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The facility and physics of RHIC

 � 7/20 “from LHC to RHIC to FAIR to CSR”,  October, 2012 

Student Lecture, “Quark Matter 2006”, Shanghai, Nov. 14 - 20, 2006 

RHIC! BRAHMS!PHOBOS!
PHENIX!

STAR!

AGS!

TANDEMS!

v = 0.99995⋅c = 186,000 miles/sec 
          Au + Au at 200 GeV 

Animation M. Lisa 

- RHIC: The high-energy 
heavy-ion collider 
(i) Dedicated QCD collider 
(ii) √sNN = 200 - 5 GeV 
(iii) U, Pb, Au, Cu, d, p 

- RHIC: The highest energy 
polarized proton collider! 
√s = 200, 500 GeV 

原⼦核                 ⾼能重离⼦对撞              夸克胶⼦等离⼦体

Yen-Jie Lee Studies of Jet Quenching and the Induced Medium Excitation 10

High Energy (Temperature) Frontier
Large Hadron Collider

Lead+Lead (PbPb) collisions
2010-11: 2.76 TeV   0.16/nb
2015-18: 5.02 TeV   2.1/nb

10

27 km circumference

CMS

ATLAS

LHCb

ALICE

France

Switzerland

10

Also smaller system data:
p+Pb at 5.02 & 8.16 TeV
Xe+Xe at 5.44 TeV

Compact Muon Solenoid

A flying mosquito has about 2 trillion electronvolts (2TeV) of kinematic energy

BNL-RHIC                                                       CERN-LHC
pp collider 
one month per year for 
   Pb-Pb 2.76, 5.02 TeV 
   Xe-Xe 5.44 TeV 
   pPb 5.02, 8.16 TeV
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Study of QGP at RHICOutline
• Early days of RHIC discoveries and the 

topics that continue 
• Gluon Saturation
• Jet Quench 
• Flow

• Intensive thermodynamics parameters
• Temperature
• Temperature
• Temperature 
• How we turn extensive measures 

into intensive physics quantities 

• Degree of Freedoms 
• Free quarks
• Symmetries
• Fields 

• What to remember
www.star.bnl.gov

2100th HENPIC Symposium

Early days of RHIC discoveries 
and the topics that continue 

• Jet quenching 
• Flow 

And hot topics nowadays: 
• Global/local polarization 
• CME/CMW 
• QCD phase diagram 
• … 

Strong evidences pointing to a 
“dense, opaque, low-viscous, pre-
hadronic liquid state of matter not 
anticipated before RHIC” 
                            RHIC white paper: Nucl. Phys. A 757 (2005)
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Status of Global polarization-hyperon measurement

2

Polarization: Outlook
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ΛUrQMD+vHLLE, primaryprimary+feed-down
ΛAMPT, primaryprimary+feed-down

Many outstanding questions remain:
How L is transferred to quark PH so fast?

How quark PH is transferred to hadron PH?
Does anything other then L contribute to  PH ? 

What is the space-time dependence of vorticity?

Origin of Global Hyperon polarization

Λ @ 3 GeV (FXT) Joey
Λ @7.2 GeV (FXT) Kosuke 

Λ @ 27 GeV Joey
Ξ @ 27 GeV Egor
Λ @19 Joey, Xingrui
Λ @54 GeV Kosuke 

Ξ, Ω @ 200 GeV, Takafumi 
Λ, Ξ @ Isobars, Xingrui

P.Tribedy, May 3, 2019, NISER seminar 25
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Currently we focus on differential measurements in 
pT, η, go to even lower energies, different species

How OAM is transferred to quark PH so fast? 
How quark PH is transferred to hadron PH? 
Does anything other than OAM contribute to the PH? 
What is the space-time dependence of vorticity? 

Currently we focus on differential measurements in pT, eta, go to even 
lower energies, and with different particles

Global polarization of hyperons in Pb–Pb collisions at the LHC ALICE Collaboration
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Fig. 5: (color online) The global hyperon polarization as a function of collision energy. Results are compared with
the STAR data at lower energies [10, 11]. The insert shows zoomed-in comparison with the data at the top RHIC
energy. The systematic uncertainties are shown as shaded boxes. Points are slightly shifted along the horizontal
axis for better visibility.
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STAR preliminary data on high stats. event at top RHIC energy and BES dependence 
present signal on phi and kstar, with the former >1/3, the latter < 1/3 
– The magnitude is too large? The difference between phi and kstar is also large? 
– In additional to \theta* term, \phi* term is non-vanishing   Xia,Li,Huang,Huang 2010.01474 

– Vector meson field may contribute to the phi-meson signal, kstar doesn’t subject to                                                                              and calculating the corresponding factor R. This gives
Δρ00ðRNDEPÞ ¼ Δρ00ðEPÞ × 1

4 (R ¼ 0 for random plane)
andΔρ00ðPPÞ ¼ Δρ00ðEPÞ × ð1þ 3v2Þ=4 (R ¼ v2 for pro-
duction plane, where v2 is the second Fourier coefficient of
the azimuthal distribution of produced particles relative to
the event plane angle). Here Δρ00 ¼ ρ00-1=3. This is
further confirmed using a toy model simulation with the
PYTHIA 8.2 event generator [30] by incorporating v2 and
spin alignment (see the Supplemental Material [17] for
further details).
In the past, spin alignment measurements in eþe−

[31–33], hadron-proton [34] and nucleon-nucleus colli-
sions [35] were carried out to understand the role of spin in
the dynamics of particle production, finding ρ00 > 1=3 and
off-diagonal elements close to zero with respect to the PP.
For pp collisions at

ffiffiffi
s

p
¼ 13 TeV, we find ρ00 ∼ 1=3

within the studied pT range (see Fig. 2). New preliminary
results from RHIC have found deviations of ρ00 from 1=3
indicating spin alignment for vector mesons at lower

ffiffiffiffiffiffiffiffi
sNN

p

[36,37]. The ρ00 for ϕ mesons in mid-central Pb-Pb
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV is less than 1=3 while
the preliminary finding for mid-central Au-Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV is ρ00 greater than 1=3. The ρ00 > 1=3
for ϕ mesons has been interpreted as evidence for a
coherent ϕ meson field [38]. Similar conclusions cannot
be easily applied to K%0 as it consists of valence quarks of
unequal mass (s and d̄), which makes it impossible to
separate the effects of vorticity and due to electromangetic
and mesonic fields. Significant polarization of Λ baryons
(spin ¼ 1=2) was reported at low RHIC energies. The
polarization is found to decrease with increasing

ffiffiffiffiffiffiffiffi
sNN

p

[39,40]. At the LHC, the global polarization for Λ baryon is
compatible with zero within uncertainties [PΛð%Þ ¼
0.01& 0.06& 0.03] [41]. The spin alignment for vector
mesons in heavy ion collisions could have contributions
from angular momentum [12,13], electromagnetic fields
[15] and mesonic fields [38]. While no quantitative
theoretical calculation for vector meson polarization at
LHC energies exists, the expected order of magnitude can
be estimated and the measurements for vector mesons and
hyperons can be related in a model dependent way.
Considering only the angular momentum contribution
and recombination as the process of hadronization [13],
the ρ00 of vector mesons are related to quark polarization as
ρ00 ¼ ð1 − PqPq̄Þ=ð3þ PqPq̄Þ where Pq and Pq̄ are quark
and antiquark polarization, respectively. Assuming Pu ¼
Pū ¼ Pd ¼ Pd̄ and Ps ¼ Ps̄, the measured pT integrated
ρ00 values for K%0 and ϕ mesons in 10–50% Pb-Pb colli-
sions could translate to light quark polarization of ∼0.8 and
strange quark polarization of ∼0.2. Using a thermal and
nonrelativistic approach as discussed in [42], vorticity (ω)
and temperature (T) are related to ρ00 and vector
meson polarization (PV) as ρ00 ≃ 1

3 f1 − ½ðω=TÞ2=3(g and
PV ≃ ð2ω=3TÞ, respectively. Also in this approach, the
measured ρ00 for K%0 would correspond to K%0 polarization
of ∼0.6 and the ρ00 for ϕ mesons would give ϕ meson
polarization of ∼0.3.
In the recombination model, Λ polarization depends

linearly on quark polarization whereas vector meson
polarization depends quadratically on it. One would there-
fore expect the polarization for K%0 to be of the same order
or smaller than the one measured for theΛ at LHC [41], i.e.,
vanishing small [Oð0.01%Þ] rather than order 1. The large
effect observed for the ρ00 in mid-central Pb-Pb collisions
at low pT is therefore puzzling. This result should stimulate
further theoretical work in order to study which effects
could make such a huge difference between Λ and K%0

polarization. Possible reasons may include the transfer of
the quark polarization to the hadrons (baryon vs meson),
details of the hadronization mechanism (recombination vs
fragmentation), rescattering, regeneration, and possibly the
lifetime and mass of the relevant hadron. Moreover, the
vector mesons are predominantly directly produced
whereas the hyperons have large contributions from res-
onance decays.
In conclusion, for the first time, evidence has been found

for a significant spin alignment of vector mesons in heavy-
ion collisions. The effect is strongest at low pT with respect
to a vector perpendicular to the reaction plane and for mid-
central (10–50%) collisions. These observations are quali-
tatively consistent with expectations from the effect of large
initial angular momentum in noncentral heavy-ion colli-
sions, which leads to quark polarization via spin-orbit
coupling, subsequently transferred to hadronic degrees of
freedom by hadronization via recombination. However, the
measured spin alignment is surprisingly large compared to
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FIG. 3. Measurements of ρ00 as a function of hNparti forK%0 and
ϕ mesons at low and high pT in Pb-Pb collisions. The statistical
and systematic uncertainties are shown as bars and boxes,
respectively. Some data points are shifted horizontally for better
visibility.

PHYSICAL REVIEW LETTERS 125, 012301 (2020)
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FIG. 4. (Color online) The spin-density matrix elements ρ00 with
respect to the production plane in midcentral Au + Au and p+p

collisions at
√

sNN = 200 GeV versus pT of the vector meson. The
sizes of the statistical uncertainties are indicated by error bars and the
systematic uncertainties by caps. The K∗0 and the φ p+p data points
have been shifted slightly in pT for clarity. The dashed horizontal line
indicates the unpolarized expectation ρ00 = 1/3.

the K∗0 meson, and the statistical uncertainties are somewhat
smaller than the systematic uncertainty estimates. The φ point-
to-point systematic uncertainty estimate includes a dominant
contribution ranging from 0.030 to 0.045 due to residual
background plus two smaller contributions of 0.006–0.012
and 0.005–0.010 estimated by varying the K± identification
cut on 〈dE/dx〉 from 2σ to 1σ and the fit range of the φ-meson
invariant mass from 1.00–1.04 GeV/c2 to 1.00–1.06 GeV/c2.
For the K∗0 we estimate a residual background contribution
to the point-to-point systematic uncertainty ranging from 0.02
to 0.08 and about equal contributions ranging from 0.01 to
0.08 by varying particle identification criteria and analyzed
rapidity. The Au + Au data for ρ00 are consistent with 1/3
to within 1–2 times the total uncertainties, although the
central values tend to increase with decreasing pT for pT <
2.0 GeV/c. The p+p results are consistent with the Au + Au
results and with 1/3. No conclusive evidence is found for large
polarization phenomena in the production dynamics of vector
mesons in the covered kinematic region with the precision
of current measurements. The p+p results are in qualitative

agreement with the suggested relation of vector-meson spin
alignment with respect to the production plane and the null
results observed for the transverse spin asymmetries in singly
polarized p+p collisions at midrapidity [19,20]. OPAL and
DELPHI have previously reported similar null results for
the spin alignment of the K∗0 and φ mesons produced with
small fractional momenta (xp ! 0.3, xp = p/pbeam) in e+e−

collisions [13,14], although the production and fragmentation
processes involved there are different from those at RHIC.

