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INTRODUCTION

3

2020/01/10 "Study of hadron interactions and exotic hadrons in the ALICE experiment at CERN LHC" at Hadron Spectroscopy Cafe



Exotica
• Having configuration different from baryon (𝑞𝑞𝑞) & meson (𝑞"𝑞) 

– No intrinsic reason why only baryons and mesons are the stable configuration
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Studies at LHC (I)
LHCb
• Z(4430)- (𝑐 ̅𝑐𝑑"𝑢)

– Confirmation of the result by Belle (Phys. Rev. D 92, 112009 (2015))

• Pentaquarks (𝑑𝑢𝑢𝑐 ̅𝑐)
– Recent analysis à three states; Pc+(4312), Pc+(4440), Pc+(4457)
– Interpretations; tightly bound pentaquark state to loosely bound 

molecular baryon-meson state.
• cc1(3872) (𝑐 ̅𝑐𝑢"𝑢)

– X(3872): found in 2003 by Belle
– hadronic molecules?
– decay channel: J/𝜓p+p (same as 𝜓(2S))

CMS
• cc1(3872) (𝑐 ̅𝑐𝑢"𝑢) in Pb+Pb

2020/01/10 "Study of hadron interactions and exotic hadrons in the ALICE experiment at CERN LHC" at Hadron Spectroscopy Cafe

5

Compact 
tetraquark/pentaquark

u 𝒄
)𝒖)𝒄

Diquark-diquark
PRD 71, 014028 (2005)
PLB 662 424 (2008)

Hadronic Molecules

𝒄)𝒖

u)𝒄

𝜋
D0

PLB 590 209 (2004)
PRD 77 014029 (2008)
PRD 100 0115029(R) (2019)

u
𝒄

)𝒖
)𝒄

Hadrocharmonium/
adjoint charmonium
PLB 666 344 (2008)
PLB 671 82 (2009)



VELO
tracksN

0 20 40 60 80 100 120 140 160 180 200

 
)- p + p 

y
 J

/
®

(2
S)

y
BR

(
)- p + p 

y
 J

/
®

(3
87

2)
c1c

BR
(

 
(2

S)
ys
(3

87
2)

c1cs
   

   

0

0.02

0.04

0.06

0.08

0.1

0.12

Prompt
 decaysb

 = 8 TeVs   pp 
LHCb Preliminary

 > 5 GeV/c
T

p

Puzzling X(3872)/𝝍(𝟐𝑺) in PbPb
• In pp: Increasing suppression of 𝑿(𝟑𝟖𝟕𝟐)/𝝍(𝟐𝑺) ratio with increase of event activity
• In PbPb: The 𝑿(𝟑𝟖𝟕𝟐)/𝝍(𝟐𝑺) yield ratio ~ 1

– RAA(𝝍(𝟐𝑺)) ~ 0.1 - 0.15  à RAA(X3872) ~ 1 – 1.5 (= not suppressed or even enhanced)
– Please note that in pT > 10 GeV/c quark or hadron coalescence is NOT likely a dominant process
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Yen-Jie Lee (MIT)

Ratio of X(3872) to ȥ(2S) Yields in pp and PbPb

13Observation of X(3872) in PbPb collisions

Indication of R enhancement in PbPb 
collisions with respect to pp at 7 and 8 TeV

In PbPb collisions:

CMS-PAS-HIN-19-005
Yen-Jie Lee (MIT)

Charmonia Nuclear Modification Factors in PbPb

21Observation of X(3872) in PbPb collisions



Studies at LHC (II)
ALICE
• Light (anti-)Nuclei

– d, t, 3He, 4He

• Hypernuclei
– 3

LH

• Baryon interaction & dibaryon search
– p-L, L-L, p-S, p-X, p-W
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ALICE Upgrade during LS2
• Currently, LHC has been off for 2 years; long shutdown 2 (LS2)

– 50 kHz minimum-bias Pb+Pb collisions 
• ALICE has been doing significant upgrade of the detector and data taking 

system, to make it possible to record all 50 kHz minimum-bias Pb+Pb
collision data at Run3

• When realized, extensive studies of (exotic) hadrons, baryon interactions and 
di-baryon search will become possible in the ALICE experiment 
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LIGHT NUCLEI AND HYPERNUCLEI
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Hadron Production in Pb+Pb at LHC
10
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FIG. 2. Mass dependence of hadron yields compared with
predictions of the statistical hadronization model. Only par-
ticles, no anti-particles, are included and the yields are di-
vided by the spin degeneracy factor (2J + 1). Data are from
the ALICE collaboration for central Pb–Pb collisions at the
LHC. For the statistical hadronization approach, plotted are
the “total” yields, including all contributions from high-mass
resonances (for the ⇤ hyperon, the contribution from the elec-
tromagnetic decay ⌃0

! ⇤�, which cannot be resolved ex-
perimentally, is also included), and the (“primordial”) yields
prior to strong and electromagnetic decays. For more details
see text.

temperature leads to a large variation of the yield, result-
ing in a relatively precise determination of the freeze-out
temperature Tnuclei = 159± 5 MeV, well consistent with
the value of TCF extracted above.

The incomplete knowledge of the structure and de-
cay probabilities of heavy mesonic and baryonic reso-
nances discussed above leads to systematic uncertainties
in the statistical hadronization approach. We note, from
Fig. 2, that the yields of the measured lightest mesons
and baryons, (⇡,K, p,⇤) are substantially increased rela-
tive to their primordial thermal production by such decay
contributions. For pions, e.g., the resonance decay con-
tribution amounts to 70%. For resonance masses larger
than 1.5 GeV the individual states start to strongly over-
lap [23]. Consequently, neither their number density nor
their decay probabilities can be determined well. Indeed,
recent LQCD results indicate that there are missing res-
onances compared to what is listed in [23]. The result-
ing theoretical uncertainties are di�cult to estimate but
are expected to be small since TCF is very small com-
pared to their mass. A conservative estimate is that
the resulting systematic uncertainty in TCF is at most
3%. This is consistent with the determination of TCF

using only particles whose yields are not influenced by

resonance decays, see above. Until now none of these
systematic uncertainties are taken into account in the
statistical hadronization analysis described here.

