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Standard Model: Baryons – 3 quarks and Mesons – pair of 
quark-antiquark  

1977: within Quark Bag Model, Jaffe predicted H-dibaryon 
made of six quarks (uuddss) (Phys. Rev. Lett. 38,195 (1977); 38, 617(E)(1977)) 

Exotic hadrons – long standing challenge in hadron physics
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➢ Exotic hadrons – long standing challenge in hadron physics
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Introduction (2)

Observation of exotic states 
@ WASA-at-COSY, Belle, LHCb 

Multi-quark states or molecular 
states? 

Phys. Rev. Lett. 106, 242302 (2011)

“d* resonance” 

Phys. Rev. Lett. 115, 072001 (2015)

Phys. Rev. Lett. 112, 222002 (2014)



"5

Exotics in Strangeness Sector
Quark content, decay modes and mass of exotic states in strangeness sector:

Recent results on H-dibaryon search: 
– STAR Col., Phys. Rev. Lett. 114 (2015) 022301 
– ALICE Col., Phys. Lett. B 752 (2016) 267 

Study on K⇤
(892)

0
and �(1020) production in p-Pb and Pb-Pb collisions at the LHC from a multiphase transport model2

Particle Mass

(MeV)

Quark com-

position

Decay mode

f0 980 qq̄ss̄ ⇡⇡

a0 980 qq̄ss̄ ⇡⌘

K(1460) 1460 qq̄qs̄ K⇡⇡

⇤(1405) 1405 qqqsq̄ ⇡⌃

⇥
+
(1530) 1530 qqqqs̄ KN

H 2245 uuddss ⇤⇤

N⌦ 2573 qqqsss ⇤⌅

⌅⌅ 2627 qqssss ⇤⌅

⌦⌦ 3228 ssssss ⇤K
�
+⇤K

�

[2] Arsene I et al 2005 Nucl. Phys. A757 1; Back B B et al. 2005 Nucl. Phys. A757 28; Adams J et34

al. 2005 Nucl. Phys. 757 102; Adcox K et al. 2005 Nucl. Phys. A757 18435

Phys. Rev. C 84, 064910 (2011), Phys. Rev. C 83, 015202 (2011)
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H-dibaryon Invariant Mass Distributions

ALICE Collaboration / Physics Letters B 752 (2016) 267–277 269

Table 1
Selection criteria for !n analysis.

Selection criterion Value

Track selection criteria
Tracks with kinks rejected
Number of clusters in TPC ncl > 70
Track quality χ2/cluster < 5
Acceptance in pseudorapidity |η| < 0.9
Acceptance in rapidity |y| < 1

V 0 and kinematic selection criteria
Pointing angle $ < 0.045 rad
DCA between the V 0 daughters DCA < 0.3 cm
Momentum ptot of the anti-deuteron ptot > 0.2 GeV/c
Energy deposit dE/dx anti-deuteron dE/dx > 110 (from Fig. 1)
PID cut for daughters ± 3σ (TPC)

Fig. 2. Invariant mass distribution for dπ+ for the Pb–Pb data corresponding to 
19 .3 × 106 central events. The arrow indicates the sum of the mass of the con-
stituents (!n) of the assumed bound state. A signal for the bound state is expected 
in the region below this sum. The dashed line represents an exponential fit outside 
the expected signal region to estimate the background.

To identify the secondary vertex the two daughter tracks have to 
have a DCA smaller than 0.3 cm. Another condition is that the 
maximum pointing angle is smaller than 0.045 rad (see descrip-
tion above). Deuterons are cleanly identified in the rigidity region 
of 400 MeV/c to 1.75 GeV/c. To limit contamination from other 
particle species, the dE/dx has to be above 110 units of the TPC 
signal, shown in Fig. 1.

The selection criteria are summarised in Table 1. The resulting 
invariant mass distribution, reflecting the kinematic range of iden-
tified daughter tracks, is displayed in Fig. 2.

4.2. H-dibaryon

The search for the H-dibaryon is performed in the decay chan-
nel H → !pπ−, with a mass lying in the range 2.200 GeV/c2 <
mH < 2.231 GeV/c2 (see Fig. 3). The analysis strategy for the H-
dibaryon is similar as for the !n bound state described above, 
except that here a second V 0-type decay particle is involved.

One V 0 candidate originating from the H-dibaryon decay ver-
tex has to be identified as a ! decaying into a proton and a 
pion. In addition another V 0 decay pattern reconstructed from a 
proton and a pion is required to be found at the decay vertex 
of the H-dibaryon. First the invariant mass of the ! is recon-
structed and then the candidates in the invariant mass window of 
1.111 GeV/c2 < m! < 1.120 GeV/c2 are combined with the four-
vectors of the proton and pion at the decay vertex. A 3σ dE/dx
cut in the TPC is used to identify the protons and the pions for 
both the ! candidate and the V 0 topology at the H-dibaryon de-
cay vertex.

Fig. 3. Invariant mass distribution for !pπ− for the Pb–Pb data corresponding to 
19 .3 × 106 central events. The left arrow indicates the sum of the masses of the 
constituents (!!) of the possible bound state. A signal for the bound state is ex-
pected in the region below this sum. For the speculated resonant state a signal is 
expected between the !! and the 'p (indicated by the right arrow) thresholds. 
The dashed line is an exponential fit to estimate the background.

Table 2
Selection criteria used for !! (H-dibaryon) analysis.

Selection criterion Value

Track selection criteria
Tracks with kinks rejected
Number of clusters in TPC ncl > 80
Track quality χ2/cluster < 5
Acceptance in pseudorapidity |η| < 0.9
Acceptance in rapidity |y| < 1

V 0 selection criteria
DCA V 0 daughters DCA < 1 cm
DCA positive V 0 daughter – H decay vertex DCA > 2 cm
DCA negative V 0 daughter – H decay vertex DCA > 2 cm

Kinematic selection criteria
DCA positive H daughter – primary vertex DCA > 2 cm
DCA negative H daughter – primary vertex DCA > 2 cm
DCA H daughters DCA < 1 cm
Pointing angle of H $ < 0.05 rad
PID cut for daughters ± 3σ (TPC)
! mass window ± 3σ

To cope with the huge background caused by primary and sec-
ondary pions additional selection criteria have to be applied. Each 
track is required to be at least 2 cm away from the primary vertex 
and the tracks combined to a V 0 are required to have a minimum 
distance below 1 cm. The pointing angle is required to be below 
0.05 rad. All selection criteria are summarised in Table 2. The re-
sulting invariant mass is shown in Fig. 3. The shape of the invariant 
mass distribution is caused by the kinematic range of the identi-
fied daughter tracks.