In summary, we have presented the first measurements of
spin alignment for K∗0 and φ vector mesons at midrapidity
at RHIC. The results for the diagonal spin-density matrix
element ρ00 with respect to the reaction plane in Au + Au
collisions are found to be constant with pT in the measured
region, covering up to 5 GeV/c, and constant with centrality.
The data are consistent with the unpolarized expectation of
1/3 and thus provide no evidence for global spin alignment
despite the large orbital angular momentum in noncentral
Au + Au collisions at RHIC. The results with respect to
the production plane are found to be less than 2 standard
deviations above 1/3 in Au + Au collisions and are consistent
with the results in p+p collisions at the same collisions
energy. The measurements thus constrain the possible size of
polarization phenomena in the production dynamics of vector
mesons. Future measurements of polarization with respect to
the jet production plane are complementary to the current
measurements because they are not sensitive to the initial
conditions and may probe the system’s mean free path [2].
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FIG. 2. (Color online) The spin-density matrix elements ρ00 with
respect to the reaction plane in midcentral Au + Au collisions at√

sNN = 200 GeV versus pT of the vector meson. The sizes of the
statistical uncertainties are indicated by error bars, and the systematic
uncertainties by caps. The K∗0 data points have been shifted slightly
in pT for clarity. The dashed horizontal line indicates the unpolarized
expectation ρ00 = 1/3. The bands and continuous horizontal lines
show predictions discussed in the text.

in the invariant mass distribution near the φ peak caused by
photon conversions and other correlated backgrounds such
as K0∗ → K+π−, ρ0 → π+π−,$ → pπ−, and % → Nπ
decays [31]. In the case of the K∗0 these backgrounds in-
clude K0

S → π+π−, ρ0 → π+π−,φ → K+K−,$ → pπ−,
and % → Nπ decays [32]. Other point-to-point systematic un-
certainty associated with particle identification for the φ (K∗0)
meson were estimated to range from 0.007 (0.06) to 0.012
(0.09) by tightening the K± (π and K) 〈dE/dx〉 cut from 2σ
to 1σ . An additional sizable contribution to the φ uncertainty
was estimated to range from 0.007 to 0.012 by varying the
fitted invariant mass range from 1.00–1.04 GeV/c2 to 1.00–
1.06 GeV/c2 and to the K∗0 uncertainty ranging from 0.02
to 0.05 by changing its analyzed rapidity range from |y| < 1
to |y| < 0.5. The systematic uncertainties in the K0∗ mea-
surements are larger than those in the φ measurement mainly
because of the lower signal-to-background ratio of ∼1/1000
compared to ∼1/25 for the φ meson. The contributions to the
systematic uncertainty caused by elliptic flow effects and the
event plane resolution are found to be negligible. The K∗0 and
φ data are consistent with each other and are consistent with
1/3 at all pT .

Hadronization of globally polarized thermal quarks, typi-
cally having pT < 1 GeV/c, in midcentral Au + Au collisions
is predicted to cause pT -dependent deviations of ρ00 from
the unpolarized value of 1/3 [1,4,6,33]. Recombination of
polarized thermal quarks and antiquarks is expected to dom-
inate for pT < 2 GeV/c and leads to values of ρ00 < 1/3
as indicated in Fig. 2 for a typical range of expected light
(strange) quark polarizations Pq(s) [6]. The fragmentation of
polarized thermal quarks with larger pT , however, would lead
to values of ρ00 > 1/3 for 1 < pT < 3 GeV/c [6,33], which
is indicated as well. In the region of 1 < pT < 2 GeV/c both
hadronization mechanisms could occur and their effects on ρ00
may cancel. As observed in Fig. 2 these effects are predicted to
be smaller than our experiment sensitivity. However, the large
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FIG. 3. (Color online) The dependence of ρ00 with respect to
the reaction plane on the number of participants at midrapidity
in Au + Au collisions at

√
sNN = 200 GeV. The sizes of the

statistical uncertainties are indicated by error bars and the systematic
uncertainties by caps. The φ data for pT > 2 GeV/c and the K∗0 data
points have been shifted slightly in 〈Npart〉 for clarity. The dashed
horizontal line indicates the unpolarized expectation ρ00 = 1/3.

(strange) quark polarization, Pq,s = −0.3, considered in the
recombination scenario of Ref. [1], results in worse agreement
of ρ00 with our φ data than −0.03 < Pq,s < 0.15 discussed
in Ref. [4]. Our data are consistent with the unpolarized
expectation ρ00 = 1/3. Recent measurement of the $ and $̄
global polarization also found no significant polarization and
an upper limit, |P$,$| ! 0.02, was obtained [21].

The centrality dependence of the global spin alignment
measurements for K∗0 and φ vector mesons with low and
intermediate pT is shown in Fig. 3. The orbital angular
momentum of the colliding system depends strongly on the
collision centrality. Global polarization is predicted to be
vanishingly small in central collisions and to increase almost
linearly with impact parameter in semicentral collisions due
to increasing particle angular momentum along with effects of
spin-orbit coupling in QCD [1]. The data exhibit no significant
spin alignment at any collision centrality and thus can constrain
the possible size of spin-orbit couplings.

Figure 4 and Table II present the K∗0 and φ spin alignment
measurements with respect to the production plane in mid-
central Au + Au collisions at

√
sNN = 200 GeV together with

the φ meson results in p+p collisions at the same incident
energy. As is the case for our measurements with respect to
the reaction plane, the uncertainties in the measurement with
respect to the production plane are smaller for the φ than for

TABLE II. The averaged spin-density matrix elements ρ00 with
respect to the production plane in midcentral Au + Au collisions and
the φ result in p+p collisions at

√
sNN = 200 GeV.

K∗0 φ

ρ00(pT < 2.0 GeV/c) 0.43 ± 0.04 ± 0.09 0.42 ± 0.02 ± 0.04
ρ00(pT > 2.0 GeV/c) 0.38 ± 0.04 ± 0.09 0.38 ± 0.03 ± 0.05
ρ00(pT < 5.0 GeV/c) 0.42 ± 0.03 ± 0.09 0.41 ± 0.02 ± 0.04
ρ00(p + p) 0.39 ± 0.03 ± 0.06

061902-5

local 


  vs. 


global

ALICE Col. PRL 125, 012301 (2020); STAR Col. Phys. Rev. C 77, 061902® (2008)

Status of Global polarization-vector meson measurement

production plane

event plane

Sheng,Oliva,Wang 1910.13684
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Selected results on strangeness production
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Strangeness in Quark-Gluon Plasma
“Strangeness Production in the Quark-Gluon Plasma”, J. Rafelski and B. Muller, PRL 48 (1982) 1066 
“Strangeness in relativistic heavy ion collisions”, P. Koch, B. Muller and J. Rafelski, Phys. Rept. 142 (1986) 167

Tc~ ms

“Strangeness abundance saturates in sufficiently excited QGP (T > 160 MeV, E> 1 
GeV/fm3), allowing to utilize enhanced abundances of rare, strange hadrons as 
indicators for the formation of the plasma state in nuclear collisions.”
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STAR Col.  Phys. Rev. C 102, 034909 (2020);  93, 021903® (2016)

Precision measurements of the abundances and pT distributions for 8 species of strange 
mesons and baryons, as functions of centrality during a Au+Au beam-energy scan at RHIC.


Test the thermal model parameter with different antibaryon-to-baryon ratios of different 
strangeness content, good agreement with results from light flavor hadron fit.

Strange hadron production in RHIC-BES I
J. ADAM et al. PHYSICAL REVIEW C 102, 034909 (2020)

FIG. 22. Normalized !/! ratio as a function of pT from 0–5%
central Au + Au collisions at different energies. The STAR results at√

sNN = 200 GeV [32] are shown as open circles for comparison. The
errors are statistical only. All the ratios are normalized according to
the average values inside the pT range of [1.4, 2.0] GeV/c.

of "
+
/"− > #

+
/#− > !/!, which is consistent with the

predictions from statistical thermal models [42,44,45,75].
In heavy-ion collisions, the baryon and antibaryon mul-

tiplicities can be described by thermal models [76] with

FIG. 23. The collision energy dependence of !/!, #
+
/#−, and

"
+
/"− ratios at midrapidity (|y| < 0.5) in central (0–5% for !/!

and #
+
/#−; 0–10% for "

+
/"− for √

sNN ! 11.5 GeV; and 0–

60% for "
+
/"− for √

sNN = 7.7 GeV) Au + Au collisions from
the STAR Beam Energy Scan (solid symbols). The orange shaded
bands represent the systematic errors. The ratios in central Pb + Pb
collisions from NA49 [22,24] and in central Au + Au collisions at
higher energies (! 130 GeV) from STAR [29,31,32,37] are also
shown as open symbols for comparison. The previous STAR #

+
/#−

and "
+
/"− data points are slightly shifted to the left and to the right,

respectively, for clarity.

FIG. 24. Testing result of the thermal model in µB/Tch and
µS/Tch parameter space with three strange antibaryon-to-baryon
ratios in central Au + Au collisions at √

sNN = 7.7–39 GeV. Errors
are propagated from the corresponding B/B ratios, whose errors are
the quadratic sum of statistical and systematic errors.

the parameters of particle mass, degeneracy factor, baryon
chemical potential (µB), strangeness chemical potential (µS),
charge chemical potential (µQ), strangeness saturation factor
(γs), and chemical freeze-out temperature Tch. By taking the
ratio of antibaryon to baryon yield, one obtains

ln(B/B) = −2µB/Tch + µS/Tch%S, (8)

where %S is the difference of strangeness number between
antibaryon and baryon. It shows that most parameters can be
canceled out in the B/B ratios except for µS/Tch and µB/Tch.
These two parameters are properties of the collision system at
chemical freeze-out and should be independent of the particle
type according to the thermal model, which assumes that all
hadrons originate from the same thermal source. With the
three measured antibaryon-to-baryon ratios, !/!, #

+
/#−,

and "
+
/"−, one can test this thermal model assumption

by considering that different antibaryon-to-baryon ratios have
different strangeness number difference, %S. For a certain
antibaryon-to-baryon ratio, Eq. (8) is effectively a linear func-
tion between µB/Tch and µS/Tch. With three antibaryon-to-
baryon ratios, three straight lines should cross at the same
point on the (µB/Tch, µS/Tch) plane, which provides a good
test for the thermal model assumption. Figure 24 shows the
test result for central Au + Au collisions at

√
sNN = 7.7–39

034909-20

STRANGE HADRON PRODUCTION IN Au + Au COLLISIONS … PHYSICAL REVIEW C 102, 034909 (2020)

FIG. 25. Thermal model fitting to ln(B/B) vs !S with a linear
function to determine µB/Tch and µS/Tch for central Au + Au colli-
sions at √

sNN = 7.7–39 GeV. The "
+
/"− data points at 11.5 and 27

GeV are slightly shifted to the left for clarity.

GeV, which indicates the validity of this model over the BES
energy range. Therefore, the two thermal model parameters,
µB/Tch and µS/Tch, in this collision system can also be
extracted using a linear fit with Eq. (8) to the three measured
antibaryon/baryon ratios at each energy, as shown in Fig. 25.
The µB/Tch and µS/Tch parameters in central Au + Au colli-
sions at all five BES energies obtained from the fits are shown
in Fig. 26. Also shown are the corresponding results from the

FIG. 26. The µB/Tch and µS/Tch parameters (red symbols) in
central Au + Au collisions at √

sNN = 7.7–39 GeV obtained from
the fits shown in Fig. 25. The blue symbols are the corresponding
results from the thermal model fit to the yields of π , K, p, $, %, K0

S ,
and " at √

sNN = 39 GeV [7].

FIG. 27. Energy dependence of $, $, %−, and %
+

to pions
(1.5(π+ + π−)) ratios at midrapidity in central Au + Au collisions
from STAR Beam Energy Scan (solid symbols). The STAR BES
midrapidity pion yields are taken from [7]. Errors are the quadratic
sum of statistical and systematic errors. Also shown are existing AGS
[14,15,17,18,78], NA49 [20,23,24,79], PHENIX [38,80], and STAR
[29,31,32,37,81,82] data as open symbols, as well as calculations
from hadronic transport models (UrQMD 1.3 and HSD) [83–86]
and a statistical hadron gas model (SHM) [44] as dashed or solid
lines. The E896, PHENIX, and NA57 8.7 GeV %

+
/π data points are

slightly shifted to the right for clarity.

thermal model (grand-canonical ensemble) fitting to the yields
of particles including π , K, p, $, %, K0

S , and " at 39 GeV
[7]. We see good agreement between the results from these
two methods at this collision energy. Alternatively, the µB/Tch
and µS/Tch parameters can be compared with lattice QCD
calculations [77] to further constrain the strangeness chemical
freeze-out temperature Tch in these collisions.

