H observed in the present

data is consistent with zero. The current measurement extends the validation of CPT invariance with high precision to
a nucleus containing a strange quark.

3

The STAR measurement is 
related to the knowledge of 
masses of its decay daughter 
and is carried out with the CPT 
assumption for decay products 

In the future, as the uncertainty 
in 3He mass diff. improves, our 
result under this assumption 
will remain constant and is 
therefore very useful 

A=3 from 3He (ALICE)

LETTERS NATURE PHYSICS DOI: 10.1038/NPHYS3432
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Figure 1 | Examples of squared mass-over-charge ratio distributions in selected rigidity intervals. Particle and anti-particle spectra for deuterons (left)
and 3He (right) are in the top and bottom plots, respectively. The fit function (red curve) also includes, for the (anti-)deuteron case, an exponential term to
describe the background. In the rigidity intervals shown here the background is about 4% for (anti-)deuterons, whereas it is 0.7% for 3He and 3He . The
error bars display the statistical uncertainty.

inverting the magnetic field. Any residual asymmetry is therefore
indicative of remaining systematic uncertainties related to the
detector conditions. To estimate them, and keep these e�ects under
control, both nuclei and anti-nuclei measurements are performed
for two opposite magnetic field configurations and then averaged.
Their half-di�erence is taken as the estimate of this systematic
uncertainty. Other sources of systematic uncertainties are evaluated
by varying energy loss corrections applied to the reconstructed
momentum, the range and the shape of the background function
assumed in the fit of the mass-squared distributions and the track
selection criteria. In particular, TPC dE/dx cuts are varied between
one and four standard deviations to probe the sensitivity of the fit
results on the residual background, and a tracking quality cut on the
distance of closest approach of the track to the vertex is varied to
evaluate the influence of secondary particles on the measurement.
The sources of systematic uncertainties are found to be fully
correlated among all the rigidity intervals, except for those due to the
fit procedure and the TPC selection criteria, where the uncertainties
are uncorrelated. For deuterons and anti-deuterons, the largest
relative systematic uncertainties on 1µ/µ come from the detector
alignment (⇠0.7⇥10�4), the TPC selection criteria (⇠0.7⇥10�4)
and the secondaries (⇠1.0⇥ 10�4). For 3He and 3He, they come
from the energy loss corrections (⇠0.7⇥ 10�3), the fit procedure
(⇠0.5⇥10�3) and the TPC selection criteria (⇠0.4⇥10�3).

The (anti-)deuteron and (anti-)3He masses are measured as the
peak position of the fitting curves of the mass-squared distribution.
The mass-over-charge ratio di�erences between the deuteron

and 3He and their respective anti-particle are then evaluated as
a function of the rigidity of the track, as shown in Fig. 2. The
measurements in the individual rigidity intervals are combined,
taking into account statistical and systematic uncertainties
(correlated and uncorrelated), and the final result is shown in
the same figure with one and two standard deviation uncertainty
bands. The measured mass-over-charge ratio di�erences are

1µdd̄ =(1.7±0.9(stat.)±2.6(syst.))⇥10�4 GeV/c2 (1)

1µ3He3He =(�1.7±1.2(stat.)±1.4(syst.))⇥10�3 GeV/c2 (2)

corresponding to

1µdd̄

µd
=(0.9±0.5(stat.)±1.4(syst.))⇥10�4

1µ3He3He

µ3He
=(�1.2±0.9(stat.)±1.0(syst.))⇥10�3

where µd and µ3He are the values recommended by CODATA
(ref. 25). The mass-over-charge di�erences are compatible with
zero within the estimated uncertainties, in agreement with CPT
invariance expectations.

Given that zd̄ =�zd and z3He =�z3He as for the proton and anti-
proton1,2, the mass-over-charge di�erences in equations (1) and (2)
and the measurement of the mass di�erences between proton and

812 NATURE PHYSICS | VOL 11 | OCTOBER 2015 | www.nature.com/naturephysics
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Table 2
Binding energy (Eb), scattering length (a0) and effective 
range (reff) for the Spin-2 proton–! potentials [24].