5. Systematics and absorption correction

Monte Carlo samples have been produced to estimate the ef-
ficiency for the detection of the !n bound state and the H-
dibaryon. The kinematical distributions of the hypothetical bound 
states were generated uniformly in rapidity y and in transverse 
momentum pT. In order to deal with the unknown lifetime, differ-
ent decay lengths are investigated, ranging from 4 cm up to 3 m. 
The lower limit is determined by the secondary vertex finding ef-
ficiency and the upper limit by the requirement that there is a 
significant probability for decays inside the TPC2 (the final accep-

2 For the H-dibaryon there is also a theoretical maximal decay length calculated 
for the investigated decay channel [45].

ALICE Col. Phys. Lett. B 752 (2016) 267

Topological reconstruction of           
to look of H 

– 2.2 < mH < 2.231 GeV/c2 

– No visible signal in the data

N. Shah / Nuclear Physics A 914 (2013) 410–414 413

Fig. 3. (A) The invariant mass distribution of the Λpπ from 0–10% most central Au+Au collisions at
√

sNN = 200 GeV.
A dashed line is the rotational background and solid line is mixed event background. (B) The invariant mass distribution
around the ΛΛ mass threshold.

4. H → Λpπ

To look for the H -dibaryon signal using direct method, we have used one of the weak decay
H → Λpπ . The vertex of the pπ pair closest to the target is taken to be the hypothetical H

vertex. The other pπ pair is required to be the hypothetical Λ, which decays at least 3.5 cm (dΛ)
away from the H vertex and its mass is in the range 1.112–1.12 GeV/c2. The mass of other pπ

pair is required to be less than 1.110 GeV/c2. To connect Λ vertex to H decay vertex, an angle
between the line defined by H and Λ vertices and Λ direction (θΛ) is constrained to be smaller
than 10 degree. Similar cut is applied to connect H decay vertex with primary vertex: θH < 10
degree. Fig. 3(A) shows the Λpπ invariant mass for 0–10% most central Au + Au collisions at√

sNN = 200 GeV using conditions mentioned above, where dots are the data points. A dashed
line is background generated using the rotation of daughter tracks of the Λ candidate and a
solid line is mixed event background generated by mixing a pπ pair from one event and the
Λ candidate from different event. A region of invariant mass, where we expect the H -dibaryon
signal, is shown in Fig. 3(B). We expect nearly 200 signal events for H -dibaryon below 2Λ

invariant mass (2.23 GeV/c2). However, no significant signal is observed with respect to mixed
event or rotational background for the mass below 2Λ invariant mass. It is also important to note
that, the data shown here are in very preliminary stage and further investigation is required to
arrive at any conclusion about the existence of H -dibaryon.

5. Summary

To summarize, the measurement of ΛΛ correlation function is presented. The ΛΛ interaction
is attractive. Fits to data with different potential models gives negative scattering length, indicat-
ing towards non-existence of bound H -dibaryon. Preliminary measurement of invariant mass for
Λpπ is presented.

References

[1] R. Jaffe, Phys. Rev. Lett. 38 (1977) 195.

STAR Preliminary

Au+Au @ 200 GeV, 0-10%

N. Shah for STAR Col. Nucl. Phys. A 914 (2013) 410

H ! ⇤+ p+ ⇡
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NΩ Dibaryon Predictions

NΩ-dibaryon

● Nucleon-Ω (NΩ): A strangeness = -3  dibaryon is stable against strong decay

–  Phys. Rev. Lett. 59 (1987) 627, Phys. Rev. C69 (2004) 065207, Phys. Rev. C70 (2004) 035204.

● Scattering length, effective range and binding energy (BE) of NΩ-dibaryon: 

Scattering length 
(a0) fm

Effective range
(reff) fm

BE (sc) 
MeV

BE (cc) 
MeV

SU(2) 1.87 0.87 23.2 19.6

SU(3) -4.23 2.1 ub ub

QDCSM 2.58 0.9 8.1 7.3

HALQCD -1.28+0.13 0.14 
-0.15

0.499+0.026 0.029 
-0.048

18.9+5.0 12.1

 -1.8

 Phys. Rev. C 83 (2011) 015202,  Nucl. Phys. A 928 (2014) 89

6July 21-23, 2017

• Nucleon-Ω(ΝΩ): a strangeness = -3 dibaron is stable against strong decay, 
from MIT bag and potential model calculation, EB = 140-250 MeV 

“…there is no color-magnetic effect and the energies are dominated by modification to 
the single-quark wave function”  Phys. Rev. Lett. 59 (1987) 627, Phys. Rev. C 69 (2004) 65207; 70 (2004) 35204 
             
• Lattice QCD calculation: EB = 18.9 MeV, Nambu-Bethe-Salpeter wave 

function                                 Nucl. Phys. A 928 (2014) 89 

• Scattering length, effective range and binding energy of NΩ-dibaryon:
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Venues for Dibaryon Search

 Systematic study of double strangeness systems  
  

– The double hypernucleus,    
 experiments at KEK,J-PARC  

Venues for Dibaryon Search

● Systematic study of strangeness systems

 
➢ Binding energies 

Experiments at J-PARC, KEK  

●Heavy-ion Collisions 

➢ Hot and dense, strongly interacting partonic 
matter

➢ Environment suitable for existence of exotic 
hadrons 

W
X

L

p

p

7July 21-23, 2017

Heavy Ion Collisions  
– Hot and dense, strongly interacting partonic matter 
– Environment suitable for production of exotic hadron 
– We use         = 200 GeV Au+Au collisions measured 

by STAR for this search

Phys. Rev. Lett. 87, 212502 (2001) 
Prog. Theor. Exp. Phys. 2015, 033D02

sNN
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NΩ-dibaryon from Heavy-Ion Collisions
NΩ-dibaryon is an isospin 1/2 doublet and has both pΩ and nΩ channels 

possible
Phys. Lett. B 754 (2016) 6

In experiments，we can look at pΩ channel with two particle correlation 
analysis or invariant mass analysis (the J=2, S=-3 state weak decay is challenging) 

– Invariant mass 
• Significant combinatorial background 
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Two Particle Correlation in HIC 