E. Baryon-to-meson ratios

Figure 27 shows the ratios of $, $, %−, and %
+

midra-
pidity yields to that of all pions [1.5(π+ + π−)] in central
Au + Au collisions from the STAR Beam Energy Scan. The
existing data from various experiments at different energies
are also shown for comparison. The data are compared to the
calculations from hadronic transport models (UrQMD 1.3 and
HSD [83–86]) and a statistical hadron gas model (SHM [44]).
The STAR Beam Energy Scan data are in good agreement
with the trend of the existing experimental data. The hadronic
models (UrQMD 1.3 and HSD) seem to reproduce the $/π
data, indicating that the hadronic rescatterings might play an
important role in hyperon production in heavy-ion collisions
in this energy range. On the other hand, the SHM model
predictions agree well with data across the whole energy
range from AGS to top RHIC energies. SHM is based on a
grand-canonical ensemble and assumes chemical equilibrium.
The energy dependence of the parameters Tch and µB in the

034909-21

J. ADAM et al. PHYSICAL REVIEW C 102, 034909 (2020)

FIG. 22. Normalized !/! ratio as a function of pT from 0–5%
central Au + Au collisions at different energies. The STAR results at√

sNN = 200 GeV [32] are shown as open circles for comparison. The
errors are statistical only. All the ratios are normalized according to
the average values inside the pT range of [1.4, 2.0] GeV/c.

of "
+
/"− > #

+
/#− > !/!, which is consistent with the

predictions from statistical thermal models [42,44,45,75].
In heavy-ion collisions, the baryon and antibaryon mul-

tiplicities can be described by thermal models [76] with

FIG. 23. The collision energy dependence of !/!, #
+
/#−, and

"
+
/"− ratios at midrapidity (|y| < 0.5) in central (0–5% for !/!

and #
+
/#−; 0–10% for "

+
/"− for √

sNN ! 11.5 GeV; and 0–

60% for "
+
/"− for √

sNN = 7.7 GeV) Au + Au collisions from
the STAR Beam Energy Scan (solid symbols). The orange shaded
bands represent the systematic errors. The ratios in central Pb + Pb
collisions from NA49 [22,24] and in central Au + Au collisions at
higher energies (! 130 GeV) from STAR [29,31,32,37] are also
shown as open symbols for comparison. The previous STAR #

+
/#−

and "
+
/"− data points are slightly shifted to the left and to the right,

respectively, for clarity.

FIG. 24. Testing result of the thermal model in µB/Tch and
µS/Tch parameter space with three strange antibaryon-to-baryon
ratios in central Au + Au collisions at √

sNN = 7.7–39 GeV. Errors
are propagated from the corresponding B/B ratios, whose errors are
the quadratic sum of statistical and systematic errors.

the parameters of particle mass, degeneracy factor, baryon
chemical potential (µB), strangeness chemical potential (µS),
charge chemical potential (µQ), strangeness saturation factor
(γs), and chemical freeze-out temperature Tch. By taking the
ratio of antibaryon to baryon yield, one obtains

ln(B/B) = −2µB/Tch + µS/Tch%S, (8)

where %S is the difference of strangeness number between
antibaryon and baryon. It shows that most parameters can be
canceled out in the B/B ratios except for µS/Tch and µB/Tch.
These two parameters are properties of the collision system at
chemical freeze-out and should be independent of the particle
type according to the thermal model, which assumes that all
hadrons originate from the same thermal source. With the
three measured antibaryon-to-baryon ratios, !/!, #

+
/#−,

and "
+
/"−, one can test this thermal model assumption

by considering that different antibaryon-to-baryon ratios have
different strangeness number difference, %S. For a certain
antibaryon-to-baryon ratio, Eq. (8) is effectively a linear func-
tion between µB/Tch and µS/Tch. With three antibaryon-to-
baryon ratios, three straight lines should cross at the same
point on the (µB/Tch, µS/Tch) plane, which provides a good
test for the thermal model assumption. Figure 24 shows the
test result for central Au + Au collisions at

√
sNN = 7.7–39

034909-20
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Multistrange hadron ratio and flow

The v2ðpTÞ’s of all particles presented here have been
corrected for the efficiency bias by using the inverse of
efficiency as a weight for the v2 as a function of pT and
centrality.
An additional correction is needed for ϕ, Ξ, andΩ v2. An

event bias is naturally introduced when one measures v2’s
in wide centrality bins, especially for the rare particles.
As the measured v2 is an average over all events weighted
by the particle yield, the average event shape depends on
the particle type. AGlauber model [19] study of the average
initial participant eccentricity indicates that the multi-
strange hadron v2 is more biased toward central events
than that of the light and strange hadrons. Specifically, the
average eccentricity for multistrange hadrons in wide
centrality bins is smaller than the eccentricity determined
by the particle yield of all charged hadrons. One should
take this effect into consideration if any conclusion on
number of constituent quark scaling is drawn. This bias can
be corrected by normalizing the measured v2 by the ratio of
eccentricity to that weighted by the yield of the particle of
interest. We find the event bias correction factors for the
0%–30%, 30%–80%, and 0%–80% centralities are 1.002,
1.053, and 1.028 for ϕ, 1.019, 1.054, and 1.091 for Ξ, and
1.068, 1.067, and 1.177 forΩ. The event bias correction for
light and strange hadrons is small (< 0.03), perhaps due to
their copious production. Therefore, in the later discussion
of number of constituent quark (NCQ) scaling, the event
bias correction is applied only to the v2’s of multistrange
hadrons and ϕ meson. The above correction factors remain
almost unchanged if we use a color-glass condensate [27]
based model to calculate eccentricity.
In Fig. 1 we present the elliptic flow parameter v2ðpTÞ at

midrapidity (jyj < 1.0) for (a) Ξ− þ Ξ̄þ, (b) Ω− þ Ω̄þ, and
(c) ϕ in Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV for
0%–30% and 30%–80% centrality. Event bias correction
factors have been applied to the results shown in Fig. 1. A
clear centrality dependence of v2ðpTÞ is observed for ϕ, Ξ,

andΩ, similar to that of identified light and strange hadrons
previously measured by the STAR experiment [28]. The
values of v2 are found to be larger in peripheral collisions
(30%–80% centrality) compared to those in central colli-
sions (0%–30% centrality). This observation is consistent
with an interpretation in which the final momentum
anisotropy is driven by the initial spatial anisotropy.
The NCQ scaling in v2 for different identified hadrons is

considered to be a good probe for studying the strongly
interacting partonic matter. The observed NCQ scaling of
identified hadrons in experimental data [29] indicates the
importance of parton recombination in forming hadrons in
the intermediate pT range (2.0 GeV=c < pT < 4.0 GeV=c)
[30–33]. Such scaling may indicate that collective elliptic
flow develops during the partonic phase. Previous measure-
ments have found that v2’s of π, K, p, K0

S, Λ, Ξ, and ϕ
follow NCQ scaling well at the top of the RHIC energy
(

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV) [29]. The large statistics data sets
collected by STAR detectors allow us to measure elliptic
flow of multistrange hadrons, specifically that of the Ω
baryon which is made of pure strange (s) or antistrange (s̄)
constituent quarks and of the ϕ meson, consisting of one s
and one s̄ constituent quark.
Figure 2 shows the v2 as a function of pT for π, p, ϕ,

and Ω for 0%–80% centrality in Auþ Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. Here, ϕ and Ω v2 are corrected for the
event bias mentioned earlier. Figure 2(a) shows a com-
parison between the v2’s of π and p, consisting of up (u)
and down (d) light quarks, and Fig. 2(b) shows a com-
parison of the v2’s of ϕ and Ω containing heavier s quarks.
The v2’s of ϕ and Ω are mass ordered at low pT and a
baryon-meson separation is observed at intermediate pT . It
is clear from Fig. 2 that the v2ðpTÞ of hadrons consisting
only of strange quarks (ϕ and Ω) is similar to that of π and
p. However, unlike π and p, the ϕ and Ω do not participate
strongly in the hadronic interactions, which suggests that
the major part of collectivity is developed during the
partonic phase in Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV.
We now compare our results for NCQ scaling for

different collision centrality classes to see how the partonic
collectivity changes with system size. Figure 3 shows the2v
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Ω(b)
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 (GeV/c)
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FIG. 1. The v2 as a function of pT near midrapidity (jyj < 1.0)
for (a) Ξ− þ Ξ̄þ, (b) Ω− þ Ω̄þ, and (c) ϕ from Auþ Au
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV for 0%–30% and 30%–80%
centrality. The systematic uncertainties are shown with shaded
boxes and the statistical uncertainties by vertical lines.

0 2 4
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0 2 4

φ
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0–80%
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FIG. 2. The v2 as a function of pT for (a) π, p and (b) ϕ,
Ω from minimum-bias Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV
for 0%–80% centrality. The systematic uncertainties are shown
with the shaded boxes, while vertical lines represent the statistical
uncertainties.
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parton coalescence calculation  
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as strong as light flavor hadron, partonic 
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FIG. 2. Midrapidity (|y| < 0.5) !−(!
+

) pT spectra from Au+Au
collisions at different centralities and energies (

√
sNN = 7.7–

39 GeV). The open symbols represent !
+

and solid symbols represent
!−. The red boxes denote systematic errors. The dashed curves
represent fits to the experimental data with a Levy function [9].

for reconstruction efficiency and geometrical acceptance.
The systematic errors mainly come from two sources: the
different signal extraction techniques, and the reconstruction
efficiency corrections. They were studied as a function of pT

and were obtained by exploring the dependence of invariant
yields on various raw yield extraction techniques including
different fit and counting ranges and different fit functions,
and on different combinations of analysis cuts. For the φ
meson, relative systematic errors of invariant yields vary from
10%–16% at

√
sNN = 11.5–39 GeV to 17%–21% at

√
sNN =

7.7 GeV. The systematic errors in 0–10% central collisions are
generally larger than those in 60%–80% peripheral collisions
by 2%–3% due to greater combinatorial backgrounds. For
pT < 0.8 GeV/c in central collisions, the uncertainty of
φ meson raw yield extraction is dominant. However, for
pT > 1.6 GeV/c the main source of systematic error is the
differences in track selection cuts. For the ! invariant yields,
the relative systematic errors vary from ∼ 5% to 20%, and
are dominated by the signal extraction methods. Due to the
higher combinatorial background in pT ! 1.2 GeV/c and low
statistics at pT " 2.8 GeV/c, the systematic errors are found
to be larger in the corresponding pT windows. The systematic
uncertainties have a weak centrality dependence and their
energy dependences for ! and φ particles are similar. The
systematic errors of invariant yields of φ and ! are shown as
red boxes in Figs. 1 and 2 for each pT bin.

We present baryon-to-meson ratios of invariant yields,
N (!− + !

+
)/[2N (φ)], as a function of pT from Au+Au

collisions for various beam energies from
√

sNN = 7.7 to
200 GeV in Fig. 3 and for various collision centralities in
Fig. 4, respectively. Data from 200 GeV Au+Au collisions are
from previously published STAR results [9]. Coalescence or
recombination models [14,15, 26] have been used to describe
particle productions in nucleus-nucleus collisions at RHIC. In
particular, a model calculation by Hwa and Yang for Au+Au

 (GeV/c)
T

p
0 2 4 6

)φ
)/2

N
(

+
Ω +-

Ω
N

(

0.1

0.2

0.3
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Hwa&Yang (thermal)
39    GeV 0-10%
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FIG. 3. Baryon-to-meson ratio, N (!− + !
+

)/[2N (φ)], as a
function of pT in midrapidity (|y| < 0.5) from Au+Au collisions at√

sNN = 7.7–200 GeV. Error bars and boxes represent statistical and
systematic uncertainties, respectively. ! and φ systematic errors are
mostly from uncorrelated contributions. The solid and dashed lines
represent recombination model calculations for central collisions
at

√
sNN = 200 GeV [14] with total and thermal strange quark

contributions, respectively.

collisions at
√

sNN = 200 GeV [14] predicts that ! hyperons
up to pT of 6 GeV/c are dominated by the recombination of
three thermal quarks while for φ mesons the thermal-shower
quark recombination contributes significantly to pT above 4
GeV/c which reduces the ratios at high pT leading to the
deviations from the straight line. Deviations from the theory
calculation at low pT could indicate that thermal strange
quarks may not have an exponential distribution.