Spin-2 p! potentials V I V II V III

Eb (MeV) – 6.3 26.9
a0 (fm) −1.12 5.79 1.29
reff (fm) 1.16 0.96 0.65

Fig. 4. The solid circle represents the ratio (R) of small system (40–80% collisions) to large system (0–40% collisions) for proton–! and antiproton–!̄ (P! + P̄!̄), where both 
the correlation functions are corrected for pair-purity and momentum smearing. The error bars correspond to the statistical errors and caps correspond to the systematic 
errors. The open crosses represent the ratio for background candidates from the side-bands of an ! invariant mass. Predictions for the ratio of the small system to large 
system [24,48] for proton–! interaction potentials V I (red), V II (blue) and V III (green) for static source with different source sizes (S, L) = (2, 3), (2, 4), (2.5, 5) and (3, 5) fm, 
where S and L corresponding to small and large systems, are shown in (a), (b), (c) and (d) respectively. In addition, the prediction for the expanding source is shown in (e).

of the source sizes for π–π , K 0
S –K 0

S , proton–proton and proton–#
correlations show that the source size decrease as the transverse 
mass increases [22,44,43,46,47]. Using this transverse mass depen-
dence [47], the expected source size for proton–! is 2–3 fm for the 
peripheral collisions and 3–5 fm for the central collisions. The pre-
dictions for the ratio of the small system to the large system from 
Refs. [24,48] for the proton–! interaction potentials V I , V II and 
V III for a static source with different source sizes (S, L) = (2, 3), 
(2, 4), (2.5, 5) and (3, 5) fm, where S and L correspond to the small 
and large collision systems, respectively, are shown in Fig. 4(a–d). 
A small variation in the source size does not change the character-
istic of the ratio for the choice of three potentials.

Predictions for the ratio of the small system to the large sys-
tem with the effects of collective expansion are also shown in 
Fig. 4(e) [24]. The transverse source sizes are taken as Rtr

p = Rtr
! =

2.5 fm for the small system and Rtr
p = Rtr

! = 5 fm for the large sys-
tem. The temperature at the thermal freeze-out is T p,! = 164 MeV 
for the peripheral collisions and T p,! = 120 MeV for the central 
collisions [49,50] and the proper-time at the thermal freeze-out 
is τp(τ!) = 3(2) fm/c for the peripheral collisions and τp(τ!) =
20(10) fm/c for the central collisions [51].

The predictions with an expanding source for the proton–!
interaction potentials V I and V II are 3σ larger than the data at 
k∗ = 20 MeV/c. The predictions for the proton–! interaction po-
tential V III with an expanding source or static source are within 
1σ of the data at k∗ = 20 MeV/c. As shown in Fig. 4, the measured 
ratios at k∗ = 20 and 60 MeV/c are R = 0.28 ± 0.35stat ± 0.03sys
(background = 0.96 ± 0.13stat ) and R = 0.81 ± 0.22stat ± 0.08sys
(background = 0.97 ± 0.05stat ), respectively. The measured ratios 
at k∗ = 20 and 60 MeV/c are compared in Fig. 5 with the model 

calculations for the ratio of the correlation function for the pe-
ripheral to the central collisions and the scattering length for the 
proton–! interaction from the Ref. [24]. From the comparison, we 
conclude that our data favor a positive scattering length for the 
proton-! interaction. The positive scattering length and the mea-
sured ratio of the proton–! correlation function from peripheral 
to central collisions less than unity for k∗ < 40 MeV/c favors the 
proton–! interaction potential V III with Eb ∼ 27 MeV for proton 
and !.

4. Conclusions

The first measurement of the proton–! correlation functions 
in heavy-ion collisions is presented in this Letter. The measured 
ratio of the proton–! correlation function from peripheral to cen-
tral Au + Au collisions at √

sNN = 200 GeV is compared with 
the predictions based on the proton–! interaction extracted from 
(2 + 1)-flavor lattice QCD simulations. At present, due to limited 
statistics, it is not possible to extract the interaction parameters. 
However the measured ratio of the proton–! correlation func-
tion from peripheral to central collisions less than unity for k∗ <
40 MeV/c within 1σ indicates that the scattering length is positive 
for the proton–! interaction and favors the proton–! bound state 
hypothesis.
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k* (GeV/c) R Background

0.20 0.28±0.35stat±0.03sys 0.96±0.13stat

0.60 0.81±0.22stat±0.08sys 0.97±0.05stat

The ratio at low k* 
– <1.0 for data 
– close to 1.0 for bg 

– Compared with 
LQCD calculation 
favors VIII 
potential scenario

The ratio of correlation function between small and large collision 
systems to extract strong p-W interaction without much contamination 
from the Coulomb interaction.  Phys. Rev. C 94, 031901 (2016)