Baryon interaction via two particle momentum correlation

5. Hadron-hadron interactions from two particle momentum correlations

Pairwise hadronic interactions as well as quantum statistics produce a correlation at low rel-
ative momenta in multiparticle production from elementary to heavy ion collisions [25, 26, 27,
28, 29]. The momentum correlation of identical particles from quantum statistics, known as the
Hanbury-Brown and Twiss (HBT) [271] or Goldhaber-Goldhaber-Lee-Pais (GGLP) e↵ect [272],
can give information on the size of the emission source through the (anti-)symmetrization of
the two-boson (fermion) wave function. The quantum statistical e↵ect of stable hadrons, par-
ticularly pions, has been used to estimate the source sizes created in relativistic nucleus-nucleus
collisions [273, 29]. By comparison, one expects substantial interaction e↵ects on the correlation
function for particle pairs whose interaction is su�ciently strong in the range comparable to the
e↵ective source size [26, 27]. In particular, the correlation function of non-identical pairs is di-
rectly related to the pairwise interaction due to the absence of the quantum statistical e↵ect [27].
Thus, high statistics measurement of the correlation function might provide information on the
pairwise interaction of any measurable channel, including those di�cult to perform the scat-
tering experiments. In this section, a brief review is given on recent activities on constraining
hadron-hadron interactions through momentum correlations in heavy-ion collisions and their im-
plications for the interpretation and the possible existence of exotic states.

5.1. General property of the two-particle momentum correlation function

5.1.1. Formalism
The two-particle momentum correlation function is defined as the ratio of the two-particle

spectrum to the product of single particle inclusive momentum spectra [25, 26, 27, 29],

C(q, P) =
E1E2dN12/d p1d p2

(E1dN1/d p1)(E2dN2/d p2)
, (5.1)

P ⌘ p1 + p2 , qµ ⌘
1
2

"
(p1 � p2)µ �

(p1 � p2) · P
P2 Pµ

#
=

E02 pµ1 � E01 pµ2
Minv

, (5.2)

where P and q are the center-of-mass and the relative momentum of the pair, respectively, and Ei

(i = 1, 2) is the energy of the hadron i. In the last equality in Eq. (5.2), the relative momentum
is expressed in the center-of-mass frame of the pair (the pair rest frame), where E0i (i = 1, 2)
is the energy of the hadron i in this frame and Minv = E01 + E02 is the invariant mass. In the
non-relativistic limit, E01 ! M1 and E02 ! M2, the definition of the relative momentum reads
q = (M2 p1 � M1 p2)/(M1 + M2).

Assuming independent (chaotic) emission from the source, i.e., particles are produced with
random phases, and the correlation function can be expressed in terms of the single particle
source function S (xi, pi), which describes the emission probability from a space-time point xi

with momentum pi, and the weight factor |'(�)(r, q)|2, which depends on the relative coordinate
r and momentum q,

C(q, P) =

R
d4x1d4x2S 1(x1, p1)S 2(x2, p2)

���'(�)(r, q)
���2

R
d4x1S 1(x1, p1)

R
d4x2S 2(x2, p2)

(5.3)

44



Au+Au at 200 GeV, 0-80%
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Lambda-Lambda Correlation Function

All model fits to data suggest 
that a rather weak interaction is 
present between         pairs  ⇤⇤

STAR Col. Phys. Rev. Lett. 114, 022301 (2015)

conclusion about an attractive or a repulsive potential is
limited by our statistics and is model dependent. However,
all model fits to data suggest that a rather weak interaction
is present between ΛΛ pairs.
The scattering length and the effective radius obtained

from the model fit are shown in Fig. 4. For comparison,
interaction parameters for pp, nn, and pn singlet (s) and
triplet (t) states, as well as for pΛ singlet (s) and triplet (t)
states, are also shown in Fig. 4 [27]. It is observed that
jaΛΛj < japΛj < jaNN j. The LL analytical model gives a
negative a0 parameter and favors a slightly repulsive
interaction in our convention which is different from a
weak attractive potential extracted from the NAGARA
event and the KEK result [13,28,29]. The fit parameters are
still limited by statistics and our fitted a0 is 1.6σ from a sign
change. A negative sign for the scattering length (in our
convention) is a necessary though not sufficient condition
for the existence of a ΛΛ bound state.
If a ΛΛ resonance exists near the threshold, that would

induce large correlations between two Λs at small relative
momentum [12,30]. For the ΛΛ system below the NΞ
and ΣΣ thresholds (k < 161 MeV=c), the FSI effect is
included in the correlation function through the s-wave
amplitude [31],

fðkÞ ¼ 1

k cot δ − ik
; ð6Þ

where k and δ are relative momentum and s-wave phase
shift, respectively. The effective-range approximation for
k cot δ is

k cot δ ¼ 1

a0
þ reff

k2

2
: ð7Þ

Equation (6) should satisfy the single-channel unitarity
condition ImfðkÞ ¼ kjfðkÞj2 with real parameters a0 and
reff . When the scattering amplitude is saturated by a
resonance, it can be rewritten [32] in the form

fðkÞ ¼ 1

ðk20 − k2Þ=ð2μγÞ − ik
: ð8Þ

Comparing the above to Eqs. (6) and (7), one sees that
1=a0 ¼ k20=ð2μγÞ and reff ¼ −1=μγ, where k0, μ, and γ are
the relative momentum where the resonance occurs, the
reduced mass, and a positive constant, respectively. The
scattering length (effective range) becomes positive (neg-
ative) so that the k cot δ term vanishes at k ¼ k0 [33]. The
signs of a0 and reff obtained from the fit to our data
contradict Eq. (8), which suggests the nonexistence of a ΛΛ
resonance saturating the s-wave below the NΞ and ΣΣ
thresholds. More discussion on the existence of H as a
resonance pole can be found in [26].
Assuming that H dibaryons are stable against strong

decay of Λ, and are produced through coalescence of ΛΛ
pairs, the yield for the H dibaryon can be related to the Λ
yield by d2NH=2πpTdpTdy ¼ 16Bðd2NΛ=2πpTdpTdyÞ2,
where B is a constant known as the coalescence coefficient.
From pure phase space considerations, the coalescence
rate is proportional to Q3 [34]. For a weakly bound or
deuteronlike bound state H, the ΛΛ correlation below the
coalescence length Q would be depleted. Our data show
no depletion in the correlation strength in our measured
region, which indicates that the value of Q at coalescence
for the H dibaryon, if it exists, must be below
0.07 GeV=c, where we no longer have significant statis-
tics. Therefore, because the deuteron coalescence
coefficient B ¼ ð4.0 % 2.0Þ × 10−4 ðGeV=cÞ2 [35,36] for
a Q of approximately 0.22 GeV=c, we estimate that the
H dibaryon must have B less than ð1.29 % 0.64Þ ×
10−5 ðGeV=cÞ2 for Q < 0.07 GeV=c. The corresponding
upper limit for pT-integrated dNH=dy is ð1.23 % 0.47stat %
0.61systÞ × 10−4 if the coalescence mechanism applies to
both the deuteron and the hypothetical H particle.
In summary, we report the first measurement of the ΛΛ

correlation function in heavy-ion collisions for Au þ Au atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. The measured correlation strength at
Q ¼ 0, CðQ ¼ 0Þ is greater than 0.5 (the expectation from
quantum statistics alone). In addition to the normal ΛΛ
correlation function, a Gaussian term is required to fit the
data, possibly due to residual correlations. The extracted
Gaussian source radius is compatible with the expectation
from previous measurements of pion, kaon, and pΛ
correlations [22,24,25]. The model fits to data suggest that
the strength of the ΛΛ interaction is weak. Numerical
analysis of the final-state interaction effect using an s-wave