In Fig. 3 the measured N (!− + !
+

)/[2N (φ)] ratios from
central Au+Au collisions at

√
sNN = 19.6, 27, and 39 GeV

follow closely the ratio from 200 GeV and are consistent with
a picture of coalescence and recombination dynamics over a
broad pT range of 1–4 GeV/c. The ratios at 11.5 GeV seem
to deviate from the trend observed at higher beam energies. In
particular, the ratios at 11.5 GeV appear to turn down around
pT of 2 GeV/c while those at higher beam energies such
as 39 and 200 GeV peak at pT of 3 GeV/c or above. The
collision centrality dependence of the N (!− + !

+
)/[2N (φ)]

ratios in Figs. 4(a)–4(d) shows significant differences between
the 40%–60% centrality bin and the other centrality intervals
for Au+Au collisions at 19.6 and 27 GeV. Furthermore, the
ratios from the peripheral collisions of 40%–60% at 27 GeV
are similar in magnitude to the ratios from collisions at 11.5
GeV. Because the ! and φ particles have small hadronic
rescattering cross sections [30], the change in these ratios is
likely to originate from the partonic phase. The decrease in the
N (!− + !

+
)/[2N (φ)] ratios from central collisions at 11.5

GeV compared to those at 19.6 GeV or above may indicate
a significant change in the hadron formation dynamics and/or
in strange quark pT distributions at the lower energy. Such a
change may arise from a transition from hadronic to partonic
dynamics with increasing beam energy. The turnover in the
ratios from Au+Au collisions below 11.5 GeV beam energy is
unlikely to be due to contributions of high pT shower partons

021903-4
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FIG. 4. Centrality dependence of N (!− + !
+

)/[2N (φ)] ratios,
as a function of pT in midrapidity (|y| < 0.5) from Au+Au collisions
at

√
sNN = 11.5, 19.6, 27, and 39 GeV. The boxes denote systematic

errors.

as suggested by model calculations from Hwa and Yang [14]
because of relatively low pT particles involved.

We illustrate qualitatively the change in the underlying
bulk strange quark pT distribution by following the procedure
developed in Ref. [17]. We assume that the ! baryons
are formed from coalescence of three strange quarks of
approximately equal momentum and the φ mesons from two
strange quarks. In the coalescence framework, the ! baryon
production probability is proportional to the local strange
quark density, f 3

s (ps
T ), and the φ meson is proportional to

fs(ps
T )fs(ps

T ), where fs (fs) is the strange (antistrange) quark
pT distribution at hadronization. Assuming that strange quarks
and antistrange quarks have a similar pT distribution, the

NCQ-scaled ratio
N(!−+!

+
)|

p!
T

=3ps
T

2N(φ)|
p
φ
T

=2ps
T

could reflect the strange

quark distribution at hadronization.

Figure 5(a) shows the NCQ-scaled
N(!−+!

+
)|

p!
T

=3ps
T

2N(φ)|
p
φ
T

=2ps
T

ratios

as a function of ps
T = pT /nq at midrapidity (|y| < 0.5) from

central Au+Au collisions at
√

sNN = 11.5–200 GeV as well
as 0–60% collisions at 7.7 GeV. Since the pT bin widths
used for the !−(!

+
) and φ meson spectra do not match, we

use our Levy fit (see Fig. 1) to interpolate the invariant yield

of φ meson at desired pT . The NCQ-scaled
N(!−+!

+
)|

p!
T

=3ps
T

2N(φ)|
p
φ
T

=2ps
T

ratios at all energies can be fit with a Boltzmann distribution
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FIG. 5. (a) NCQ-scaled N (!− + !
+

)/[2N (φ)] ratios, ks(ps
T ), as

a function of pT /nq in midrapidity (|y| < 0.5) from Au+Au collisions
at

√
sNN = 7.7–200 GeV. Here nq is the number of constituent quarks

of each hadron. The boxes denote systematic errors. Dashed lines are
Boltzmann fits to data. (b) The fitting parameters A and T , and 1σ

contours (including statistic and systematic errors).

gsAmT

T (ms+T )e
−(mT −ms )/T , where ms is the effective strange quark

mass of 0.46 GeV/c2 from Ref. [15], mT is the transverse

mass (
√

m2
s + p2

T ), and T is the slope parameter of the
exponential function which may be related to the freeze-out
temperature and radial expansion velocity of strange quarks
[28]. Considering different yield ratios of s quark over s quark
with collision energies, that is, fs(ps

T ) = r(
√

sNN )fs(ps
T ),

where r3(
√

sNN ) = dN
dy

(!
+

)/dN
dy

(!−), we include a correction
factor gs = (1 + r3)/r in the Boltzmann distribution function
(based on the coalescence calculation [14]), and then A is
proportional to strange quark rapidity density.

The fitting parameters A and T , and 1σ contours are
shown in Fig. 5(b). Figures 5(a) and 5(b) show that the
derived strange quark distributions vary little in shape as a
function of beam energy from 11.5 to 200 GeV. The amplitude
parameter A at 11.5 GeV, however, seems to be noticeably
smaller than those data of 19.6 GeV or above. Based on
a coalescence model [14], the smaller strange quark local
density at 11.5 GeV is probably responsible for the smaller
N (!− + !

+
)/[2N (φ)] ratios as shown in Fig. 3, where the first

two low pT points at 11.5 GeV are systematically lower than
those at

√
sNN ! 19.6 GeV. At 7.7 GeV, the slope parameter

T is smaller than those data of 19.6 GeV or above, with
a 1.8σ standard deviation from the 19.6 GeV result. We
note that one possible reason for the deviation of T is the
centrality difference since the data at 7.7 GeV are for 0–60%
while those at other energies are for central collisions. In the
framework of the coalescence mechanism, our derived ratio
distribution can be sensitive to both the local density and the pT

distribution of strange quarks. Our data of 19.6 GeV or above
show little beam energy dependence, suggesting strange quark
equilibration may have been approximately achieved in those
central collisions, possibly due to strange quark dynamics
rather than hadronic processes [31]. The variation of the
11.5 GeV data may arise from the strangeness nonequilibration
and the presence of a strangeness phase-space suppression
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pT < 3 GeV/c, χ2/ndof = 2.6 when the prediction is fitted
to the data with a multiplicative constant of 0.53). It is also
larger than either of the pure VISH2 + 1 predictions, which
is attributed to the production of additional φ mesons in the
hadronic phase through K−K+ scattering while φ decays are
turned off [75].

The hydrokinetic model (HKM) [77,78] combines an
ideal hydrodynamic phase with a hadronic cascade (UrQMD)
after the hydrodynamic description of the partonic phase.
Additional radial flow is built up during the hadronic phase and
particle yields are affected by hadronic interactions (including
baryon-antibaryon annihilation). HKM has been observed to
reproduce the measured π , K , proton, $ and % data [34,71]
better than VISH2 + 1, though it overestimates the yields of the
multi-strange baryons. The φ yield is overestimated by HKM,
though by a smaller amount than the VISH2 + 1 predictions.
The HKM prediction can be fitted to the measured φ data
through multiplication by a constant (0.80) for pT < 3 GeV/c
(its full range) with χ2/ndof = 0.53 and no deviations beyond
the experimental uncertainties.

The Kraków model [72] is a hydrodynamic model which
introduces a bulk viscosity in the transition from the partonic
to the hadronic phase, producing deviations from local
equilibrium within the fluid elements, thereby affecting the
hadron pT distributions and yields. This model reproduces
the π , K , and (anti)proton pT distributions within 20% for
pT < 3 GeV/c in central Pb-Pb collisions [34] and reproduces
the $ pT distributions within 30% in the same pT range
for the centrality range 0–60% [71]. It does not, however,
describe the shape of the % pT distribution. The Kraków model
overpredicts the φ yield for 1 < pT < 4 GeV/c; however, it
does not deviate from the measured yield by more than twice
the uncertainty. The Kraków model prediction can be fitted to
the measured φ meson pT distribution through multiplication
by a constant (0.85) for pT < 4 GeV/c with χ2/ndof = 1.1
and no deviations beyond the uncertainties.

The hydrodynamic models considered above describe the
measured φ meson pT distribution with varying degrees of
success. All of these models overpredict the φ yield, while
all except the Kraków model predict softer pT distributions
for the φ meson than was measured. The best descriptions
of the shape of the φ meson pT distribution are given by the
HKM and the Kraków model. Coupling hydrodynamics to a
hadronic cascade, as is done in the KHM and VISHNU, has
produced widely different results. For the φ, the two imple-
mentations of the VISH2 + 1 model produce similar results for
pT < 2 GeV/c, despite having different initial conditions and
viscosities.

The φ and % are, respectively, a meson and a baryon
made up entirely of strange (anti)quarks. In some particle
production models, such as the HIJING/BB model [80,81],
soft particles are produced through string fragmentation. The
string tension is predicted [80] to influence the yields of strange
particles, with multi-strange baryons and the %/φ ratio being
particularly sensitive to the tension [82]. Figure 12 shows
the %/φ ≡ (%− + %

+
)/φ ratio as a function of pT in Pb-Pb

collisions at
√

sNN = 2.76 TeV (centrality 0–10%) [71], pp
collisions at

√
s = 7 TeV [54,79], and Au-Au collisions at

)c (GeV/
T
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FIG. 12. (Color online) Ratio (%− + %
+

)/φ as a function of
pT for Pb-Pb collisions at

√
sNN = 2.76 TeV (centrality 0–10%)

[71], pp collisions at
√

s = 7 TeV [54,79] and Au-Au collisions
at

√
sNN = 200 GeV (centrality 0–12%) [51]. The statistical un-

certainties are shown as bars, systematic uncertainties (including
pT-uncorrelated and pT-correlated components) are shown as shaded
boxes, and the sum in quadrature of the statistical and systematic
uncertainties (for the pp data) is shown as open boxes. Also shown
are predictions of this ratio made by various models for central Pb-Pb
collisions at

√
sNN = 2.76 TeV (centrality 0–20% for HIJING/BB,

centrality 0–10% for the other models) [72–74,77,78,80,81].

√
sNN = 200 GeV (centrality 0–12%) [51]. The ratio measured

in Pb-Pb collisions at
√

sNN = 2.76 TeV is consistent with the
ratio measured in Au-Au collisions at

√
sNN = 200 GeV for

pT ! 3 GeV/c, but is larger than the Au-Au measurement at
high pT. Predictions from the HIJING/BB and hydrodynamic
models are also shown. None of these models is able to
predict the measured %/φ ratio. HKM provides a better
description of the %pT distributions than VISH2 + 1; however,
it overestimates the total yield [71]. The VISH2 + 1 and HKM
predictions are consistent with the measured %/φ ratio for
pT < 2 GeV/c, but increase faster with pT than the data for
pT > 2 GeV/c. The HKM does appear to provide a better
description of the slope of the measured %/φ ratio. The
Kraków model [72] underpredicts the measured data at low
pT, but is consistent with the data for 2 < pT < 3.5 GeV/c.
This model is able to reproduce the measured % yield within
about 30% [71], but does not reproduce the shape of the pT
distribution. The %/φ ratio predicted by the HIJING/BB v2.0
model [80,81,83,84], with a strong color field and a string
tension of κ = 1.8 GeV/fm, reproduces neither the shape nor
the values of the measured data. A larger string tension of
κ = 5.1 GeV/fm gives a predicted %/φ ratio (not shown) that
is at least a factor of three larger than the measured ratio.
The same model can reproduce the %/φ ratio observed in
pp collisions at

√
s = 7 TeV [54,79]7 with a string tension

of κ = 2 GeV/fm, and describes the %/φ ratio observed in

7The prediction was calculated for
√

s = 5 TeV.
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Difference between peripheral collisions to 
central collisions, between pp to AA is seen

The ratios from 40-60% at 27 GeV are similar 
in magnitude to the ratios at 11.5 GeV


– A possible change in strange-hadron 
production dynamics (<20 GeV) 


The results significantly improve the exp. 
knowledge in the energy range where key 
features of the QCD phase diagram are 
nowadays being studied.