The rapidity densities of light (anti)-nuclei and hy-
pernuclei were actually predicted [64], based on the sys-
tematics of hadron production at lower energies. It is
nevertheless remarkable that such loosely bound objects
(the deuteron binding energy is 2.2 MeV, much less than
Tnuclei ⇡ 159 or TCF ⇡ Tc ⇡ 155 MeV) are produced
with temperatures very close to that of the phase bound-
ary at LHC energy, implying any further evolution of
the fireball has to be close to isentropic. For the (anti-
)hypertriton the situation is even more dramatic: this
object consists of a bound state of (p, n, ⇤), with a value
of only 130 ± 30 keV for the energy needed to remove
the ⇤ from it. This implies that the ⇤ particle is very
weakly bound to a deuteron, resulting in a value for the
root-mean-square size for this bound state of close to 10
fm, about the same size as that of the fireball formed in
the Pb–Pb collision.

The detailed production mechanism for loosely bound
states remains an open question. One, admittedly specu-
lative, possibility is that such objects, at QGP hadroniza-
tion, are produced as compact, colorless droplets of quark
matter with quantum numbers of the final state hadrons.
The concept of possible excitations of nuclear matter into
colorless quark droplets was considered already in [65].
In our context, these states should have a lifetime of 5
fm or longer, excitation energies of 40 MeV or less, for
evolution into the final state hadrons which are measured
in the detector. Since by construction they are initially
compact they would survive also a possible short-lived
hadronic phase after hadronization. This would be a
natural explanation for the striking observation of the
thermal pattern for these nuclear bound states emerging
from Figs. 1 and 2. Note that the observed thermal
nature of their production yields is very di�cult to rec-
oncile with the assumption that these states are formed
by coalescence of baryons, where the yield is proportional
to a coalescence factor introduced as the square of the
nuclear wave function, which actually di↵ers strongly for
the various nuclei [66, 67]. For a recent discussion of
the application of coalescence models to production of
loosely bound states, see [68].

One might argue that composite particles such as light
nuclei and hypernuclei should not be included in the
hadronic partition function described in Eq. 2. We note,
however, that all nuclei, including light, loosely bound
states, should result from the interaction of the funda-
mental QCD constituents. This is confirmed by recent
LQCD calculations, see [69].

The thermal nature of particle production in ultra-
relativistic nuclear collisions has been experimentally
verified not only at LHC energy, but also at the lower
energies of the RHIC, SPS and AGS accelerators. The
essential di↵erence is that, at these lower energies, the
matter-antimatter symmetry observed at the LHC is
lifted, implying non-vanishing values of the chemical po-

Naturevolume 561, pages321–330 (2018)
A Andronic, P Braun-Munzinger, K Redlich & J Stachel

Yields are described rather well with the 
statistical hadronization (thermal) model,
• Chemical freeze-out temperature, TCF ~ 

155 MeV, for √sNN = 2.76 TeV Pb+Pb

NA ≈ gAV(πTCFmA/2)3/2 exp[(AμB−mA)/TCF]

• Blast-Wave fit (with TF = 100 – 115 MeV) 
describe simultaneously the momentum 
spectra of p, K, p,L, X, W, d, 3He, 3LH, and 
4He in central Pb+Pb collisions

• It is not obvious why the light nuclei and 
3
LH follows the trend of hadron yield
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Chemical Freezeout Hypothesis
• Hadron yields are fixed at a certain time in the space-time evolution of heavy 

ion collisions (chemical freezeout = end of inelastic scattering)
– thermalized system complying hadrons with u, d, s quarks
– hadron yields are determined with the few global parameters

11

Qi : 1 for u and d, -1 for u and d
si : 1 for s, -1 for s
gi : spin-isospin freedom
mi : particle mass

global parameters
Tch : chemical freeze-out temperature
µq : light-quark chemical potenWal
µs : strangeness chemical potenWal
gs : strangeness saturaWon factor

Hadron Yields → Determine Temperature (Tcf) and Chemical 
Potential (µcf) at Chemical Freezeout
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Hadron Yields and Chemical Freezeout
• Hypothesis of “Chemical Freezeout” works reasonably well to describe 

hadron yields for nuclear collisions in wide colliding energies.
• This property can be utilized to predict yield of specific particles

12

Chemical Freeze-out
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Why Thermal Model works for light 
nuclei yields?

• Theoretical works:
– Xu, Rapp, Eur. Phys. J. A55 (2019) no.5, 68
– Vovchenko et al, arXiv:1903.10024 
– Oliinychenko, Pang, Elfner, Koch, PRC 99 (2019) 044907

• An isentropic expansion of a hadron resonance gas 
(HRG) in partial chemical equilibrium (PCE) at T < Tch

– Mesons play a similar role as the photons during the evolution of 
the early universe – they drive the entropy conservation during 
the expansion. 

– Nuclei are kept in partial (relative) equilibrium as long as the 
cross sections are large from CF stage to KF stage

• Small entropy production between Tch to TKF ?
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Deuteron yield
DO, Pang, Elfner, Koch, PRC99 (2019) no.4, 044907
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No deuterons at particlization: also possible. Here all deuterons are from afterburner.
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Is ⇡d $ ⇡np reaction equilibrated
DO, Pang, Elfner, Koch, PRC99 (2019) no.4, 044907
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After about 12-15 fm/c within 5% ⇡d $ ⇡np is equilibrated
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Hypertriton (and anti-hypertriton)
• Weakly bound state of Λ, p and n, with m = 2.991 

GeV/c2 and BΛ = 130 keV; with rms-radius = 10.6 fm
– 3
4H → 4He + π: …	25%	B.R.

– 3
4H → 4H + πC

– 3
4H → d + p + π:

– 3
4H → d + n + πC

14

B. Dönigus, Nuclear Physics A 904–905 (2013) 547c–550c 
Phys. Lett. B 754 (2016) 360-372
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Hypertriton lifetime	”puzzle”
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• Latest	ALICE	measurement
(red) is	most	precise
determination	of	hypertriton
lifetime	so	far	

• Consistent	with	free	Λ lifetime
and	world	average

2018	high-statistics	data	set

Not	included	in	world	average

Lifetime of Hypertriton 3LH
• Determination of lifetime of 3LH has 

been made by the several groups 
using the heavy Ion collisions
– Heavy-ion experiments had provided 

consistently a shorter lifetime than free L
lifetime, although the error bar was not 
small; deviations were less than 3 sigma. 