)-1| (fm
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|1/a
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15
ΛΛ

 (NAGARA event)ΛΛ
nn
pp

 (s)Λp

 (t)Λp

pn (t)
pn (s)

FIG. 4 (color online). The ΛΛ interaction parameters from
this experiment (solid circle), where the shaded band represents
the systematic error. The interaction parameters from pp, pn
singlet (s), and triplet (t) states, and from nn, pΛ (s), and pΛ (t)
states are shown as open markers [27]. Also, the ΛΛ interaction
parameters that reproduce the NAGARA event are shown
as open stars [28,29].

PRL 114, 022301 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

16 JANUARY 2015

022301-6

t  → for triplet state
s → for singlet state 
n-n → Phys. Lett. B, 80 (1979) 187 
p-n → Phys. Rev. C 66, 047001 (2002) 
p-p → Mod. Phys. 39 (1967) 584 
p-   → Phys. Rev. Lett. 83, 3138 (1999) 
       → Phys. Rev. C 66, 024007(2002)  
       → Nucl. Phys. A 707 (2002) 491
⇤⇤

⇤⇤

⇤

Phys. Rev. C 91,024916 (2015), 
Prog. Part. Nucl. Phys. 95 (2017) 279
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Ω Reconstruction (1)W Reconstruction

charge*p
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 (
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Particle identification

p K
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L Æ pp
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WÆLK (Mass = 1.672 GeV/c2)

Branching ratio = 67.8% 

Mean Life time: t = 0.82¥10-10 s 
ct = 2.46 cm

Au+Au ÷s = 200 GeV (1.41 B events)

p

p

L

Interaction 
Vertex

K

W

Background due to misidentified K 

removed by applying cut on M(X) 

Before X cut

After X cut

X W

STAR Preliminary STAR Preliminary STAR Preliminary

Reconstructed L Reconstructed W 
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W Reconstruction

Reconstructed invariant mass of W+Ẁ

W +Ẁ

W +Ẁ

W +Ẁ

W +Ẁ

selection 

range

selection 

range

selection 

range

selection 

range

STAR Preliminary

STAR Preliminary

STAR Preliminary

STAR Preliminary

Ω Reconstruction (2)
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Proton Identification with TPC+TOFProton Identification with TPC+TOF

charge*p

d
E

/d
x
 (
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e
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m
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Particle identification

p K

p
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p
K

p

Excellent PID with TPC+TOF

p

K

p
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With proton and anti-proton S/(S+B) ~ 99%

✔ Number of fit points > 15
✔ Ratio of fit points to possible points > 0.52 
✔ pT cut for proton tracks > 0.15 GeV/c
● DCA < 0.5 cm
●  0.75 < m2  < 1.1 (GeV/c2)2

STAR Preliminary
STAR Preliminary
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Few Definitions and Corrections

0-40%

40-80%

15July 21-23, 2017

Few Definitions and Corrections 

1
)(

1)(
)( +-=

QPP

QCF
QCF measured

corrected

smearing

nosmearing

CF

CF
QCFQCF )()(' =

Step-I Raw correlations

Step-II Purity correction

Step-III  Momentum smearing

p – momentum of particles a and b 
Q – relative momentum  

PP(k*) = P(W)¥P(p) is pair purity.

P(W) = S/(S+B)*Fr(W) and P(p) = S/(S+B)*Fr(p) 

where Fr(x) is Fraction of primary particles 

Fr(W) = 1 and Fr(p) = 0.52

C(k*)

Smearing correction factor is 0.99

(k*)
(k*)

(k*)

(k*) CF(k*)
STAR Preliminary

STAR Preliminary

                                            p - momentum of particles a and b 
k* - relative momentum 
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PΩ Correlation Function

Figure-4: The ratio (R) of small system (40-80% collisions) to large system (0-40% collisions) for proton-W and anti-

proton-`W (PW+`P`W) are shown as filled circles, the boxes correspond to the systematic errors. The crosses are the

ratio for background candidates from the side-band of W invariant mass. The solid lines are prediction for the ratio of

small system to large system for proton-W interaction potentials VI, VII and VIII for expanding source and for static

source with different source sizes, where S and L corresponding to small and large systems respectively [19, 37]. 

Figure-3: Measured correlation function (C(k*)) for proton-W and anti-proton-`W (PW+`P`W) in 0-40% (left) and 40-

80% (middle)  Au+Au collisions  at  ÷sNN=200 GeV.  The  traingles  are  raw correlations,  open  circles  are  pairpurity

corrected (PP) correlations and solid circles are pairpurity and smearing corrected (PP+SC) correlations. The boxes

correspond to the systematic errors. The solid and dashed lines are prediction for proton- W interaction potentials VI, VII

and VIII for source sizes Rp = RW  = 5 fm and  Rp = RW = 2.5 fm from [19].

PΩ Correlations

16July 21-23, 2017

STAR Preliminary STAR Preliminary

Spin-2 pW potentials VI VII VIII

Binding energy EB (MeV) - 6.3 26.9

Scattering length a0 (fm) -1.12 5.79 1.29

Effective range reff (fm) 1.16 0.96 0.65

Phys. Rev. C 94, 031901 (2016)

Comparison of measured PW 

correlation function from 0-40 and 40-
80% centrality with the predictions for 

PW interaction potentials VI, VII and 

VIII.  