Yield ratio vs. centrality/energy
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SH production associated with fluctuation 

COAL-SH with quark density fluctuations

! "! !(Ξ")
N ' !(Λ) 	≈ +(1 + Δ/)

Shao, Chen, Ko, Sun, Phys. Lett. B 801 (2020) 135177

2 T. Shao et al. / Physics Letters B 801 (2020) 135177

Table 1
Yields of !− , K + , " and φ in full rapidity space from central (0-7.2% centrality) Pb+Pb collisions at SPS energies measured by the NA49 Collaboration [14–17]. Only 
statistical uncertainties are listed because most of the sources for the systematic uncertainty are similar for K + and φ as well as for !− and ", and their effects thus cancel 
out in calculating their ratios. Also given are the yield ratio OK-!-φ-" extracted from experimental data and the extracted relative strange quark fluctuation $s based on the 
quark coalescence model using the hadronization temperature TC [50]. The units for E, √sNN, and TC are A GeV, GeV, and MeV, respectively.

E
√

sNN !− K + " φ OK-!-φ-" TC $s

20 6.3 1.50±0.13 40.7±0.7 27.1±0.2 1.89±0.31 1.19±0.22 131.3 0.08 ± 0.20
30 7.6 2.42±0.19 52.9±0.9 36.9±0.3 1.84±0.22 1.88±0.27 140.1 0.71 ± 0.25
40 8.8 2.96±0.20 59.1±1.9 43.1±0.4 2.55±0.17 1.59±0.16 146.1 0.44 ± 0.15
80 12.3 3.80±0.26 76.9±2.0 50.1±0.6 4.04±0.19 1.44±0.13 153.5 0.31 ± 0.12

Table 2
Same as Table 1 for midrapidity strange hadrons except the last two columns, which give the yield ratio OK-!-φ-" from the statistical model [50] and the coalescence 
model using the hadronization temperature TC . For the statistical model, the percentage of contributions from different decay channels is taken from that calculated at √

sNN = 200 GeV.

E
√

sNN !− K + " φ OK-!-φ-" TC $s stat. model COAL-SH

20 6.3 0.93±0.13 16.4±0.6 13.4±0.1 1.17±0.23 0.97±0.24 131.3 0+0.10 1.30 1.10
30 7.6 1.17±0.13 21.2±0.8 14.7±0.2 0.94±0.13 1.79±0.33 140.1 0.63 ± 0.30 1.40 1.10
40 8.8 1.15±0.11 20.1±0.3 14.6±0.2 1.16±0.16 1.36±0.23 146.1 0.24 ± 0.21 1.33 1.10
80 12.3 1.22±0.14 24.6±0.2 12.9±0.2 1.52±0.11 1.53±0.21 153.5 0.39 ± 0.19 1.23 1.10

at the collision energy near which the quark density fluctuations 
show a non-monotonic behavior. This idea was used in Refs. [12,
13] to study the neutron density fluctuation in heavy ion collisions 
at the SPS energies in the framework of the nucleon coalescence 
model for light nuclei production, and a non-monotonic depen-
dence on √sNN was found in the yield ratio Op-d-t = NpN3H/N2

d
of proton (p), deuteron (d), and triton (3H). This behavior is in 
sharp contrast to the constant and thus collision energy indepen-
dent yield ratio of these nuclei that is obtained in Ref. [27] using 
a schematic nucleon coalescence model for their production from 
a hadronic transport model without any dynamic nucleon density 
fluctuations. Although it was suggested in Refs. [12,13] that the ex-
tracted collision energy dependence of neutron density fluctuation 
may originate from the light quark density fluctuations when the 
evolution trajectory of produced QGP passes through the CEP in 
the QCD phase diagram, a quantitative study of this relation based 
on a viable dynamic model is still missing.

To probe more directly the quark density fluctuations, it 
was suggested in Ref. [28] to study the yield ratio OK-!-φ-" =
N(K +)N(!−)

N(φ)N(") of K + , !− , φ, and " in relativistic heavy ion colli-
sions. This is because strange hadrons are known to scatter less 
frequently than nucleons during the hadronic evolution, and their 
final abundances at kinetic freeze out are expected to be similar to 
those at hadronization if both include the contribution from reso-
nance decays. A non-monotonic behavior in the √sNN dependence 
of this ratio then indicates a possible strange quark density fluctu-
ation in these collisions.

The use of strange hadrons produced in relativistic heavy ion 
collisions to probe the properties of QGP has a long history. Be-
cause the mass of strange quark has the same magnitude as the 
QGP phase transition temperature, strange quarks can be abun-
dantly produced in QGP [29] and converted to strange hadrons 
after hadronization. Enhanced production of strange hadrons has 
thus been considered a good signature for the formation of QGP 
in relativistic heavy ion collisions. For example, the well known 
peak in the 〈K +〉/〈π+〉 ratio in central Pb+Pb collisions at a beam 
energy of 30 A GeV [15], the change of the &/φ ratios scaled 
by the number of constituent quarks in central Au+Au collision 
between √sNN = 11.5 GeV and √sNN ≥ 19.6 GeV [30], the non-
monotonic suppression of the nuclear modification factor RCP for 
charged hadrons including the kaons from √

sNN = 62.4 GeV to 
7.7 GeV [31] have all been considered as the signals for the onset 

of deconfinement transition in the matter produced in relativistic 
heavy ion collisions.

In the present study, we analyze the published data on !− , 
K + , " and φ yields in central Pb+Pb collisions at SPS energies 
from the NA49 Collaboration [14–17] and in central Au+Au colli-
sions at RHIC energies from the STAR collaboration [32–40] to find 
the dependence of the ratio OK-!-φ-" on √sNN. We then use the 
quark coalescence model [41–48] to interpret the result. In par-
ticular, we show that in the quark coalescence model the ratio 
OK-!-φ-" is sensitive to the strange quark relative density fluc-
tuation $s = 〈(δs)2〉/〈s〉2 at the QGP to hadronic matter phase 
transition. It is known from the success of the statistical model in 
describing the yield ratios of hadrons that the chemical freeze-out 
in heavy-ion collisions occurs at the phase transition temperature 
and remain essentially unchanged during the hadronic evolution. 
As shown in Ref. [49], this is due to the constancy of entropy 
per particle during the evolution from the chemical to the kinetic 
freeze-out [49]. Because of the constancy of the yield ratios of 
hadrons during the hadronic evolution, studying their dependence 
on the collision energy is expected to provide a unique probe to 
the quark density fluctuations during the first-order phase transi-
tion of the QGP to the hadronic matter, which would help locate 
the CEP in the QCD phase diagram.

We first summarize in Tables 1 and 2 the experimental data in 
full rapidity space and midrapidity, respectively, from Pb+Pb col-
lisions and in Table 3 those in midrapidity from Au+Au collisions. 
Also shown are the ratio OK-!-φ-" extracted from these data. To 
see more clearly the collision energy dependence of the ratio, we 
plot Fig. 1 its dependence on √sNN, where only the statistical er-
rors are shown because most of the systematic errors cancel out 
in calculating the ratio. As in the analysis based on the statisti-
cal hadronization model [51], we do not include the data from 
Pb+Pb collisions at 158 A GeV because of the different central-
ity bins used for K + , φ, !− , and ". A non-monotonic behavior 
in the dependence of the ratio OK-!-φ-" on the collision energy 
is clearly seen at √sNN ∼ 8 GeV, which is similar to that found in 
Refs. [12,13] from the yield ratio Op-d-t.

To interpret the experimental results, we use the analytical 
coalescence formula COAL-SH developed in Ref. [52] to calculate 
the hadron yield from a QGP of volume V C at the phase transi-
tion temperature TC . According to this formula, the yield Nh of a 
hadron species h consisting of A constituent quarks of mass mq
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Selected results on strange hadron interaction
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The long history of H particle problem 

In 1977, Jaffe predicted that double strange dibaryon made of six quark 
(uuddss) may be deeply bound below the Lambda-Lambda threshold 
due to strong attraction from color magnetic interaction based on the bag 
model calculation 

Properties : JP =0+, mass : (1.9-2.8) GeV/c2 

Since prediction, dedicated measurements have been performed to look 
for the H dibaryon signal, but its existence remains an open question   

Phys. Rev. D 15, 267 (1977);  
Phys. Rev. D 15, 281 (1977) 
PRL 38,195 (1977); 38, 617(E)(1977)

Jaffe 

~ 80 
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~ 80 MeV
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LL
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Lattice calculation – a bound state 20-50 

MeV/c2 (NPLQCD) or 13 MeV/c2 (HALQCD) 
Phys. Rev. Lett. 106 (2011) 162001, Phys. Rev. Lett. 106 (2011) 

162002

 Chiral extrapolation to physical pion mass 

leads to unbound H 
Phys. Rev. Lett. 107 (2011) 092004, Phys. Lett. B 706 (2011) 100 
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H ! ⇤+ p+ ⇡
Topological reconstruction didn’t see a signal  

Two particle correlation measurements suggest 
a rather weak interaction

Au+Au at 200GeV, 0-80%

STAR Col. PRL 114, 022301 (2015)

The latest measurement in HIC 

Physical point LQCD calculation: weakly attractive, not enough strong to produce bound 
or resonance dihyperon                                                            Nucl. Phys. A 998, 121737 (2020)

Detailed study of the L–L interaction with femtoscopy in small systems ALICE Collaboration
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Fig. 3: Exclusion plot for the L–L scattering parameters obtained using the L–L correlations from pp collisions atp
s = 7 and 13 TeV as well as p–Pb collisions at

p
sNN = 5.02 TeV. The different colors represent the confidence

level of excluding a set of parameters, given in ns . The black hashed region is where the Lednický model pro-
duces an unphysical correlation. The two models denoted by colored stars are compatible with hypernuclei data,
while the red cross corresponds to the preliminary result of the lattice computation performed by the HAL QCD
collaboration. For details regarding the region at slightly negative f�1

0 and d0 < 4, compatible with a bound state,
refer to Fig. 4.

certainties of ( f�1
0 ,d0), or invoking a more sophisticated Monte Carlo study, like the Bootstrap method.

The latter is used in the current analysis.

The resulting exclusion plot is presented in Fig. 3, where the color code corresponds to the confidence
level ns for a specific choice of scattering parameters. In the computation only the statistical uncer-
tainties are taken into account, as the systematic uncertainties are negligible according to the Barlow
criterion [38]. The predicted scattering parameters of all discussed potentials are highlighted with differ-
ent markers and the phase space region in which the Lednický model produces an unphysical correlation
is specified by the black hatched area. In this region the effective range expansion breaks down and the
Lednický equation leads to a negative correlation function. While the STAR result [24] is located in this
region, all theoretical models exclude the possibility of a repulsive L–L interaction with large effective
range. Moreover a re-analysis of the STAR data [20] demonstrated that a more realistic treatment of
the residual correlations leads to an inversion of the sign of the scattering length, that corresponds to an
attractive potential. The imposed limit on the scattering length is f�1

0 > 0.8 fm�1 [20]. This result can be
tested within the current work, and Fig. 3 demonstrates that the ALICE data can extend those constraints.
In particular the region corresponding to a strongly attractive or a very weakly binding short-range inter-
action (small | f�1

0 | and small d0) is excluded by the data, while a shallow attractive potential (large f�1
0 )

is in very good agreement with the experimental results obtained from this analysis. A L–L bound state
would correspond to negative f�1

0 and small d0 values. The present data are compatible with such a sce-
nario, but the available phase space is strongly constrained. The HKMYY [22], FG [21] and HAL QCD
[50] values are of particular interest, as the first two models are tuned to describe the modern hypernuclei
data, while the latter is the latest state-of-the-art lattice computation from the HAL QCD collaboration.
The lattice results are preliminary and predict the scattering parameters f�1

0 = 1.45± 0.25 fm�1 and
d0 = 5.16±0.82 fm [50]. All three models are compatible with the ALICE data, providing further sup-
port for a shallow attractive L–L interaction potential.
A possible bound state is investigated within the effective-range expansion by computing the correspond-

9

ALICE run1: limited stats. 
Phys. Lett. B 797,134822 (2019)
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Fig. 3. Measured correlation function (C(k∗)) for proton–! and antiproton–!̄ (P! + P̄!̄) for (0–40)% (a) and (40–80)% (b) Au + Au collisions at √sNN = 200 GeV. The triangles 
represent raw correlations, open circles represent pair-purity corrected (PP) correlations, and solid circles represent pair-purity and smearing corrected (PP + SC) correlations. 
The error bars correspond to statistical errors and caps correspond to the systematic errors. The predictions from Ref. [24] for proton–! interaction potentials V I (red), V II
(blue) and V III (green) for source sizes R p = R! = 5 fm and R p = R! = 2.5 fm are shown in (a) and (b) respectively.

resolution on the correlation functions is negligible compared with 
statistical errors.