• Recent ALICE measurement (red) is 
the most precise determination of 
hypertriton lifetime 

• And the lifetime is consistent with the 
free L lifetime
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Hypertriton lifetime

05.11.2019 ESTHER	BARTSCH	|	UNI	FRANKFURT	|	(ANTI-)(HYPER-)NUCLEI	IN	PB-PB 21

• Peak	clearly	visible	with	high	significance
• Signal	split	in	9	ct bins
• ct spectrum	of	(anti-)hypertriton with
statistical	and	systematic	uncertainties
and	exponential	fit
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DI-BARYON AND BARYON INTERACTION
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Di-Baryon and Baryon Interaction
• Studies using Heavy Ion collisions is getting very popular recently

– Pioneering works by STAR experiment at BNL RHIC
– LHC ALICE experiment is catching up very rapidly

• Baryon interaction is the basic building block of nuclear physics
• Extended to the flavor SU(3) space

• It is very encouraging that the baryon interactions can be calculated using 
the lattice QCD at almost physical point
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Methods of Dibaryon/Interaction Study
• Binary scattering with a fixed target

– Only stable target can be used à limited combination

• Measurement of Invariant mass for final products in the collisions
– Bound state
– Unbound resonance state with small decay width

• Two particle correlation （femtoscopy）
– Final state interaction of two particles in the collisions
– HBT (Hanbury Brown and Twiss) Intensity Interferometry
– Wider variety of combinations compared to the binary scattering with a fixed target
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Multi-strange baryons
19Phys. Lett. B 728 (2014) 216-227

http://alice-publications.web.cern.ch/node/604
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Pb+ Pb at 𝑆HH = 2.76 𝑇𝑒𝑉

http://www.sciencedirect.com/science/article/pii/S0370269313009544
http://alice-publications.web.cern.ch/node/604
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6 Summary and Conclusion

The measured yield of the anti-alpha, the deuteron and the hypertriton presented here compare well
with the current best equilibrium thermal model fit [16] which gives a temperature of about 156 MeV.
One can now contrast the upper limits set for the exotica currently under investigation by ALICE, i.e.
H-dibaryon and Λn bound state, with different models. Figure 10 shows a comparison of the upper
limits to the equlibrium thermal model [14] (164 MeV, which was the prediction for LHC and 156
MeV, the current best fit), the non-equilibrium thermal model prediction [17] from their current best
fit [9] and coalescence predictions (quark and hadron coalescence) from the ExHIC collaboration [18].
All models are at least a factor 10 above the upper limits. Currently an effort continues to further

Resonance Workshop at Catania

00013-p.7

Direct Search of LL and LN Bound State
Invariant mass of Lpp

– H(LL) -> L + p + p
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6 Summary and Conclusion

The measured yield of the anti-alpha, the deuteron and the hypertriton presented here compare well
with the current best equilibrium thermal model fit [16] which gives a temperature of about 156 MeV.
One can now contrast the upper limits set for the exotica currently under investigation by ALICE, i.e.
H-dibaryon and Λn bound state, with different models. Figure 10 shows a comparison of the upper
limits to the equlibrium thermal model [14] (164 MeV, which was the prediction for LHC and 156
MeV, the current best fit), the non-equilibrium thermal model prediction [17] from their current best
fit [9] and coalescence predictions (quark and hadron coalescence) from the ExHIC collaboration [18].
All models are at least a factor 10 above the upper limits. Currently an effort continues to further

Resonance Workshop at Catania
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Figure 10. Upper limits of production yields for H-dibaryon (ΛΛ) and Λn bound state compared with different
models.

constrain these upper limits by utilising more statistics than was previously used. This would allow
for a more stringent conclusion concerning the existence of these exotic states.
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Comparison with the model calculations 
• Equilibrium thermal model
• Non-equilibrium thermal model
• Coalescence predictions

Current consensus: H (LL) is slightly unbound with mass between LL
and pX-

• Continue study in the RUN3

Invariant mass of Lpp (LLàL+p+p-)

Johanna Stachel

Predictions for nuclei and hypernuclei and exotica

3He and 3LH were prediction and are in excellent agreement with new data from 
ALICE
test of statistical hadronization model over another 3 orders of magnitude
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Two Particle Correlation
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Source Characteristics in Small Systems
• p+p and p+A collisions are used for femtoscopy study
• Ansatz: The source is similar for all baryon pairs in 

small systems
– The size of the source core is determined from the p-p 

correlation function, since the p-p interaction is well known
– The p-p femtoscopic analysis is performed differentially in <mT> 

bins
– Another assumption: All baryon-baryon pairs have the same 

<mT> dependence  -- this may not be correct, in case where 
hydro effect is on

– Effect of strong short-lived resonances are taken into account 
for all baryons (using statistical hadronization model) 

• Cross-checked by p-Λ analysis 
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Figure 2: Measured correlation function of p–p�p–p. Statistical (bars) and systematic uncertainties (boxes) are
shown separately. The width of the band corresponds to one standard deviation of the systematic uncertainty of
the fit.

Following the premise of a common Gaussian source the value of r0 is then used to fit the p–S0 correlation
function. The parameters of the linear baseline are obtained from a fit to the p–(Lg) correlation function
in k⇤ 2 [250, 600] MeV/c, where it is consistent and kinematically comparable with p–S0, however
features significantly smaller uncertainties. The experimental p–S0 correlation function is then fitted
in the range k⇤ < 550 MeV/c, and varied during the fitting procedure within k⇤ 2 [500,600]MeV/c to
determine the systematic uncertainty. Additionally, the input to the l parameters is modified by ±20%
while maintaining a constant sum of the primary and secondary fractions. The parameters of the baseline
are varied within 1s of their uncertainties considering their correlation, including the case of a constant
baseline. Finally, the femtoscopic radius is varied according to its uncertainties. Possible variations of
the p–S0 source due to contributions of strong decays are incorporated by decreasing r0 by 15%. All
correlation functions resulting from the above mentioned variations of the selection criteria are fitted
during the procedure, additionally considering variations of the mass window to extract the p–(Lg)
baseline. The width of the bands in Fig. 3 corresponds to one standard deviation of the total systematic
uncertainty of the fit. The correlated uncertainty due to the modeling of the p–(Lg) baseline correlation
function is shown separately at the bottom of the figure.