PP → Pair Purity Correction
PP+SC → Pair Purity + Mom. Smearing Correction
R → Emission source size
Boxes → systematic uncertainty

STAR Preliminary



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

 Two Particle Correlation Function

Spin-2 pW potentials VI VII VIII

Binding energy EB (MeV) - 6.3 26.9

Scattering length a0 (fm) -1.12 5.79 1.29

Effective range reff (fm) 1.16 0.96 0.65

10July 21-23, 2017
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Phys. Rev. C 94, 031901 (2016)

Proposal on Source Size Dependence Analysis 

4

 0.5

 1

 1.5

 2

 0  20  40  60  80  100  120  140
(b)

Static Source

5S2+3S1+Coulomb

C S
L(

Q
)=

C 2
.5

(Q
)/C

5(
Q

)

Q=|mpkΩ-mΩkp|/M [MeV/c]

VI
 VII
 VIII

 0.5

 1

 1.5

 2

 2.5

Static Source
5S2+3S1+Coulomb

(a)

C(
Q

)

Rp=RΩ=2.5fm, VI
 VII
 VIII

Rp=RΩ=5fm, VI
 VII
 VIII

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

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

S(xi,ki) = N ′
iE

tr
i

1

eE
tr
i /Ti + 1

e
− x2+y2

2(Rtr
i

)2 δ(τ − τi), (6)

where Etr
i =

!

(ktr
i )

2 +m2
i cosh(yi − ηs) with the mo-

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

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

i .
We consider a small system with Rtr

p = Rtr
Ω = 2.5 fm and

a large system with Rtr
p = Rtr

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

√
sNN = 2.76 TeV with hydro-

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

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

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

proton [25].

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

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

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

Ratio of C(Q): small/large system: 
– Loose : Enhancement at low Q 
– Tight   : C(Q) < 1 
– No Bound: Slightly above 1

The ratio of the correlation function between the small and large collision system 
is insensitive to the Coulomb interaction and also to the source model of the 
emission, thus it provides a useful measure to extract the strong interaction part 
of the pΩ attraction from experiments at RHIC/LHC

p

p p

p

pp

Ω

p

p
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Figure-1: Rinv vs mT for different hadron combinations. Ref: Hanna’s thesis (2008).

ii) Fig. 4 will be beautified by the authors.

Changed previouse two column figure to six panel figure with Model predictions for (S,L) = (2,3), (2,4), (2.5) and (3,5) 

for static souce and expanding source and dropped the ratio plot for (S,L)=(1,5).

Figure-4: The ratio (R) of small system (40-80% collisions) to large system (0-40% collisions) for proton-W and anti-

proton-`W (PW+`P`W) are shown as filled circles, the boxes correspond to the systematic errors. The crosses are the

ratio for background candidates from the side-band of W invariant mass. The solid lines are prediction for the ratio of

small system to large system for proton-W interaction potentials VI, VII and VIII for expanding source and for static

source with different source sizes, where S and L corresponding to small and large systems respectively [19, 37]. 

Figure-3: Measured correlation function (C(k*)) for proton-W and anti-proton-`W (PW+`P`W) in 0-40% (left) and 40-

80% (middle)  Au+Au collisions  at  ÷sNN=200 GeV.  The  traingles  are  raw correlations,  open  circles  are  pairpurity

corrected (PP) correlations and solid circles are pairpurity and smearing corrected (PP+SC) correlations. The boxes

correspond to the systematic errors. The solid and dashed lines are prediction for proton- W interaction potentials VI, VII

and VIII for source sizes Rp = RW  = 5 fm and  Rp = RW = 2.5 fm from [19].

PΩ Correlations

16July 21-23, 2017

STAR Preliminary STAR Preliminary

Spin-2 pW potentials VI VII VIII

Binding energy EB (MeV) - 6.3 26.9

Scattering length a0 (fm) -1.12 5.79 1.29

Effective range reff (fm) 1.16 0.96 0.65

Phys. Rev. C 94, 031901 (2016)

Comparison of measured PW 

correlation function from 0-40 and 40-
80% centrality with the predictions for 

PW interaction potentials VI, VII and 

VIII.  

PP → Pair Purity Correction
PP+SC → Pair Purity + Mom. Smearing Correction
R → Emission source size
Boxes → systematic uncertainty

Source Size Analysis on PΩ Correlation Function

STAR Preliminary
STAR Preliminary

The source parameters are derived 
from other PID and centrality 
dependence measurements at RHIC 

https://drupal.star.bnl.gov/STAR/files/Zbroszczyk_Hanna.pdf
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Summary

Present the measurement of correlation function for PΩ 
from Au+Au collisions @ 200 GeV 

The ratio of correlation function for the small (peripheral 
collisions) to the large (central collisions) system is smaller 
than unity at low k* with large uncertainties 

The measured ratio of correlation function from 
peripheral to central collisions is compared with 
predictions based on the PΩ interaction potentials derived 
from lattice QCD simulations
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Beam Energy Scan Phase II

Collision 
Energies 
(GeV)

Proposed 
Event 
Goals (M)

BES-I 
Event 
(M)7.7 100 4

9.1 160 N/A
11.5 230 12
14.5 300 20
19.6 400 36

Phys. Lett. B 714 (2012) 85

J. Steinheimer et al. / Physics Letters B 714 (2012) 85–91 87

Fig. 1. Mass dependence of calculated invariant yields of light fragments and hyper-
fragments produced in central Au + Au collisions at 11.5A GeV/c compared with
experimental data [73] for Au + Pb collisions. The lines are empirical interpolations
of the results.

between almost 70 hadron species are treated on the same footing.
The above noted two energy extremes were bridged by the QGSM
extension downward in the beam energy [72].

For the present study the coalescence model has been modi-
fied in comparison with its initial formulation in [78]. As usual,
the coalescence model forms a deuteron from a proton and a neu-
tron produced after the cascade stage of reaction if their rela-
tive momenta are within a sphere of radius pC , comparable to
the deuteron’s momentum. The same momentum criterion can be
used to describe formation of tritons, 3He, and α-particles. In par-
ticular, the parameters pC (d) = 90, pC (t) = 108, pC (3He) = 108,
and pC (α) = 115 (MeV/c) were adopted to reproduce the experi-
mental data [78]. An approach disregarding the spacial coordinates
of nucleons can be justified only for collisions with moderate en-
ergy deposition in nuclei since the region for final state interaction
is small enough. However, this is not the case for central heavy
ion collisions. Here we assume that the coalescence criterion used
to form the composite particles includes the proximity of nucle-
ons both in the momentum and coordinate space. The coordinate
coalescence parameters are determined by the relation rC = h̄/pC ,
with the same values of pC as were used in [78]. As a first ap-
proximation we use the same coalescence parameters for both
conventional fragments and hyperfragments. An example of the
calculated invariant yields of the fragments produced in the central
Au + Au collisions at projectile momentum 11.5A GeV is shown
in Fig. 1. One can understand that at this energy the coalescence
model reproduces qualitatively the experimental data for conven-
tional fragments. The fragments yields fit very close to exponential
dependence with a penalty factor of approximately 50 for each nu-
cleon added in agreement with the data. Due to the fact that the
same coalescence parameters were used a similar penalty factor is
obtained for hyperfragments, which is supplemented by additional
suppression if the neutron is replaced by a Λ.