To study the shape of the correlation function for the back-
ground, the candidates from the side-bands of the invariant mass 
of ! were chosen in the range M < 1.665 GeV/c2 and M >
1.679 GeV/c2. These selected candidates were then combined with 
the proton tracks from the same event to construct the relative 
momentum for the same event. The relative momentum for the 
mixed event is generated by combining the selected candidates 
from the side-bands of the invariant mass of ! with protons from 
different events with approximately the same vertex position along 
the z-direction.

3. Results and discussion

After applying the selection criteria for the proton and !
identification, as mentioned in the data analysis section, a to-
tal of 38065 ± 195 (8816 ± 94) and 3037 ± 55 (679 ± 26) pairs 
of proton–! and antiproton–!̄ for k∗ < 0.2 (0.1) GeV/c are ob-
served for 0–40% and 40–80% Au + Au collisions, respectively. 
The measured proton–! and antiproton–!̄ correlation functions, 
P! + P̄!̄, the correlation functions after correction for pair-purity, 
P! + P̄!̄ (PP), and the correlation functions after correction for 
pair-purity and momentum smearing, P! + P̄!̄ (PP + SC), for 
0–40% and 40–80% Au + Au collisions at √

sN N = 200 GeV are 
shown in Fig. 3 (a) and 3 (b). The systematic errors for the mea-
sured proton–! correlation function were estimated by varying the 
following requirements for the selection of ! candidates: the de-
cay length, DCA of ! to the primary vertex, pointing angle cuts 
and mass range, which affect the purity of the ! sample. The DCA 
and m2 requirements were varied to estimate the systematic er-
ror from the proton purity. In addition, the systematic errors from 
normalization and feed-down contributions were also estimated. 
The systematic errors from different sources were then added in 
quadrature. The combined systematic errors are shown in Fig. 3 as 
caps for each bin of the correlation function.

Predictions for the proton–! correlation function from Ref. [24]
for the proton–! interaction potentials V I , V II and V III for a static 
source with sizes R p = R! = 5.0 fm and R p = R! = 2.5 fm are 
also shown in Fig. 3(a) and Fig. 3(b). The selected source sizes 
are not fit to the experimental data. The choice of the poten-
tials in Ref. [24] is based on an attractive N! interaction in the 

5 S2 channel from the lattice QCD simulations with heavy u-, d-, 
s-quarks from Ref. [16]. The potential V II is obtained by fitting 
the lattice QCD data with a function V (r) = b1e−b2r2 + b3(1 −
e−b4r2

)(e−b5r/r)2, where b1 and b3 are negative and b2, b4 and 
b5 are positive, which represents a case with a shallow N! bound 
state. Two more potentials V I and V III represent cases without a 
N! bound state and with a deep N! bound state, respectively. The 
binding energies (Eb), scattering lengths (a0) and effective ranges 
(reff) for the N! interaction potentials V I , V II and V III are listed 
in Table 2 [24]. The measured correlation function for P! + P̄!̄ is 
in agreement with the predicted trend with the interaction po-
tentials V I , V II and V III in 0–40% Au + Au collisions as shown 
in Fig. 3(a). However, due to limited statistics at the lower k∗ , 
strong enhancement due to the Coulomb interaction is not visi-
ble in 40–80% Au + Au collisions in Fig. 3(b).

The measured proton–! and antiproton–!̄ correlation func-
tions include three effects coming from the elastic scattering in 
the 5 S2 channel, the strong absorption in the 3 S1 channel and the 
long-range Coulomb interaction. The Coulomb interaction between 
the positively charged proton and negatively charged ! introduces 
a strong enhancement in the correlation function at the small k∗ , 
as seen in Fig. 3. One can remove the Coulomb enhancement us-
ing a Gamow factor [45], however, this simple correction is not 
good enough to extract the characteristic feature of the correla-
tion function from the strong interaction. A full correction with the 
source-size dependence is needed to isolate the effect of the strong 
interaction from the Coulomb enhancement. Therefore, the ratio of 
the correlation function between small and large collision systems, 
is proposed in Ref. [24] as a model-independent way to access the 
strong interaction with less contamination from the Coulomb in-
teraction.

The ratio of the combined proton–! and antiproton–!̄ corre-
lation function from the peripheral (40–80%) to central (0–40%) 
collisions, defined as R = C40–80/C0–40 is shown in Fig. 4. The cor-
relation functions corrected for pair-purity and momentum smear-
ing are used for the ratio calculations. The systematic uncertainties 
are propagated from the measured correlation functions for the 
0–40% and 40–80% centrality bins and are shown as caps. For the 
background study, the candidates from the side-bands of the !
invariant mass were combined with protons to construct the cor-
relation function. The same ratio, R, for the background is unity 
and is shown as open crosses in Fig. 4. Previous measurements 
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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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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), 
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tem. The temperature at the thermal freeze-out is T p,! = 164 MeV 
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is τp(τ!) = 3(2) fm/c for the peripheral collisions and τp(τ!) =
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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
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(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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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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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, Ohnishi etc.:PRC 94, 031901 
(2016); 101, 015201 (2020)
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Extend the strange hadron to hypernuclei 
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The lightest, s-shell, Lambda hypernuclei

The 4
ΛH–4

ΛHe complex & CSB since 2015
MAMI’s A1, 4

ΛH→4He+π−, PRL 114 (2015) 232501
J-PARC’s E13, 4He(K−,π−γ), PRL 115 (2015) 222501

CSB due to Λ-Σ0 mixing, strongly spin dependent,

dominantly in 0+g.s., large w.r.t. ≈−70 keV in 3H-3He.

Remeasure 4
ΛHeg.s. (E13 → E63).

10

“Resolving the Lambda Hypernuclear Overbinding Problem 
in Pionless Effective Field Theory”  

L. Contessi, N. Barnea, A. Gal,  
         PRL 121, 102502 (2018)

Overbinding problem in s-shell
(MeV) BΛ(3ΛH) BΛ(4ΛHg.s.) Ex(4ΛHexc.) BΛ(5ΛHe)

Exp. 0.13(5) 2.16(8) 1.09(2) 3.12(2)

Dalitz 0.10 2.24 0.36 ≥5.16

NSC97f(S) 0.18 2.16 1.53 2.10

AFDMC(I) – 1.97(11) – 5.1(1)

AFDMC(II) −1.2(2) 1.07(8) – 3.22(14)

LOχEFT(600) 0.11(1) 2.31(3) 0.95(15) 5.82(2)

LOχEFT(700) – 2.13(3) 1.39(15) 4.43(2)

L. Contessi, N. Barnea, A. Gal, arXiv:1805.04302

Resolving the overbinding problem in /πEFT

• Fit 2 ΛN LECs to ΛN scattering lengths.

• Fit 3 ΛNN LECs to the 3 A=3,4 levels.

• Calculate in SVM 5
ΛHe binding.

7

The overbinding problem in s-shell

The CSB problem in A = 4 Calculated values of BΛð5ΛHeÞ are listed in Table III for
λ ¼ 4 fm−1 and as extrapolated to λ → ∞. To extrapolate to
λ → ∞, the calculated BðλÞ values can be fitted by a power
series in the small parameter Q=λ:

BðλÞ
Bð∞Þ

¼
!
1þ α

Q
λ
þ β

"
Q
λ

#
2

þ γ

"
Q
λ

#
3

þ % % %
$
: ð7Þ

The extrapolation uncertainties listed in Table III for the
asymptotic values BΛðλ → ∞Þ were derived by comparing
two- and three-parameter fits of this form. These uncer-
tainties are also shown as gray bands in Fig. 1. The table
demonstrates how ΛN version χLO, of all versions, is close
to reproducing Bexp

Λ ð5ΛHeÞ for λ ¼ 4 fm−1, whereas ver-
sions Alexander[B] and χNLO (see also Fig. 1) do so only
in the limit λ → ∞.
The sign and size of the three-body contributions play a

crucial role in understanding the cutoff λ dependence of the
calculated BΛð5ΛHeÞ. The nuclear NNN term first changes
from weak attraction at λ ¼ 1 fm−1 in 3H and 4He, similar
to that required in phenomenological models [38], to strong
repulsion at λ ¼ 2 fm−1, which reaches maximal values
around λ ¼ 4 fm−1. However, for larger values of λ it
decreases slowly. The ΛNN contribution follows a similar
trend, but it is weaker than the NNN contribution by a
factor of roughly 3 when repulsive. The transition of the
three-body contributions from long-range weak attraction

to relatively strong repulsion for short-range interactions is
correlated with the transition seen in Fig. 1 from strongly
overbinding 5

ΛHe to weakly underbinding it. We note that
for λ≳ 1.5 fm−1 all of the three ΛNN components are
repulsive, as required to avoid a Thomas collapse, imposing
thereby some constraints on the ΛNN LECs.
Finally, using the =πEFT LECs derived here to

evaluate BΛ in symmetric nuclear matter (SNM), we have
found within a simple Fermi gas model that for version
Alexander[B], e.g., BΛðSNMÞ ≤ 27 MeV at nuclear satu-
ration density, ρA ¼ 0.16 fm−3, for any cutoff value λ.
Although this value is only a lower bound on the binding
energy of Λ in SNM, the acceptable value being ≈30 MeV
[1], it is encouraging that our =πEFT does not lead to
excessive binding. This calls for more rigorous evaluations
of BΛðSNMÞ using perhaps advanced Monte Carlo varia-
tional techniques.
Summary and outlook.—The present work was moti-

vated by the 1–3 MeV persistent overbinding of 5
ΛHe in

most of the few-body calculations reported to date, includ-
ing recent LO EFT model calculations [8]. To this end, we
have applied the =πEFT approach at LO to s-shell Λ
hypernuclei within precise few-body SVM calculations,
extending recent =πEFT studies of light nuclei [20–23]. This
required five LECs at LO: two ΛN LECs, related here to
spin-triplet and spin-singlet ΛN scattering lengths in
several ΛN interaction models, and three ΛNN LECs fitted
to the three available BΛ values in the A ¼ 3,4 hypernuclei.
With these five fitted LECs, for each of the momentum
scale parameters λ chosen, the Λ separation energy
BΛð5ΛHeÞ) was evaluated. Our main finding is that, while
5
ΛHe is overbound indeed by up to 3 MeV for relatively
long-range ΛN and ΛNN interactions, say, at λ ∼ 1 fm−1, it
quickly becomes underbound by less than 1 MeV for
λ ∼ 2–3 fm−1. For most of the ΛN scattering-length ver-
sions studied here, Bcalc

Λ ð5ΛHeÞ approaches slowly in the
limit λ → ∞ the value Bexp

Λ ð5ΛHeÞ ¼ 3.12& 0.02 MeV,
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FIG. 1. BΛð5ΛHeÞ (MeV) as a function of the cutoff λ (fm−1) in LO =πEFT calculations with ΛN scattering-length input listed in Table II.
Solid lines mark a two-parameter fit aþ b=λ, starting from λ ¼ 4 fm−1. Gray horizontal bands mark λ → ∞ extrapolation uncertainties.
Dashed horizontal lines mark the value Bexp

Λ ð5ΛHeÞ ¼ 3.12& 0.02 MeV.

TABLE III. BΛð5ΛHeÞ values (MeV) in LO =πEFT calculations
for several ΛN scattering-length versions from Table II. The
uncertainties listed for cutoff λ ¼ 4 fm−1 are due to subtracting
Bð4HeÞ from Bð5ΛHeÞ, whereas those for λ → ∞ are mostly from
extrapolation, with fitting uncertainties ≲10 keV.