4 Results

The experimental p–S0 � p–S0 correlation function is shown in Fig. 3. The k⇤ value of the data points
is chosen according to the hk⇤ i of the same event distribution Nsame(k⇤) in the corresponding interval.
Therefore, due to the low number of counts in the first bin, the data point is shifted with respect to the bin
center. Since the uncertainties of the data are sizable, a direct determination of scattering parameters via
a femtoscopic fit is not feasible. Instead, the data are directly compared with the various models of the
interaction. These include, on the one hand, meson-exchange models, such as fss2 [21] and two versions
of soft-core Nijmegen models (ESC16 [20], NSC97f [51]), and on the other hand results of cEFT at
Next-to-Leading Order (NLO) [17]. The correlation function is modeled using the Lednický–Lyuboshits
approach [46] considering the couplings of the p–S0 system to p–L and n–S+ [47] with scattering param-
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A Short Comment on Small System
• p+p and p+A collisions have been used in the 

study of baryon interaction via femtoscopy

• Behavior consistent to hydrodynamical fluid is 
seen in violent (high-multiplicity) p+p and p+A
collisions

• Understanding the dynamics of small systems are 
relevant to the study of baryon interaction via 
femtoscopy
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Phys. Lee. B797 (2019) 134822. 
LL Correlation in p+p & p+Pb Collisions

2020/01/10 "Study of hadron interactions and exotic hadrons in the ALICE experiment at CERN LHC" at Hadron Spectroscopy Cafe

24

Detailed study of the L–L interaction with femtoscopy in small systems ALICE Collaboration

To investigate the L–L interaction the source sizes are fixed to the above results and the L–L corre-201

lations from all three data sets are fitted simultaneously in order to extract the scattering parameters.202

The correlation functions show a slight non-flat behaviour at large k⇤, especially for the pp collisions at203 p
s = 13 TeV (right panel in Fig. 1). Thus the fit is performed by allowing a non-zero slope parameter b204

(see Eq. 5). The fit range is extended to k⇤ < 460 MeV/c in order to better constrain the linear baseline.205

Due to the small primary l parameters (see Table 1) the L–L correlation signal is quite weak and the206

fit shows a slight systematic enhancement compared to the expected Ctot(k⇤) due to quantum statistics207

only, suggestive of an attractive interaction. However, the current statistical uncertainties do not allow to208

extract the L–L scattering parameters from the fit. Therefore, an alternative approach to study the L–L209

interaction will be presented in the next section. Systematic uncertainties related to the L–L emission210

source may arise from several different effects, which are discussed in the rest of this section.211

Previous studies have revealed that the emission source can be elongated along some of the spatial di-212

rections and have a multiplicity or kT dependence [48, 49]. These effects were investigated using a213

toy Monte Carlo, in which C(k⇤) was computed, using CATS, by choosing different interaction poten-214

tials. The resulting correlation function could be modeled by an effective one-dimensional Gaussian, as215

assumed in the present analysis.216

Possible differences in the effective emitting sources of p–p and L–L pairs due to the strong decays217

of broad resonances has been evaluated via simulations and estimated to have at most a 5% effect on218

the effective source size r0. This has been taken into account by including an additional systematic219

uncertainty on the rL–L value extracted from the fit to the p–p correlation.220

4 Results221

In order to extract the L–L scattering parameters, the correlation functions measured in pp collisions at222 p
s =7, 13 TeV as well as

p
sNN = 5.02 TeV are fitted simultaneously. The right panel in Fig. 1 shows223

the L–L correlation function obtained in pp collisions at
p

s = 13 TeV together with the result from the224

fit.
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Fig. 2: L–L correlations measured in pp collisions at
p

s = 13 TeV (left panel) and p–Pb collisions at
p

sNN =

5.02 TeV (right panel) together with the functions computed by the different models [20]. The tested potentials
have been converted to correlation functions using CATS and the baseline has been refitted for each model. The
effects of momentum resolution and residuals are included in the theory curves.

225

Since the uncertainties of the scattering parameters are large, different model predictions are tested on226

the basis of their agreement with the measured correlation functions.227
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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.

different markers and the phase space region in which the Lednický model produces an unphysical cor-275

relation is specified by the black hatched area. The STAR result is located in a region of phase space276

to which this analysis is not sensitive to. However, according to a re-analysis of the same data [20], the277

scattering length can be constrained to the value f�1
0 > 0.8 fm�1. This result can be tested within the278

current work, and Fig. 3 demonstrates that the ALICE data allow to extend those constrains. In particu-279

lar the region corresponding to a very attractive or a very weakly binding short-range interaction (small280

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

0 ) is in a very281

good agreement with the experimental results obtained from this analysis. A L–L bound state would282

correspond to negative f�1
0 and small d0 values. The present data are compatible with such a scenario,283

but the available phase space is strongly constrained. The HKMYY [22], FG [21] and HAL QCD [52]284

values are of particular interest, as the first two models are tuned to describe the modern hypernuclei285

data, while the latter is the latest state-of-the-art lattice computation from the HAL QCD collaboration.286

The lattice results are preliminary and predict the scattering parameters f�1
0 = 1.45± 0.25 fm�1 and287

d0 = 5.16±0.82 fm [52]. All three models are compatible with the ALICE data, providing further sup-288

port for a slightly attractive L–L interaction potential.289

A possible bound state is investigated within the effective-range expansion by computing the correspond-290

ing binding energy from the relation [53, 54]291

BLL =
1

mLd2
0

✓
1�

q
1+2d0 f�1

0

◆2

. (6)

This relation is only valid for bound states, which are characterized by negative f�1
0 values. Further,292

the binding energy has to be a real number, thus the expression 1+ 2d0 f�1
0 has to be positive, which293

implies that at least one of the parameters f�1
0 or d0 has to be small in absolute value. With these294

restrictions Eq. 6 allows to transform the observables in the exclusion plot (Fig. 3) from ( f�1
0 ,d0) to295

(BLL,d0), considering only the parameter space compatible with a bound state. This is done in Fig. 4,296

where only the 1s confidence region is shown, as it corresponds to the uncertainty of BLL. The dark297

region marks the statistical uncertainty of the fit. However the systematic uncertainties related to the298

source sizes are not taken into account, neither any possible biases related to the fit procedure. Thus the299
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Fig. 4: The region of the 1s confidence level from Fig. 3, displayed in the (BLL,d0) plane. The inner (dark)
region corresponds to the statistical uncertainty of the method, while the outer (light) region denotes the systematic
uncertainties related to the source sizes and fit ranges of the different data sets. The red star corresponds to the
parameters with the lowest c2.