For the following results we fixed the coalescence parameters
as described, with a fit to the data at 11.5A GeV, and assume that
they do not change with beam energy. This allows us to predict
cluster production over a wide range of experimental setups.

4. Results

Figs. 2 and 3 show our results for the mid-rapidity yields (|y| <
0.5) of dibaryons and hypernuclei as a function of the beam energy

Fig. 2. Yields per event of different dibaryons in the mid-rapidity region (|y| < 0.5)
of most central collisions of Pb + Pb/Au + Au. Shown are the results from the ther-
mal production in the UrQMD hybrid model (lines) as compared to coalescence
results with the DCM model (symbols). The small bars on the right hand axis
denote results on dibaryon yields from a previous RQMD calculation at

√
sNN =

200 GeV [74]. In addition, the black lines and symbols depict results for the produc-
tion rate of Λ’s from both models, compared to data (grey crosses) from [75–77].

Fig. 3. Yields per event of different (hyper-)nuclei in the mid-rapidity region (|y| <

0.5) of most central collisions of Pb + Pb/Au + Au. Shown are the results from the
thermal production in the UrQMD hybrid model (lines) as compared to coalescence
results with the DCM model (symbols).

Elab . In our calculations we considered most central (b < 3.4 fm)
Pb+Pb/Au+Au collisions at Elab = 1–160A GeV. In addition, Fig. 2
shows the Λ yield (black lines and squares) for the two differ-
ent models compared to data [75–77]. In these figures, the UrQMD
hybrid model calculations are shown as lines, while the DCM coa-
lescence results are depicted as symbols. A striking feature of our
comparison is that, above Elab ∼ 10A GeV, both computations for

STAR BES-II at 2019 and 2020 
– detector upgrades 
– low energy electron cooling 
– rich hyperon production
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STAR Major Upgrades before 2020

iTPC	upgrade� EPD	upgrade� eTOF	upgrade�
Continuous	pad	rows	

Replace	all	inner	TPC	sectors�
Replace	Beam	Beam	Counter� Add	CBM	TOF	modules	and	

electronics	(FAIR	Phase	0)�

|η|<1.5� 2.1<|η|<5.1� -1.6<η<-1.1�

pT	>60	MeV/c� Better	trigger	&	b/g	reduction� Extend	forward	PID	capability�

Better	dE/dx	resolution	
Better	momentum	resolution�

Greatly	improved	Event	Plane	info	
(esp.	1st-order	EP)�

Allows	higher	energy	range	of	
Fixed	Target	program�

Fully	operational	in	2019� Fully	operational	in	2018� Fully	operational	in	2019�

endcap	Time-Of-Flight�

Event	Plane	Detector�

inner	Time	Projection	Chamber�
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Thank you for your attention!
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FIG. 1: Three typical examples of the NΩ potential. The
black circles with error bars stand for the lattice QCD data
with heavy quark masses [7]. The red line (VII) corresponds to
a fit to the lattice data with a Gaussian + (Yukawa)2 form.
The green short-dashed line (VII) and the blue long-dashed
line (VIII) denote the potentials with weaker and stronger at-
tractions, respectively. The Coulomb potential for the pΩ
system is also shown by the purple dashed line.

non-identical pairs is directly related to the pairwise in-
teraction due to the absence of the quantum statisti-
cal effect [13]. The pΩ correlation function is given in
terms of the two-particle distribution NpΩ(kp,kΩ) nor-
malized by the product of the single particle distribu-
tions, NΩ(kΩ)Np(kp), with

!

xi
≡

!

d4xi,

C(Q,K) =
NpΩ(kp,kΩ)

Np(kp)NΩ(kΩ)
(1)

≃

!

xp

!

xΩ
Sp(xp,kp)SΩ(xΩ,kΩ) |ΨpΩ(r′)|2

!

xp
Sp(xp,kp)

!

xΩ
SΩ(xΩ,kΩ)

,

where relative and total momenta are defined as Q =
(mpkΩ − mΩkp)/M and K = kp + kΩ, respectively,
with M ≡ mp + mΩ. The source functions Si(xi,ki) ≡
Ei

dNi

d3kid4xi
, with i = p,Ω and Ei =

"

k2
i +m2

i , denote

the phase space distribution of p and Ω at freeze-out.
The final state interaction after the freeze-out is de-
scribed by the two-particle wave function ΨpΩ, in which
the shift of the relative coordinate r = xΩ − xp to
r′ = r − K(tp − tΩ)/M accounts for the possible dif-
ference in the emission time between p and Ω. In the
following, we assume that the pair purity is unity; i.e.
the weak decay contribution to p can be removed exper-
imentally and that to Ω is negligible [10, 18].
Taking into account the spin degeneracy, we have

|ΨpΩ|2 = 5
8 |Ψ5(r)|2 + 3

8 |Ψ3(r)|2, where Ψ5 (Ψ3) denotes
the wave functions in spin-2 (spin-1) channel. The strong
interaction is short ranged and modifies only the S-wave
component of the wave function, so that we may write

Ψ5(3)(r) = [ψC(r)− ψC
0 (r)] + χsc(abs)(r). (2)

Here ψC(r) is the Coulomb wave function characterized

TABLE I: The binding energy (EB), the scattering length (a0)
and the effective range (reff) with and without the Coulomb
attraction in the pΩ system. Physical masses of the proton
and Ω are used.