λ (fm−1) Alexander[B] NSC97f χLO χNLO

4 2.59(3) 2.32(3) 2.99(3) 2.40(3)
→ ∞ 3.01(10) 2.74(11) 3.96(08) 3.01(06)

PHYSICAL REVIEW LETTERS 121, 102502 (2018)

102502-4

detector system includes segmented scintillator walls for
tracking, energy-loss determination, and timing. Two aerogel
Čerenkov detectors were used for pion rejection with a
combined 94% efficiency when keeping the kaon rejection
lower than 1%. The kaon survival probability was ϵK ≈ 0.40
for a flight path of 6.45 m. The time of flight was measured
inside the spectrometer with a resolution of σt ≈ 180 ps
along flight paths of 1–1.5 m. The experimental challenge in
this experiment was originated by the positrons from pair
production with large cross sections near 0°. The resulting
high flux of background positrons in the spectrometer was
reduced by several orders of magnitude by using a lead
absorber with its thickness up to t ¼ 25X0 radiation lengths
[22]. The detection loss for the kaons in this absorber
amounted to ηlead ∼ 70%.
Data analysis.—The pion momentum, its direction, and

the reaction vertex were reconstructed from the focal plane
coordinates using the well-known backward transfer matri-
ces describing the spectrometer optics. The momenta of the
outgoing pions were corrected for energy loss inside the
target, a few cm thick of air, and two vacuum window foils
120 μm thick each. Kaons were identified by their specific
energy loss dE=dx and velocity β from the time of flight.
Figure 2 shows the coincidence time between Kþ in the

Kaos spectrometer and π− or μ− in SpekC. The prominent
peak at zero time includes 103 pions while the peak of
muons is originated by the decay events of pions. True
coincidence events were selected from a time gate with a
width of 2.5 ns. Accidental coincidence events from the
two coincidence time sidebands of 45 ns total width were
used to evaluate the accidental background height and
shape in the momentum distribution.
The top panel of Fig. 3 shows the distribution of

available data on the Λ hyperon binding energy in 4
ΛH

from emulsion experiments [2–4], where the compilation
in Ref. [4] includes reanalyzed events from Refs. [2,3].
The width of this distribution from BΛ > 0.5 MeV to
BΛ < 3.5 MeV defines a region of interest corresponding
to the momenta of two-body decay pions for stopped
4
ΛH: 131 < pπ < 135 MeV=c.
The bottom panel of Fig. 3 shows the pion momentum

distribution in SpekC for the events within the true
coincidence time gate. The measured pion momentum
distribution in the time sidebands was scaled by the ratio
of the time gate widths, giving 1.8# 0.1 accidental events/
bin. The exceeding background was produced by MWD of
strange systems, the only reaction that can generate
coincident events meeting the kinematical conditions.
The distribution outside of the region of interest was fitted
with a single scale factor to a template function b which
was determined by a Monte Carlo simulation of MWD
events including angular and energy dependencies of kaon
production in electron scattering off 9Be. In the simulation,
the elementary cross sections for pðγ; KþÞΛ, pðγ; KþÞΣ0,
and nðγ; KþÞΣ− were taken from the K-Maid model
[23,24], which describes available kaon photoproduction
data. The Fermi-motion effects that modify the elementary
cross sections for the Be target were calculated in the
incoherent impulse approximation. In the simulated spec-
trum Λ decay pions are dominating in the range
20–110 MeV=c, Σ− decay pions are dominating in the
range 110–194 MeV=c, and at 194.3 MeV=c the mono-
chromatic peak of stopped Σ− decays is found. Inside the
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ambiguities in the reconstructed vertex point and in the Ge
detector positions. The peak fitting result for the Doppler-
shift-corrected spectrum is presented in Fig. 5(b). The γ-ray
energy and yield were extracted to be 1406! 2ðstatÞ !
2ðsystÞ keV and 95! 13 counts, respectively, with a peak
significance of 7.4σ and a reduced χ2 of 1.2. A dominant
source of the systematic error comes from position inac-
curacy of the reaction vertex and of the Ge detectors for
correcting the Doppler shift. The peak energy varies less
than 1 keV with different background functions used in the
fitting. The obtained yield is consistent with an expected
value based on a distorted-wave impulse approximation
calculation [16] within a factor of 3.
In the present work, the γ-ray transition of 4

ΛHeð1þ →
0þÞ was unambiguously observed, and the excitation
energy of the 4

ΛHeð1þÞ state was precisely determined to
be 1.406! 0.002! 0.002 MeV, by adding a nuclear recoil
correction of 0.2 keV. By comparing it to the previously
measured spacing of 4

ΛH (1.09! 0.02 MeV), the existence
of CSB in the ΛN interaction has been definitively
confirmed. It is to be mentioned that two old experiments
using stopped K− on 6Li and 7Li targets had reported
hints of unassigned γ-ray peaks at 1.42! 0.02 MeV [17]

and 1.45! 0.05 MeV [6], respectively. It is presumed
that those γ rays came from 4

ΛHe produced as a
hyperfragment. By combining the emulsion data of
BΛ(

4
ΛHeð0þÞ), the present result gives BΛ(

4
ΛHeð1þÞ) ¼

0.98! 0.03 MeV, as shown in Fig. 1. By comparing it to
BΛ(

4
ΛHð1þÞ) ¼ 0.95! 0.04 MeV, obtained from the

emulsion data of BΛ(
4
ΛHð0þÞ) and the 4

ΛH γ-ray data,
the present result leads to ΔBΛð1þÞ ¼ BΛ(

4
ΛHeð1þÞ)−

BΛ(
4
ΛHð1þÞ) ¼ 0.03! 0.05 MeV. Therefore, the CSB

effect is strongly spin dependent, being at least one order
of magnitude smaller in the 1þ state than in the 0þ state.
This demonstrates that the underlying ΛN CSB interaction
has spin dependence. Our finding suggests that Σmixing in
Λ hypernuclei is responsible for the CSB effect since the 1þ

state in 4
ΛH=

4
ΛHe receives a one order of magnitude smaller

energy shift due to Λ-Σ mixing than the 0þ state [18,19],
which is caused by strong ΛN-ΣN interaction in the two-
body spin-triplet channel.
Recently, Gal estimated the CSB effect [20] using a

central-force ΛN-ΣN interaction (the D2 potential in
Ref. [18]), in contrast to the widely used tensor-force
dominated ΛN-ΣN interaction in the Nijmegen one-boson
exchange models. His ΔBΛð1þÞ values are in agreement
with the present observation. Further theoretical studies
may reveal not only the origin of the CSB effect but also the
properties of Λ-Σ mixing in hypernuclei.
In summary, the J-PARC E13 experiment clearly iden-

tified a γ-ray transition from 4
ΛHe produced by the

4HeðK−; π−Þ reaction and determined the energy spacing

FIG. 4 (color online). γ-ray energy spectra measured by Hyper-
ball-J in coincidence with the 4HeðK−; π−Þ reaction. Missing
mass selections are applied to the highly unbound region
(Eex > þ20 MeV) for (a) and (b), and to the 4

ΛHe bound region
(−4 < Eex < þ6 MeV) for (c) and (d). An event-by-event
Doppler correction is applied for (b) and (d). A single peak is
observed in (d) attributed to the M1ð1þ → 0þÞ transition.

FIG. 5 (color online). (a) Simulated shapes of a 1.4 MeV γ-ray
peak: the thin black line corresponds to a γ ray emitted at rest,
the dotted red line to a γ ray emitted by the recoiling 4

ΛHe. The
thick blue line is the result of the Doppler-shift correction applied
to the dotted one. (b) The fit of the simulated peak shape to the
present data.
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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.
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m = 2990.89 ± 0.12(stat.) ± 0.11(syst.) MeV/c2 (1)

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

�̄H is
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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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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
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determination is not based on these curves; see the text for details.
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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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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
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caps show systematic errors. The green lines in the right panel represent theoretical calculations of B⇤.
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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, Phys. Rev. C 100, 034002 (2019)
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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, Phys. Lett. B 801, 135189; Eur. Phys. J.A 56, 3 (2020)

“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 

– STAR 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



24

CPT test in nuclei sector with strangeness

STAR Col. Nature Phys. 16, 409 (2020)

The relative mass-over-charge 
ratio with A = 3 system
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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
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Fig. taken from “Chen et al./Phys. Rept. 760, 1 (2018)”

Data table, c.f.  
Kostelecky and Russell, Rev. Mod. Phys. 83, 11 (2011)

An especially precise test is provided 
by the magnitude of the mass 
difference between Kaons. Many 
other tests present no CPT violations

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)

By taking into account the current best limits for the mass di�erences of 3He and d reported by ALICE13, the mass
di�erences between 3

�H and 3
�̄H are �2.9 ± 2.5(stat.) ± 2.8(syst.)MeV/c2 and 0.13 ± 0.63(stat.) ± 0.31(syst.)MeV/c2

for 2-body and 3-body decay channels, respectively. The relative mass di�erence �m/m of 2-body and 3-body decay
combined is (see Methods section for details)

�m
m
=

m3
�H � m3

�̄
H

m
= [ 0.1 ± 2.0(stat.) ± 1.0(syst.)] ⇥ 10�4 (2)

If we assume CPT symmetry is true for the decay daughters, the relative mass di�erence between 3
⇤H and 3

�̄H would81

be �m/m = [ 1.1 ± 1.0(stat.) ± 0.5(syst.)] ⇥ 10�4. In addition, by taking the di�erence between the masses measured82

in the 2-body and 3-body decay channels of 3
⇤H in conjunction with the deuteron masses reported by ALICE13, we83

can place a new constraint on the relative mass di�erence between 3He and 3He, namely �m3He/m3He = [-1.5 ± 2.684

(stat.) ± 1.2 (syst.)]⇥10�4 (see Methods section for details). These results are displayed in Fig. 3 along with the relative85

mass-to-charge ratio di�erences between d and d̄ and between 3He and 3He measured by the ALICE Collaboration13.86

The mass di�erence between 3
⇤H and 3

�̄H observed in the present data is consistent with zero, and the precision is an87

order of magnitude improved over the early data with same mass number13. The current measurement extends the88

validation of CPT invariance to a nucleus containing a strange quark.89

0.002− 0.001− 0.000 0.001 0.002

)q)/(m/q(m/∆

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

3.2

3.4

)
2

M
a
ss

 (
G

e
V

/c

 (ALICE 2015)dd-

 (ALICE 2015)He3He-3

 (STAR 2019)He3He-3

 (STAR 2019)H3

Λ
H -  3

Λ
 

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 constrained by the current

experimental limits of decay daughters13 is shown by the red star marker. The green point is the new constraint of the
ALICE 3He13 result constrained by the STAR 3

⇤H result. The di�erences between d and d̄ and between 3He and 3He
measured by ALICE13 are also shown. The two 3He - 3He points are staggered vertically for visibility. The dotted
vertical line at zero is the expectation from CPT invariance. The horizontal error bars represent the sum in quadrature
of 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 (3)

This binding energy is presented in Fig. 4 (left panel) along with earlier measurements4,29–31 from nuclear emulsion90

and helium bubble chamber experiments. The current STAR result di�ers from zero with a statistical significance of91

3.4� and the central value of the current STAR measurement is larger than the commonly used measurement from92

19734. It has been pointed out in Ref.21 that for measurements of B⇤ for p-shell hypernuclei, there exists a discrepancy93

in the range of 0.4 to 0.8 MeV between emulsion data and other modern measurements. Whether the e�ect would94

be similar in s-shell hypernuclei such as the hypertriton is unclear, but such a discrepancy is much larger than the95

systematic uncertainty of 0.04 MeV assigned to emulsion measurements32. Until this discrepancy is well understood,96

an average of the current measurement with early results cannot be reliably carried out.97
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If we assume CPT symmetry is true for the decay daughters, the relative mass di�erence between 3
⇤H and 3

�̄H would75

be �m/m = [ 1.1 ± 1.0(stat.) ± 0.5(syst.)] ⇥ 10�4. In addition, by taking the di�erence between the masses measured76

in the 2-body and 3-body decay channels of 3
⇤H in conjunction with the deuteron masses reported by ALICE13, we77

can place a new constraint on the relative mass di�erence between 3He and 3He, namely �m3He/m3He = [-1.5 ± 2.678

(stat.) ± 1.2 (syst.)]⇥10�4 (see Methods section for details). These results are displayed in Fig. 3 along with the relative79

mass-to-charge ratio di�erences between d and d̄ and between 3He and 3He measured by the ALICE Collaboration13.80

The mass di�erence between 3
⇤H and 3

�̄H observed in the present data is consistent with zero, and the precision is an81

order of magnitude improved over the early data with same mass number13. The current measurement extends the82

validation of CPT invariance to a nucleus containing a strange quark.83
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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 constrained by the current

experimental limits of decay daughters13 is shown by the red star marker. The green point is the new constraint of the
ALICE 3He13 result constrained by the STAR 3