computation of the exclusion plots (Figs. 3 and 4) was repeated 121 times, where in each re-iteration the300

source sizes related to the data sets were varied within the associated uncertainties, the fit ranges within301

k⇤ 2 {420,460,500} MeV/c and the bin widths of the experimental correlations were chosen as 12, 16302

and 20 MeV/c. The resulting fluctuations of the 1s confidence region are marked in Fig. 4 by the light303

region. The allowed binding energy, independent of d0, is BLL = 3.2+1.6
�2.4(stat)+0.8

�0.2(syst) MeV, where the304

central value corresponds to the lowest c2 and the errors are determined based on the lowest and highest305

allowed BLL values within the 1s confidence region.306

5 Summary307

In this Letter, new data on p–p and L–L correlations in pp collisions at
p

s = 13 TeV and p–Pb collisions308

at
p

sNN = 5.02 TeV are presented. Together with the results from a pioneering study on two-baryon309

correlations in pp at
p

s = 7 TeV, these data allow for a detailed study of the L–L interaction with310

unprecedented precision.311

Each data set has been analyzed separately by extracting the p–p and L–L correlation functions. The312

former are used to constrain the size of the source r0, which is assumed to be the same for p–p and313

L–L pairs. The L–L interaction is investigated by testing the combined compatibility of all data sets to314

different model predictions and scattering parameters. The ALICE data manifests a very good agreement315

with results from hypernuclei experiments and lattice calculations, both of which suggest a slightly316

attractive interaction potential. While the existence of a bound state cannot be excluded, the possible317

binding energy is restricted to BLL = 3.2+1.6
�2.4(stat)+0.8

�0.2(syst) MeV. The Run 3 of the LHC is expected318

to further increase the statistical significance of the L–L correlation function and allow to constrain the319

scattering parameters even more precisely in the future.320
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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.

different markers and the phase space region in which the Lednický model produces an unphysical cor-275

relation is specified by the black hatched area. The STAR result is located in a region of phase space276

to which this analysis is not sensitive to. However, according to a re-analysis of the same data [20], the277

scattering length can be constrained to the value f�1
0 > 0.8 fm�1. This result can be tested within the278

current work, and Fig. 3 demonstrates that the ALICE data allow to extend those constrains. In particu-279

lar the region corresponding to a very attractive or a very weakly binding short-range interaction (small280

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

0 ) is in a very281

good agreement with the experimental results obtained from this analysis. A L–L bound state would282

correspond to negative f�1
0 and small d0 values. The present data are compatible with such a scenario,283

but the available phase space is strongly constrained. The HKMYY [22], FG [21] and HAL QCD [52]284

values are of particular interest, as the first two models are tuned to describe the modern hypernuclei285

data, while the latter is the latest state-of-the-art lattice computation from the HAL QCD collaboration.286

The lattice results are preliminary and predict the scattering parameters f�1
0 = 1.45± 0.25 fm�1 and287

d0 = 5.16±0.82 fm [52]. All three models are compatible with the ALICE data, providing further sup-288

port for a slightly attractive L–L interaction potential.289

A possible bound state is investigated within the effective-range expansion by computing the correspond-290

ing binding energy from the relation [53, 54]291

BLL =
1

mLd2
0

✓
1�

q
1+2d0 f�1

0

◆2

. (6)

This relation is only valid for bound states, which are characterized by negative f�1
0 values. Further,292

the binding energy has to be a real number, thus the expression 1+ 2d0 f�1
0 has to be positive, which293

implies that at least one of the parameters f�1
0 or d0 has to be small in absolute value. With these294

restrictions Eq. 6 allows to transform the observables in the exclusion plot (Fig. 3) from ( f�1
0 ,d0) to295

(BLL,d0), considering only the parameter space compatible with a bound state. This is done in Fig. 4,296

where only the 1s confidence region is shown, as it corresponds to the uncertainty of BLL. The dark297

region marks the statistical uncertainty of the fit. However the systematic uncertainties related to the298

source sizes are not taken into account, neither any possible biases related to the fit procedure. Thus the299
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• Preceeding study by STAR collaboration
• Correlation function is very flat à Allowed region 

for scattering parameters, d0 and f0-1,is very large
• Possible bound state in the region at slightly 

negative f0-1 and d0 < 4

• Higher statistics at low k* region in Run 3
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First observation of the attractive interaction between proton and X baryons ALICE Collaboration

Figure 2 shows the X-nucleon strong interaction potential as a function of the pair separation distance r148

for the different combinations of isospin (I = 0, 1) and spin (S = 0, 1). The inset shows the correlation149

function computed with each component separately for a source radius of 1.4 fm. The different correla-150

tion functions obtained for the four I, S channels show the sensitivity to p–X� distances lower than 1.5151

fm. Nevertheless, such a precise test of the potential could be carried out only by improving the statistical152

uncertainties of the measurement by a factor 10, as it will be possible during the LHC Run 3.153

The genuine total p–X� correlation is obtained by computing the correlation function including the154

Coulomb and strong interaction for the four different states with CATS and then summing up the corre-155

lation functions with their specific statistical weights,156

Cp–X� =
1
8

CN–X (I = 0, S = 0)+
3
8

CN–X (I = 0, S = 1)

+
1
8

CN–X (I = 1, S = 0)+
3
8

CN–X (I = 1, S = 1).
(2)

The computation of the p–X� correlations is carried out by first fitting the normalization parameter a in157

the range 2 [250,600] MeV/c and then using the resulting Ctot(k⇤) correlation function to compare to158

experimental data.159

Systematic uncertainties of the predicted p–X� correlation function from Coulomb and Coulomb + strong160

interactions are evaluated by varying: i) the range where the normalization parameter a is estimated to161

[300,550] and [350,700] MeV/c , ii) the fit procedure by including the baseline Cnon-femto(k⇤) = (a+162

b · k⇤), iii) the l parameters by modifying the secondary contributions by 20% while keeping primary163

and secondary fractions constant, and iv) the radius r0 by decreasing it by 20% to account for possible164

variation of the p–X� source with respect to the p–p source due to the larger contribution of strong D165

decays to the latter .166

The comparison of the experimental p–X� data to the predicted correlation function including only the167