Spin-2 NΩ Potentials VI VII VIII

EB [MeV] − 0.05 24.8

without Coulomb a0 [fm] −1.0 23.1 1.60

reff [fm] 1.15 0.95 0.65

EB [MeV] − 6.3 26.9

with Coulomb a0 [fm] −1.12 5.79 1.29

reff [fm] 1.16 0.96 0.65

by the reduced mass µ = 601 MeV and the Bohr ra-
dius a = (µα)−1 ≃ 45 fm of the pΩ system. Its S-wave
component is denoted by ψC

0 (r). The scattering wave
function in the 5S2 state, χsc(r), is obtained by solving
the Schrödinger equation with both the strong interac-
tion (VI,II,III) and the Coulomb interaction. Note that
χsc(r) reduces to ψC

0 (r) in the absence of strong inter-
action. On the other hand, the wave function χabs(r)
in the 3S1 channel is zero for r ≤ r0 due to the strong
absorption into octet-octet states, while it is identical to
the Coulomb wave function for r > r0:

χabs(r) = θ(r − r0)
1

2ir̄

#

H+
0 (r̄)− F (r̄0)H

−
0 (r̄)

$

. (3)

Here Q = |Q|, r̄ = Qr, r̄0 = Qr0, and H+
L=0 (H−

L=0) is
the outgoing (incoming) Coulomb function which reduces
to e+ir̄ (e−ir̄) without the Coulomb force [19]. Note that
F (r̄0) = H+

0 (r̄0)/H
−
0 (r̄0), so that χabs(r) is continuous

across r = r0. In the absence of the absorption, we have
χabs(r)|r0→0 = ψC

0 (r), since F (r̄0 = 0) = 1.
Case with static source.— We now consider the fol-

lowing static source function with spherical symmetry to
extract the essential part of physics;

Si(xi,ki) = NiEi e
−

x
2
i

2R2
i δ(t− ti), (i = p,Ω). (4)

Here Ri is a source size parameter, while Ni is a normal-
ization factor which cancels out between the numerator
and denominator together with Ei in Eq.(1). Assuming
the equal-time emission tp = tΩ for the moment, one
obtains a concise formula,

C(Q) =

%

[dr]

%

dΩ

4π
|ψC(r)|2

+
5

8

%

[dr]{|χsc(r)|2 − |ψC
0 (r)|2}

+
3

8

%

[dr]{|χabs(r)|2 − |ψC
0 (r)|2}, (5)

where [dr] = 1
2
√
πR3dr r

2e−
r2

4R2 with R =
"

(R2
p +R2

Ω)/2

being the effective size parameter.
!

dΩ is the integra-
tion over the solid angle between Q and r. Without
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FIG. 1: Three typical examples of the NΩ potential. The
black circles with error bars stand for the lattice QCD data
with heavy quark masses [7]. The red line (VII) corresponds to
a fit to the lattice data with a Gaussian + (Yukawa)2 form.
The green short-dashed line (VII) and the blue long-dashed
line (VIII) denote the potentials with weaker and stronger at-
tractions, respectively. The Coulomb potential for the pΩ
system is also shown by the purple dashed line.

non-identical pairs is directly related to the pairwise in-
teraction due to the absence of the quantum statisti-
cal effect [13]. The pΩ correlation function is given in
terms of the two-particle distribution NpΩ(kp,kΩ) nor-
malized by the product of the single particle distribu-
tions, NΩ(kΩ)Np(kp), with

!

xi
≡

!

d4xi,

C(Q,K) =
NpΩ(kp,kΩ)

Np(kp)NΩ(kΩ)
(1)

≃

!

xp

!

xΩ
Sp(xp,kp)SΩ(xΩ,kΩ) |ΨpΩ(r′)|2

!

xp
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xΩ
SΩ(xΩ,kΩ)

,

where relative and total momenta are defined as Q =
(mpkΩ − mΩkp)/M and K = kp + kΩ, respectively,
with M ≡ mp + mΩ. The source functions Si(xi,ki) ≡
Ei

dNi

d3kid4xi
, with i = p,Ω and Ei =

"

k2
i +m2

i , denote

the phase space distribution of p and Ω at freeze-out.
The final state interaction after the freeze-out is de-
scribed by the two-particle wave function ΨpΩ, in which
the shift of the relative coordinate r = xΩ − xp to
r′ = r − K(tp − tΩ)/M accounts for the possible dif-
ference in the emission time between p and Ω. In the
following, we assume that the pair purity is unity; i.e.
the weak decay contribution to p can be removed exper-
imentally and that to Ω is negligible [10, 18].
Taking into account the spin degeneracy, we have

|ΨpΩ|2 = 5
8 |Ψ5(r)|2 + 3

8 |Ψ3(r)|2, where Ψ5 (Ψ3) denotes
the wave functions in spin-2 (spin-1) channel. The strong
interaction is short ranged and modifies only the S-wave
component of the wave function, so that we may write

Ψ5(3)(r) = [ψC(r)− ψC
0 (r)] + χsc(abs)(r). (2)

Here ψC(r) is the Coulomb wave function characterized

TABLE I: The binding energy (EB), the scattering length (a0)
and the effective range (reff) with and without the Coulomb
attraction in the pΩ system. Physical masses of the proton
and Ω are used.

Spin-2 NΩ Potentials VI VII VIII

EB [MeV] − 0.05 24.8

without Coulomb a0 [fm] −1.0 23.1 1.60

reff [fm] 1.15 0.95 0.65

EB [MeV] − 6.3 26.9

with Coulomb a0 [fm] −1.12 5.79 1.29

reff [fm] 1.16 0.96 0.65

by the reduced mass µ = 601 MeV and the Bohr ra-
dius a = (µα)−1 ≃ 45 fm of the pΩ system. Its S-wave
component is denoted by ψC

0 (r). The scattering wave
function in the 5S2 state, χsc(r), is obtained by solving
the Schrödinger equation with both the strong interac-
tion (VI,II,III) and the Coulomb interaction. Note that
χsc(r) reduces to ψC

0 (r) in the absence of strong inter-
action. On the other hand, the wave function χabs(r)
in the 3S1 channel is zero for r ≤ r0 due to the strong
absorption into octet-octet states, while it is identical to
the Coulomb wave function for r > r0:

χabs(r) = θ(r − r0)
1

2ir̄

#

H+
0 (r̄)− F (r̄0)H

−
0 (r̄)

$

. (3)

Here Q = |Q|, r̄ = Qr, r̄0 = Qr0, and H+
L=0 (H−

L=0) is
the outgoing (incoming) Coulomb function which reduces
to e+ir̄ (e−ir̄) without the Coulomb force [19]. Note that
F (r̄0) = H+

0 (r̄0)/H
−
0 (r̄0), so that χabs(r) is continuous

across r = r0. In the absence of the absorption, we have
χabs(r)|r0→0 = ψC

0 (r), since F (r̄0 = 0) = 1.
Case with static source.— We now consider the fol-

lowing static source function with spherical symmetry to
extract the essential part of physics;

Si(xi,ki) = NiEi e
−

x
2
i

2R2
i δ(t− ti), (i = p,Ω). (4)

Here Ri is a source size parameter, while Ni is a normal-
ization factor which cancels out between the numerator
and denominator together with Ei in Eq.(1). Assuming
the equal-time emission tp = tΩ for the moment, one
obtains a concise formula,

C(Q) =

%

[dr]

%
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4π
|ψC(r)|2

+
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%

[dr]{|χsc(r)|2 − |ψC
0 (r)|2}

+
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where [dr] = 1
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FIG. 3: (a) The correlation function with both strong and
the Coulomb attractions for two different values of the static
source sizes, Rp,Ω = 2.5 fm (solid lines) and 5 fm (dashed
lines). (b) The small-large ratio CSL(Q) for the static source
between the different source sizes, Rp,Ω = 2.5 and 5 fm.

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

S(xi,ki) = N ′
iE

tr
i

1

eE
tr
i /Ti + 1

e
− x2+y2

2(Rtr
i

)2 δ(τ − τi), (6)

where Etr
i =

!

(ktr
i )

2 +m2
i cosh(yi − ηs) with the mo-

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

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

i .
We consider a small system with Rtr

p = Rtr
Ω = 2.5 fm and

a large system with Rtr
p = Rtr

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

√
sNN = 2.76 TeV with hydro-

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

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

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

proton [25].

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

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

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

The ratio of correlation function between 
small and large collision systems to extract 
strong p-Omega interaction w/o much 
contamination from Coulomb interaction. 
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the Coulomb interaction, the integration of the first line
in Eq.(5) simply gives unity. The second (third) line
is nothing but a spatial average of the difference be-
tween the S-wave probability density with and without
the strong interaction, where the source function acts as
a weight factor. Similar formula for the ΛΛ correlation
has been previously derived with the quantum statistical
effect [16].
Let us now discuss the effects of the elastic scatter-

ing in the 5S2 channel, the strong absorption in the 3S1
channel and the long range Coulomb interaction, step
by step on the basis of Eq.(5). First, we neglect the
Coulomb interaction, so that the first line of Eq. (5) is
unity and ψC

0 (r) becomes the free spherical wave j0(r̄).
For a weak attraction without bound state (VI), the prob-
ability density |χsc(r)|2 in the 5S2 channel is slightly en-
hanced from the free one at short distances and at small
Q. This leads to C(Q) represented by the green solid
curve in Fig. 2(a) illustrated for a characteristic source
size Rp = RΩ = 2.5 fm measured in the pp correlation for
mid-central events [14, 15]. As the attraction increases
towards and across the unitary limit where the scatter-
ing length diverges, the enhancement of C(Q) becomes
prominent as represented by the red solid curve corre-
sponding to VII in Fig. 2(a). As the attraction becomes
even stronger, χsc(r) for small Q starts to oscillate and
to be suppressed inside the source radius R due to large
local momentum q(r) =

!

2µ(E − V ). This effect tames
the enhancement of C(Q) and eventually leads to a sup-
pression of C(Q) as represented by the blue solid curve
corresponding to VIII in Fig. 2(a).
In the 3S1 channel, the probability density |χabs(r)|2

is zero at short distances. This implies that the absorp-
tion effect tends to suppress the particle correlation as
indicated by the third line Eq. (5). The dashed lines in
Fig. 2(a) show C(Q) with both the 5S2 scattering and
the 3S1 absorption: The absorption effect is not negli-
gibly small, but is not significantly large to change the
qualitative behavior of C(Q) obtained by the 5S2 scat-
tering alone.
Shown in Fig. 2(b) is C(Q) without the Coulomb in-

teraction for three typical momenta (Q = 20,40, and 60
MeV) as a function of a−1

0 . By shifting the parameter
b5 in the NΩ potential, one can change the scattering
length a0 from negative to positive values without sub-
stantial change of the effective range reff: The arrows
in the figure indicate a−1

0 corresponding to VI,II,III. For
weak (strong) attraction where a−1

0 < 0 (a−1
0 > 0), C(Q)

is enhanced (suppressed) from unity, while it is substan-
tially enhanced around the unitary limit a−1

0 = 0. This
implies that C(Q) for certain range of Q would provide
a useful measure to identify the strength of the NΩ at-
traction.
Once we include the Coulomb interaction between the

positively charged p and the negatively charged Ω, an
strong enhancement of C(Q) at small Q is introduced by
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FIG. 2: pΩ correlation function for the static source with
Rp = RΩ = 2.5 fm. The Coulomb interaction is switched
off. (a) Solid (dashed) lines denote the correlations with only
the 5S2 scattering (with both the 5S2 scattering and the 3S1

absorption). (b) C(Q) for Q = 20, 40 and 60 MeV as a
function of a−1

0 obtained by changing the attraction of the
NΩ potential through the parameter b5.

the long-range attraction. The results with the Coulomb
attraction are shown by the solid lines in Fig. 3(a) for
Rp,Ω = 2.5 fm. The ordering of the correlations with re-
spect to the strength of the strong interaction is less vis-
ible at small Q due to the Coulomb enhancement. Nev-
ertheless. the difference can still be seen for intermediate
values of Q. The dashed lines in Fig. 3(a) represent C(Q)
for larger source size, Rp,Ω = 5 fm. In this case, the cor-
relation function is more sensitive to the long-range part
of the interaction as found for proton-proton correlation
[12, 13].
Shown in Figure 3(b) is a small-large (SL) ra-

tio of the correlation functions defined by CSL(Q) ≡
CRp,Ω=2.5fm(Q)/CRp,Ω=5fm(Q). An advantage of this ra-
tio is that the effect of the Coulomb interaction for small
Q is largely cancelled, so that it has a good sensitivity to
the strong interaction without much contamination from
the Coulomb interaction.
Effects of expansion and freeze-out time.— The re-

sults so far have been obtained with a simplified static
source function (4). In reality, the collective expansion
takes place in high energy heavy ion collisions. Also, the
freeze-out of multi-strange hadrons may occur prior to

Proposal on source size dependence analysis 
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The STAR Detector at RHIC

STAR: a complex set of various detectors, a wide 
range of measurements and a broad coverage of 
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PΩ Correlations

The ratio of correlation function between small and large collision 
systems for the background is unity within uncertainties.

The ratio of correlation function between small and large collision 
systems at low k* is lower than background.
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Spin-2 pW potentials VI VII VIII

Binding energy EB (MeV) - 6.3 26.9

Scattering length a0 (fm) -1.12 5.79 1.29

Effective range reff (fm) 1.16 0.96 0.65
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STAR Preliminary

SS → Static source

ES → Expanding source

Background → W sideband is used

Boxes → systematic uncertainty

Source Size Analysis on PΩ Correlation Function