⇤H result. The di�erences between d and d̄ and between 3He and 3He
measured by ALICE13 are also shown. The two 3He - 3He points are staggered vertically for visibility. The dotted
vertical line at zero is the expectation from CPT invariance. The horizontal error bars represent the sum in quadrature
of 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 (3)

This binding energy is presented in Fig. 4 (left panel) along with earlier measurements4,29–31 from nuclear emulsion84

and helium bubble chamber experiments. The current STAR result di�ers from zero with a statistical significance of85

3.4� and the central value of the current STAR measurement is larger than the commonly used measurement from86

19734. It has been pointed out in Ref.21 that for measurements of B⇤ for p-shell hypernuclei, there exists a discrepancy87

in the range of 0.4 to 0.8 MeV between emulsion data and other modern measurements. Whether the e�ect would88

be similar in s-shell hypernuclei such as the hypertriton is unclear, but such a discrepancy is much larger than the89

systematic uncertainty of 0.04 MeV assigned to emulsion measurements32. Until this discrepancy is well understood,90

an average of the current measurement with early results cannot be reliably carried out.91
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fitted with a Gaussian function plus a straight line, using the 
unbinned maximum likelihood method. Mass parameters are 
extracted from the peaks of the invariant mass distributions. The 
final results are the average of the masses from 2-body and 3-body 
decays weighted by the reciprocal of the squared statistical uncer-
tainties. The main systematic uncertainty arises from imperfections 
in the energy loss and field distortion corrections applied to the 
tracking of decay daughters, estimated to be 0.11 MeV c−2 (37 ppm). 
Other sources of systematic uncertainty, including those from event 
selection, track quality cuts, decay topology cuts and fit procedure, 
are negligible. Accordingly, the measured masses are

m3
ΛH

¼ 2; 990:95 ± 0:13ðstat:Þ ± 0:11ðsyst:Þ MeV c$2

m3
!Λ
H ¼ 2; 990:60 ± 0:28ðstat:Þ ± 0:11ðsyst:Þ MeV c$2

The average mass (weighted by the reciprocal of squared statistical 
uncertainties) for 3ΛH

I
 and 3!ΛH

I
 combined is

m ¼ 2; 990:89 ± 0:12ðstat:Þ± 0:11ðsyst:Þ MeV c$2 ð1Þ

By taking into account the current best limits for the mass dif-
ferences of 3He and d reported by the ALICE Collaboration13, the 
mass differences between 3ΛH

I
 and 3!ΛH

I
 are −2.9 ± 2.5(stat.) ± 2.8(sy

st.) MeV c−2 and 0.13 ± 0.63(stat.) ± 0.31(syst.) MeV c−2 for 2-body 
and 3-body decay channels, respectively. The relative mass differ-
ence Δm/m of 2-body and 3-body decay combined is (see Methods 
for details)

Δm
m

¼
m3

ΛH
"m3

!Λ
H

m
¼ ð 0:1 ± 2:0ðstat:Þ ± 1:0ðsyst:ÞÞ ´ 10"4 ð2Þ

If we assume CPT symmetry is true for the decay daughters, the 
relative mass difference between 3ΛH

I
 and 3!ΛH

I
 would be Δm/m =  

(1.1 ± 1.0(stat.) ± 0.5(syst.)) × 10−4. In addition, by taking the differ-
ence between the masses measured in the 2-body and 3-body decay 
channels of 3ΛH

I
 in conjunction with the deuteron masses reported 

by ALICE13, we can place a new constraint on the relative mass dif-
ference between 3He and 3He

I
, namely Δm3He=m3He

I
 = (−1.5 ± 2.6(s

tat.) ± 1.2(syst.)) × 10−4 (see Methods for details). These results are 
displayed in Fig. 3 along with the relative mass-to-charge ratio dif-
ferences between d and !d

I

 and between 3He and 3He
I

 measured by 
the ALICE Collaboration13. The mass difference between 3ΛH

I
 and 

3
!ΛH
I

 observed in the present data is consistent with zero, and the pre-
cision is an order of magnitude improved over the early data with 
same mass number13. The current measurement extends the valida-
tion of CPT invariance to a nucleus containing a strange quark.

The Λ binding energy, BΛ, for 3ΛH
I

 and 3!ΛH
I

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

BΛ ¼ 0:41 ± 0:12ðstat:Þ ± 0:11ðsyst:Þ MeV ð3Þ

This binding energy is presented in Fig. 4 (left panel) along with ear-
lier measurements4,28–30 from nuclear emulsion and helium bubble 
chamber experiments. The current STAR result differs from zero 
with a statistical significance of 3.4σ, and the central value of the 
current STAR measurement is larger than the commonly used mea-
surement from 19734. It has been pointed out in ref. 20 that for mea-
surements of BΛ for p-shell hypernuclei, there exists a discrepancy  
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Fig. 3 | Measurements of the relative mass-to-charge ratio differences 
between nuclei and antinuclei. The current measurement of the relative 
mass difference Δm/m between 3ΛH

I
 and 3!ΛH

I
 constrained by the existing 

experimental limits for decay daughters13 is shown by the red star marker. 
The green point is the new 3He result after applying the constraint provided 
by the present 3ΛH

I
 result. The differences between d and !d

I

 and between 
3He and 3He

I
 measured by the ALICE Collaboration13 are also shown. The 

two 3He–3He
I

 points are staggered vertically for visibility. The dashed 
vertical line at zero is the expectation from CPT invariance. The horizontal 
error bars represent the sum in quadrature of statistical and systematic 
uncertainties.
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 � 11/20 “from LHC to RHIC to FAIR to CSR”,  October, 2012 

ToF!

GCT!

STAR Future Upgrades 
proton/nucleus electron 

HCal 

ECal!

iTPC:  
$5.4M, 2016 

GEM disks: 
2M+, 2013+ 

East side: 
Precision e ID & ε 
measurements  

West side: 
Precision h ID & ε 
measurements  

Key Physics (2015-2020): 
1)  Small-x cold nuclear matter properties in ep, eA, pA collisionsat eSTAR 
2)  Beam Energy Scan phase II measurements  

Small-x cold nuclear matter properties in ep, eA, pA collisions (eSTAR)

Summary and Outlook
Many other important physics have not been discussed… 
STAR China team contributes significantly to the experiment
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Discussions

It is believed that massive neutron stars have sizable quark-matter cores 
                                         Annala, Gorda, Kurkela, Nattila, Vuorinen, Nature Phys. 16, 907 (2020);  
                                                              Lonardoni et al.,  PRL114 (2015); Wirth and Roth, PRL 117 (2016) 

How to understand the ‘hyperon puzzle’ in NS?  
– Measure the 3-body nucleon interaction with a hyperon? 

Where is the onset of Ξ stability? 

– KEK-E373 (Ξ-14N) event suggests attractive interaction between ΞN, but on 
the existence of hypernuclei, the interpretation is not conclusive                                      

                                      Nakazawa et al., Prog. Theor. Exp. Phys. 22 (2015) 

– Do Ξ bind in nuclei? A=6 or 7?  
                                      Gal, Hungerford, Millener, Rev. Mod. Phys. 88, 035004 (2016) 

– A=4 system, a good candidate for the lightest Ξ hypernuclei 
                                                         Hiyama et al., PRL 124, 092501 (2020)

2

FIG. 1. The correlation between the M -R relation and
equations of state.

there should be hadron-to-quark matter phase transitions
near the core. The nature of the phase transition has not
been determined from the current observations; model-
ing based on different orders of phase transitions can be
arranged to pass the observational constraints (see Sec.
IV). But the observations have certainly constrained the
strength of the phase transition and our model building.
The first order phase transition, if exists at low tempera-
tures, would imply the existence of the QCD critical end
point phase at finite temperature; this is one of impor-
tant targets in the beam energy scan program of heavy
ion experiments [27, 28].

In this article we begin with reviewing observational
constraints (Sec.II), and combine them with theoretical
considerations on matter properties (Sec.III). Particular
attention is payed for the speed of sound which differ-
entiates dense QCD matter from conventional matters
(Sec.IV). We take the natural unit c = ~ = kB = 1.

II. OBSERVATIONAL CONSTRAINTS

M -R relations — In order to obtain a M -R point, we
assign a core density nc, and then integrate matter from
the core to the surface until the pressure reaches zero,
P (r = R) = 0 [13]. The M -R points at different core
densities form a M -R curve for a given EoS. M -R curves
also depend on rotations, but in most cases they can
be treated in perturbative treatments [29, 30]. But the
rotation goes beyond the perturbative regime for objects
after the NS mergers (see below). For later convenience
we call the maximum mass of a non-rotating star MTOV,
and the radius of 1.4M� NS R1.4.

In NSs, EoS at various densities contribute. But the
shape of M -R curves can be largely characterized by EoS
at fiducial densities [31]. Shown in Fig. 1 is a typical M -
R curve. Low mass stars have the core plus a loosely
bound crust. The rapid reduction of R within a small
increase in M is due to the compression of dilute crust
matter. For heavier stars the crust is very thin, and
the size of the dense core, which is hard to compress, is
observed. This turning point is seen around nc ⇠ n0.
The curve passes the domain of canonical 1.4M� NSs at
nc ⇠ 2-3n0, and reaches M > 2M� at nc & 5n0.

This illustration suggests that the overall radii of NSs
are determined by EoS at low density, nB = 1-3n0, while
MTOV by EoS at high density, nB & 5n0. Now we list
up observational constraints.

2M� Pulsars — One of the historical measurements
in the last decade was the Shapiro delay measurement
of the pulsar PSR J1614-2230, announced in 2010.
The mass was initially estimated as 1.97+0.04

�0.04M� [14],
and after long term observations the estimate has
been updated to 1.908+0.016

�0.016M� (68%CL) [16]. The
second precisely measured 2M� NS is PSR J0348+0432
whose mass is 2.01+0.04

�0.04M� [17]. A new Shapiro delay
measurement was done for the PSR J0740+6620 where
the mass is estimated to be M = 2.14+0.10

�0.09M� [18].
These results have established the 2M� constraints that
require high density EoS to be stiff.

NS mergers — Another historical event is a NS
merger, GW170817, from which GWs were detected by
the aLIGO and Virgo [19]. Furthermore, this event hap-
pened at a rather close distance, 43.8+2.9

�6.9 Mpc, allowing
the measurements of EM signals [20–26], with which the
merger event was analyzed from various aspects. The
observations have been compared to general relativistic
numerical simulations for various EoS [32, 33].

The merger event experiences various stages, and each
of which has distinct signals (for a review, e.g. Ref. [34]).
In an early spiral phase two NSs are widely separated,
and each can be treated as point particles. This stage
informs us the total mass. With long term emission of
GWs, two NSs come close enough to deform the shape of
NSs. This is a tidally deformed phase. The deformation
of the NSs adds an extra gravity whose net effect is at-
tractive and hence accelerates the merging process. This
affects the GW form patterns. The degree of the defor-
mation is characterized by the tidal deformability which
has strong correlations with a NS radius; a NS with a
larger radius is more easily deformed, leading to a larger
tidal deformability. In the end NSs collide. The stage
after the collision is called a post merger phase, a highly
dynamical stage. There are various signals; the gamma-
ray burst, blue- and red-ejecta, neutrinos, and GWs at
high frequency, 1-4 kHz, which reflects rapid oscillations
of a compact object [35, 36]. At beginning, the merged
object is differentially rotating, and this rotation pre-
vents the object from immediate gravitational collapse.
After short time this differential rotation is braked by
viscous effects and magnetic field effects. After this loss
of centrifugal effects, the object exceeding the maximum
NS mass collapses to a BH. The ejecta in a post-merger
phase is sensitive to the compactness of merged objects
and the time scale of the gravitational collapse; for exam-
ple the amount of ejecta would be too little if the merger
immediately collapses or is too compact.

In the event GW170817, the total mass before the
merger was estimated in good accuracy, 2.73-2.78M�,
and the GWs in early spiral and tidally deformed phases

Kojo, arXiv:2011.10940
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BES-II and FTX data are progressing well 

Quantitative understanding of QCD matter in the high baryon density region

Acceptance 
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•    mid-rapidity coverage -> Easy comparison with collider mode energies
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HIC is promising to describe QCD with a bright future
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