Coulomb potential and the Coulomb + strong potential in Fig. 1 shows that the latter is favored. The fact168

that the experimental p–X� correlation lays above the Coulomb fit means that the total interaction is more169

attractive than the assumption of a Coulomb-only interaction. The exclusion of this scenario is quantified170

by computing the p-value of the data-fit comparison considering for the experimental data the statistical171

errors and only the systematic errors that pass the Barlow criterion [40]. The Coulomb-only correlation172

function is compared to the data in k⇤ 2 [0,200] MeV/c and the obtained ns values range from 3.9 to173

4.7 . For the Coulomb + strong interaction ns values range from 1.8 to 2.8 . The deviation from the174

Coulomb prediction shows that the attractive strong potential of p–X� can be claimed as observed.175

In order to evaluate the consequences of this new observation for the EoS of NS, the X� single particle176

potential in pure neutron matter (PNM) at saturation density can be considered. First estimations from177

HAL-QCD result in a slight repulsion for X� in PNM of around 6 MeV [16]. Since current models [41]178

include a much wider range 2 [�40,40] MeV for the latter, the validated Lattice predictions impose a179

much more stringent constraint with consequences for the EoS containing hyperons. The slight repulsion180

that the X� single particle potential acquires in PNM translates into larger critical densities for the ap-181

pearance of X� within neutron-rich matter and in stiffer EoS. The upcoming LHC data sets will provide182

as well the opportunity to study also baryon-antibaryon combinations as antiproton-X� correlations.183

In summary, this letter presents the first measurement of the p–X� correlation function in p–Pb collisions184

at
p

sNN = 5.02 TeV. A fit of the p–p correlation function with a model including a quantitative treatment185

of residual correlations yields a radius of the particle emitting source of r0 = 1.427±0.007(stat.)+0.001
�0.014 (syst.) fm .186

The p–X� correlation is compared to Coulomb and Coulomb + strong interaction assumptions and a devi-187

ation between 3.8 and 4.6 ns to the Coulomb only correlation is measured. This means that an attractive188

p–X� strong interaction is observed. The lattice potential provided by the HAL-QCD Collaboration for189

the p–X� interaction is found to be consistent with our measurements. This measurement constrains190
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ESC16: Potential by Nijmegen group



p-Ξ- Correlation

• ALICE: p–Pb collisions at √sNN = 5.02 TeV & p-p collisions at √s = 13 TeV
• ESC 16 may be excluded
• Data with higher statistics in RUN3
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U(k) in Nuclear Matter by HAL-QCD

• PNM (pure neutron matter) & SNM (symmetric nuclear matter)
• Σ is repulsive in pure neutron matter (at normal nuclear density)
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FIGURE 4. Hyperon single-particle potentials UY (k) in nucleonic matter with the normal nuclear density, based on the hyperon
interaction potentials from QCD on lattice. Red, green, and blue curves are result with the reconstructed hyperon interaction
potentials from the flavor-base diagonal potentials. Sky-blue curves are UΞ(k) obtained with the original S=−2 hyperon interaction
potentials including the flavor SU(3) breaking.

The G-matrix G
SLJ
YN,YN(ω) describes YN to YN scattering in the nucleonic matter in the partial wave SLJ , and can be

obtained as a solution of the Bethe-Goldstone equation with a interaction potential Va,b

Ga,b(ω) = Va,b +
∑

c

∑

k,k′
Va,c |k, k′〉

Qc(k, k′)
ω − Ec(k, k′) + iε

〈k, k′|Gc,b(ω) (11)

where Q(k, k′) is the angle-averaged Pauli operator, and E(k, k′) is the energy of an intermediate baryon pair given by

EBB′(k, k′) = eB(k, ρ, x) + eB′ (k′, ρ, x) and eB(k, ρ, x) = MB +
k2

2MB
+ UB(k, ρ, x) (12)

in the so-called continuous choice. The last equation is the definition of single-particle potential of baryons in nuclear
matter UB(k, ρ, x), which is a part of the energy spectrum of baryons in nuclear matter eB(k, ρ, x).

These highly coupled equations are solved in an iteration procedure, and self-consistent G-matrix and potential
UB(k, ρ, x) are obtained. In this paper, we consider two representative nuclear matters, namely, the pure neutron matter
(PNM) with the proton fraction x = 0, and the symmetric nuclear matter (SNM) with x = 1/2. In addition, we fix the
density of matter at the so-called normal nuclear matter density ρ0 = 0.17 fm−3. Therefore, we suppress the arguments
ρ and x of UB in the following.

We need to proceed step by step, because the calculation of UΞ(k) needs UΛ(k) and UΣ(k) already obtained,
and calculation of UΛ(k) and UΣ(k) needs UN(k), the single-particle potential of the nucleon, already obtained. We
use Up(k) and Un(k) obtained in our BHF calculation by using the AV18 phenomenological two-nucleon force [19]
supplemented by the Urbana-type three-nucleon force [20]. It turns out that the resulting UY (k) are not sensitive to
the Up(k) and Un(k) used. For baryon mass MB, we use the realistic values MN=939 MeV, MΛ=1116 MeV, MΣ=1193
MeV and MΞ=1318 MeV, because baryon masses obtained in our lattice QCD simulation are almost realistic, and we
want to focus on the effect of hyperon interactions theoretically obtained.

Note that hyperon-nucleon interactions connect many two-baryon channels. Table 2 list the coupled channels
which enter into this calculation. We do not ignore any interaction in channels but include all of them. For example,
ΛΛ and ΛΣ interactions are included in our calculation. On the other hand, the sum about partial waves in eq.(10)
is restricted to 1S 0 and 3S 1-3D1 in this paper, since our lattice QCD-induced hyperon interaction is available only in

020002-7
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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 ⌦̄). The error bars correspond to the statistical errors and caps correspond to systematic
errors. The open crosses represent the ratio for background candidates from the side-band of ⌦ invariant mass. Predictions
for the ratio of small system to large system [22, 42] for proton-⌦ interaction potentials VI , VII and VIII for static source with
di↵erent 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).

U.S. DOE O�ce of Science, the U.S. National Science
Foundation, the Ministry of Education and Science of
the Russian Federation, National Natural Science Foun-
dation of China, Chinese Academy of Science, the Min-
istry of Science and Technology of China (973 Program
No. 2014CB845400, 2015CB856900) and the Chinese
Ministry of Education, the National Research Founda-
tion of Korea, Czech Science Foundation and Ministry of
Education, Youth and Sports of the Czech Republic, De-
partment of Atomic Energy and Department of Science
and Technology of the Government of India, the National
Science Centre of Poland, the Ministry of Science, Edu-
cation and Sports of the Republic of Croatia, RosAtom
of Russia and German Bundesministerium fur Bildung,
Wissenschaft, Forschung and Technologie (BMBF) and
the Helmholtz Association.

[1] A. R. Bodmer, Phys. Rev. D 4, 1601 (1971).
[2] E. Witten, Phys. Rev. D 30, 272 (1984).
[3] M. Prakash and J. M. Lattimer, Nucl. Phys. A 639, 433c

(1998).
[4] H. J. Schulze, A. Polls, A. Ramos and I. Vidana, Phys.

Rev. C 73, 058801 (2006).
[5] S. Weissenborn, D. Chatterjee and J. Scha↵ner-Bielich,

Nucl. Phys. A 881, 62 (2012).
[6] S. Petschauer, J. Haidenbauer, N. Kaiser, U.-G. Maißner

and W. Weise, Eur. Phys. J. A 52, 15 (2016).
[7] R. Ja↵e, Phys. Rev. Lett. 38, 195 (1977).
[8] V. G. J. Stoks and T. A. Rijken, Phys. Rev. C 59, 3009

(1999).
[9] Z. Y. Zhang, Y. W. Yu, C. R. Ching, T. H. Ho, and Z.

D. Lu, Phys. Rev. C 61, 065204 (2000).
[10] R. Machleidt, I. Slaus, J. Phys. G 27, R69 (2001).
[11] T. Inoue et al. (HAL QCD Collaboration), Prog. Theor.

Phys. 124, 591 (2010).
[12] S. R. Beane et al. (NPLQCD Collaboration), Phys. Rev.

Lett. 106, 162001 (2011).
[13] T. Inoue et al. (HAL QCD Collaboration), Phys. Rev.

Lett. 106, 162002 (2011).
[14] T. Inoue et al. (HAL QCD Collaboration), Nucl. Phys.

A 881, 28 (2012).
[15] F. Etminan et al. (HAL QCD Collaboration), Nucl. Phys.

A 928, 89 (2014).
[16] B. I. Abelev et al. (STAR Collaboration), Science 328,

58 (2010).
[17] L. Adamczyk et al. (STAR Collaboration), Phys. Rev. C

97, 054909 (2018).
[18] A. Gal, E. V. Hungerford and D. J. Millener, Rev. Mod.

Phys. 88, 035004 (2016) and references therein.
[19] J.Adams et al. (STAR Collaboration), Phys. Rev. Lett.

STAR: pW- Correlation in Au+Au

• Au+Au collisions at √sNN = 200 GeV, by STAR collaboration
– arXiv:1808.02511 [hep-ex]

• Correlation pattern depends on the collision centrality à The ratio between central to 
peripheral
– K. Morita, A. Ohnishi, F. Etminan and T. Hatsuda, PRC 94, 031901(R) (2016)

• The ratio is less than 1 in k* < 40 MeV/c  à Positive scattering length à Suggesting bound 
state of pW

28
6

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

p
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 [22] for proton-⌦ interaction potentials
VI , VII and VIII for source sizes Rp = R⌦ = 5 fm and Rp = R⌦ = 2.5 fm are shown in (a) and (b) respectively.

can be found in Ref. [39]. The impact of momentum res-
olution on correlation functions is negligible compared
with statistical errors.

To study the shape of correlation function for the back-
ground, the candidates from the side-bands of invariant
mass of ⌦ are chosen in the range M<1.665 GeV/c2 and
M>1.679 GeV/c2. These selected candidates are 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-band
of invariant mass of ⌦ with protons from di↵erent events
with approximately the same vertex position along the
z-direction.

RESULTS AND DISCUSSION

After applying the selection criteria for proton and
⌦ identification, as mentioned in the data analysis sec-
tion, a total of 38065±195 (8816±94) and 3037±55
(679±26) pairs of proton-⌦ and antiproton-⌦̄ for k⇤ <0.2
(0.1) GeV/c are observed for (0-40)% and (40-80)%
Au+Au collisions, respectively. The measured proton-⌦
and antiproton-⌦̄ correlation functions, P⌦ + P̄ ⌦̄, the
correlation functions after corrections for pair purity,
P⌦+ P̄ ⌦̄ (PP), and the correlation function after correc-
tions for pair purity and momentum smearing, P⌦+ P̄ ⌦̄
(PP+SC), for 0-40% and 40-80% Au+Au collisions atp
sNN = 200 GeV are shown in Figures 3 (a) and 3 (b).

The systematic errors for the measured proton-⌦ corre-

lation 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 a↵ect the purity of the
⌦ sample. The DCA and m2 requirements were varied
to estimate systematic from the proton purity. In addi-
tion, systematic errors from normalization and feed-down
contributions were also estimated. The systematic errors
from di↵erent sources were then added in quadrature.
The combined systematic errors are shown in Figure 3 as
caps for each bin of the correlation function.

Predictions for the proton-⌦ correlation function
from [22] for proton-⌦ interaction potentials VI , VII and
VIII for a static source with sizes Rp = R⌦ = 5.0 fm and
Rp = R⌦ = 2.5 fm are also shown in the Figure 3(a)
and Figure 3(b). The selected source sizes are not fit
to the experimental data. The choice of the potentials
in Ref. [22] is based on an attractive N⌦ interaction in
the 5S2 channel from the lattice QCD simulations with
heavy u-, d-, s- quarks from Ref. [15]. The potential VII

is obtained by fitting the lattice QCD data with a func-
tion V (r) = b1e�b2r

2

+b3(1�e�b4r
2

)(e�b5r/r)2, where b1
and b3 are negative and b2, b4 and b5 are positive, which
represents a case with shallow N⌦ bound state. Two
more potentials VI and VIII represent cases without a
N⌦ bound state and a deep N⌦ bound state, respectively.
Binding energy (Eb), scattering length (a0) and e↵ective
range (re↵ ) for the N⌦ interaction potentials VI , VII and
VIII are listed in Table II [22]. The measured correlation
functions for P⌦ + P̄ ⌦̄ are in agreement with the pre-
dicted trend for the P⌦ correlation functions with inter-
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ALICE: pΩ- Correlation