 Two Particle Correlation Function

Spin-2 pW potentials VI VII VIII

Binding energy EB (MeV) - 6.3 26.9

Scattering length a0 (fm) -1.12 5.79 1.29

Effective range reff (fm) 1.16 0.96 0.65
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FIG. 3: (a) The correlation function with both strong and
the Coulomb attractions for two different values of the static
source sizes, Rp,Ω = 2.5 fm (solid lines) and 5 fm (dashed
lines). (b) The small-large ratio CSL(Q) for the static source
between the different source sizes, Rp,Ω = 2.5 and 5 fm.

other hadrons due to small cross sections [21, 22]. To see
the influences of these dynamical properties, we consider
the following source model with 1-dim Bjorken expansion
[20],

S(xi,ki) = N ′
iE

tr
i

1

eE
tr
i /Ti + 1

e
− x2+y2

2(Rtr
i

)2 δ(τ − τi), (6)

where Etr
i =

!

(ktr
i )

2 +m2
i cosh(yi − ηs) with the mo-

mentum rapidity yi and the space-time rapidity ηs =
ln
"

(t+ z)/(t− z). The temperature and the proper-
time at the thermal freeze-out are denoted by Ti and τi,
respectively. The transverse source size is denoted by Rtr

i .
We consider a small system with Rtr

p = Rtr
Ω = 2.5 fm and

a large system with Rtr
p = Rtr

Ω = 5 fm. Following the re-
sults of the dynamical analyses of the peripheral and cen-
tral Pb+Pb collisions at

√
sNN = 2.76 TeV with hydro-

dynamics + hadronic transport [21], we take τp (τΩ) =
3 (2) fm for the former, and τp (τΩ) = 20 (10) fm for the
latter as characteristic values. We take Tp,Ω =164 MeV
for peripheral collisions [23], while Tp(TΩ)=120 (164)
MeV for central collisions [24]. Under the expanding
source, Eq.(1) has explicit K dependence: For illustra-
tive purpose, we take the total longitudinal momentum
to be zero Kz = 0 and the total transverse momentum to
be |Ktr|=2.0 (2.5) GeV for peripheral (central) collisions
which correspond to the twice of mean |ktr

p | values of the
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FIG. 4: (a) The small-large ratio CSL(Q) as a function of Q
for three typical potentials. (b) The same ratio as (a) as a
function of a−1

0 . In both figures, both the strong and Coulomb
interactions are included.

proton [25].

Figure 4(a) demonstrates the effect of the dynamical
property on CSL(Q): Its comparison to Fig.3(b) for the
static source indicates no significant difference as far as
the ratio CSL(Q) is concerned. Figure 4(b) shows CSL(Q)
as a function of a−1

0 : Its comparison to Fig.2(b) on C(Q)
implies that the effect of the Coulomb interaction is nicely
cancelled in the small-large ratio, so that the strong NΩ
interaction can be constrained by the measurements of
this ratio. Moreover, taking the ratio of C(Q) reduces
the apparent reduction of its sensitivity to the strong in-
teraction due to the purity factor. There are in principle
two ways to extract CSL(Q) experimentally in ultrarela-
tivistic heavy ion collisions at RHIC and LHC: (i) Com-
parison of the peripheral and central collisions for the
same nuclear system, and (ii) comparison of the central
collisions with different system sizes, e.g. central Cu+Cu
collisions and central Au+Au collisions at RHIC.

Conclusion.— Motivated by the strong attraction at
short distance between the proton and the Ω-baryon in
the spin-2 channel suggested by the recent lattice QCD
simulations, we studied the intensity correlation of the
pΩ emission from relativistic heavy ion collisions. Not
only the elastic scattering in the spin-2 channel, but also
the strong absorption in the spin-1 channel and the long-

Morita:PRC 2016 and 1908.05414
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3He mass data on hypertrion measurement
Consider the mass difference of 3He and d from ALICE, our 

measurement is dominated by the 3-body decay channel:

The 2-body and 3-body channel measurements in conjunction 
with the ALICE d mass difference

Δm3He = 0.99(Δm3−body − Δm2−body) + 0.99Δmd

= − 0.43 ± 0.72(stat.) ± 0.34(syst.)MeV/c2

Δm2−body = ΔmHT − Δm3He(1 +
m2

π− + p2
π+

m2
3He + p2

anti−3He
)
m3He

m ≈ Δm(HT) − 1.01Δm(3He)

Δm3−body = ΔmHT − Δmd(1 +
m2

π− + p2
π+

m2
d + p2

anti−d
+

m2
p + p2

anti−p

m2
d + p2

anti−d
)
md

m ≈ Δm(HT) − 1.00Δmd

0.13 ± 0.63(stat.) ± 0.31(syst.)MeV/c23-body channel:


