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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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Introduction (2)

Observation of exotic states @ WASA-at-COSY, Belle, LHCb 
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Multi-quark states or molecular 
states?  

   Phys. Rev. Lett. 115 (2015) 072001 
Phys. Rev. Lett. 112 (2014) 222002 
Phys. Rev. Lett. 106 (2011) 242302 

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

Exotics in Strangeness Sector 

particle Mass (MeV) Quark 

composition

Decay mode

f
0

980 q`q s`s pp

a
0

980 q`q s`s ph

K(1460) 1460 q`q q`s Kpp

L(1405) 1405 qqq s`q pS

Q+
(1530) 1530 qqq q`s KN

H 2245 uuddss LL

NW 2573 qqqsss LX

XX 2627 qqssss LX

WW 3228 ssssss LK-+LK-

Quark content, decay modes and mass of exotic states in 

strangeness sector: 

Recent results on H-dibaryon search:
 

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

ALICE Collaboration, Phys. Lett. B 752 (2016) 267 
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Phys. Rev. C 84 (2011) 064910, Phys. Rev. C 83 (2011) 015202

Recent results on H-dibaryon search: 

– STAR Col., Phys. Rev. Lett. 114 (2015) 022301 
– ALICE Col., Phys. Lett. B 752 (2016) 267 
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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
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“…there is no color-magnetic effect and the energies are dominated by 
modification to the single-quark wave function”



7

Venues for Dibaryon Search

 Systematic study of double strangeness systems  
  

– Binding energies  
 Experiments at J-PARC, KEK  

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
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Heavy Ion Collisions  
– Hot and dense, strongly interacting partonic matter 
– Environment suitable for existence of exotic hadron
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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 weakly decay is challenging) 

– Invariant mass 
• Significant combinatorial background  in central Au+Au collisions makes exotic particle 

searches difficult in heavy-ion collisions
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Two Particle Correlation in HIC 

Baryon interaction via two particle 
correlation
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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 Auþ 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
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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
⇤⇤

⇤⇤

⇤



11

TPC MTD Magnet BEMC BBC EEMC TOF 

The STAR Detector at RHIC

STAR: a complex set of various detectors, a wide 
range of measurements and a broad coverage of 
different physics topics
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Ω Reconstruction (1)W Reconstruction
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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
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range
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STAR Preliminary
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Ω Reconstruction (2)



14

Proton Identification with TPC+TOFProton Identification with TPC+TOF
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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
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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

0-40%

40-80%



16

PΩ Correlation FunctionPΩ 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



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

17

Phys. Rev. C 94, 031901 (2016)

Proposal on Source Size Dependence Analysis 

4
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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-

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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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.

17

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)

July 21-23, 2017

STAR Preliminary

SS → Static source
ES → Expanding source

Background → W sideband is used

Boxes → systematic uncertainty

Source Size Analysis on PΩ Correlation Function
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Summary

Present the 1st 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* 

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



STAR Major Upgrades before 2020

iTPC Upgrade: 
–  Rebuilds the inner sectors of the TPC 
–  Continuous Coverage 
–  Improves dE/dx 
–  Extends η coverage from 1.0 to 1.5 
–  Lowers pT cut-in from 125 MeV/c to 60 MeV/c

EPD Upgrade: 
– Allows a better and independent reaction 

plane measurement critical to BES physics 
– Improves trigger 
– Reduces background



Status of the Inner TPC Upgrade 
SAMPA FEE (MWP2) 

– 2FEEs and RDO installed on one inner most row of TPC 
– Running through USB port with beam 
– Design and producing pre-production RDO and FEE to 

instrument one Full sector for tests in fall 

Sectors (strongback + padplane + MWPC) 

– Precision assembly at LBL of padplane to strongbacks 
and sidemounts ongoing  

– Sector production started at SDU (3 completed, testing 
ongoing) with first fully tested sectors expected to be 
installed in STAR in October 

Insertion tool 

– Completed at UIC and currently being 
commissioned at BNL

SAMPA 
Pasa+Altro SAMPA is  

well behaved 

SAMPA is well behaved
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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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teraction due to the absence of the quantum statisti-
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xi
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d4xi,

C(Q,K) =
NpΩ(kp,kΩ)

Np(kp)NΩ(kΩ)
(1)
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∫
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∫

xΩ
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∫
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∫

xΩ
SΩ(xΩ,kΩ)

,
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Ei
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√

k2
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i , denote

the phase space distribution of p and Ω at freeze-out.
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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
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lowing static source function with spherical symmetry to
extract the essential part of physics;
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Here Ri is a source size parameter, while Ni is a normal-
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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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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. 
 Morita etc. arXiv:1605.06765
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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
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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 