• pΩ- correlation in p+p collisions at √s = 13 TeV
• Compared with the two theoretical calculations: HAL-QCD  (PLB 792 (2019) 284)

& meson exchange (by Sekihara; PRC 98, 015205 (2018) )
• More attractive than pX-

• Theoretical uncertainty due to 3S1
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p-S0 Correlation
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30
Investigation of the p–S0 interaction via femtoscopy ALICE Collaboration
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Figure 3: Measured correlation function of p–S0 � p–S0. Statistical (bars) and systematic uncertainties (boxes) are
shown separately. The gray band denotes the p–(Lg) baseline. The data are compared with different theoretical
models. The corresponding correlation functions are computed using CATS [43] for cEFT [17], NSC97f [23]
and ESC16 [20], and using the Lednický–Lyuboshits approach [46, 47] for fss2 [21]. The width of the bands
corresponds to one standard deviation of the systematic uncertainty of the fit. The correlated uncertainty due to the
modeling of the p–(Lg) baseline is shown separately as the hatched area at the bottom of the figure.

eters extracted from the fss2 model. For the case of ESC16, NSC97f and cEFT, the wave function of the
p–S0 system, including the couplings, is used as an input to CATS to compute the correlation function.
The degree of consistency of the data with the discussed models is expressed by the number of standard
deviations ns , computed in the range k⇤ < 150 MeV/c from the p-value of the theoretical curves. The
range of ns shown in Table 2 is computed as one standard deviation of the corresponding distribution.
The data are within (0.2�0.8)s consistent with the p–(Lg) baseline, indicating the presence of an overall
shallow strong potential in the p–S0 channel. The main source of uncertainty of the modeling of the cor-
relation function is the parametrization of the p–(Lg) baseline due the sizeable statistical uncertainties
of the latter.

All employed models for the N–S interaction potential succeed in reproducing the scattering data in
the S = �1 sector [7]. Due to the available experimental constraints, the overall description of the
p–L interaction yields a consistent description. On the other hand, the corresponding p–S0 correlation
functions differ significantly among each other. This demonstrates that femtoscopic measurements can
discriminate and constrain models, and therefore represent a unique probe to study the N–S interaction.
Both fss2 and cEFT exhibit an overall repulsion in N–S at intermediate k⇤, which mainly occurs in the
spin singlet S = 0, I = 1/2 and spin triplet S = 1, I = 3/2 components [17, 21]. In the low momentum
region, below roughly 50 MeV/c, both models yield attraction, which is reflected in the profile of the
correlation function. The Nijmegen models, on the other hand, are characterized by a rather constant
attraction over the whole range of k⇤. In particular at low relative momenta, however, the behavior of
the two models deviates significantly. The shape of the correlation function of the most recent Nijmegen
model, ESC16, differs significantly from that of the other calculations. This is mainly due to the fact
that the occurrence of bound states in the strangeness sector (S = �1,�2,�3) is not allowed in the
model [20]. This leads to a repulsive core in all the N–S channels, which can well be observed in Fig. 3
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Figure 1: Invariant mass distribution of the Lg and Lg candidates, in two pT intervals of 1.5� 2.0 GeV/c and
6.5�7.0 GeV/c. The signal is described by a single Gaussian, and the background by a polynomial of third order.
The number of S0 candidates is evaluated within MS0(pT)±3 MeV/c2. Only statistical uncertainties are shown.

candidates stem from the right bunch crossing. In case a daughter track is used to construct two g , L,
and L candidates, or a combination thereof, the one with the smaller CPA is removed from the sample.
To suppress combinatorial background, only S0 candidates with pT > 1 GeV/c are used.

The resulting invariant mass spectrum is shown in Fig. 1 for two pT intervals. In order to obtain the
raw yield, the signal is fitted with a single Gaussian, and the background with a third-order polynomial.
Due to the deteriorating momentum resolution for low pT tracks, the mean value of the Gaussian MS0

exhibits a slight pT dependence, which is well reproduced in MC simulations. The S0 (S0) candidates for
femtoscopy are selected as MS0(pT)± 3 MeV/c2. The width of the interval is chosen as a compromise
between the candidate counts and purity. In total, about 115⇥103 (110⇥103) S0 (S0) candidates are
found at a purity of about 34.6%. Due to the enhanced combinatorial background at low pT, the purity
increases from about 20% at the lower pT threshold to its saturation value of about 60% above 5 GeV/c.
Only one candidate per event is used, and is randomly selected in the very rare case in which more
than one is available. In less than one per mille of the cases when the track of a primary proton is also
employed as the daughter track of the g or the L, the corresponding S0 candidate is rejected. Since only
strongly decaying resonances feed to the S0 [6], all candidates are considered to be primary particles.

3 Analysis of the correlation function

The experimental definition of the two-particle correlation function, for both p–p and p–S0 pairs, is given
by [41],

C(k⇤) = N ⇥ Nsame(k⇤)
Nmixed(k⇤)

k⇤!•���! 1, (1)

with the same (Nsame) and mixed (Nmixed) event distributions of k⇤ and a normalization constant N .
The relative momentum of the pair k⇤ is defined as k⇤ = 1

2 ⇥ |p⇤
1 � p⇤

2|, where p⇤
1 and p⇤

2 are the mo-
menta of the two particles in the pair rest frame, denoted by the ⇤. The normalization is evaluated in
k⇤ 2 [240,340]MeV/c for p–p and in k⇤ 2 [250,400]MeV/c for p–S0 pairs, where effects of final state
interactions are absent and hence the correlation function approaches unity.

The trajectories of the p–p and p–p pairs at low k⇤ are almost collinear, and might therefore be affected by
detector effects like track splitting and merging [42]. Accordingly, the reconstruction efficiency for pairs
in the same and mixed event might differ. To this end, a close-pair rejection criterion is employed re-
moving p–p and p–p pairs fulfilling

p
Dh2 +Dj⇤2 < 0.01, where the azimuthal coordinate j⇤ considers

5

g: measured via external conversion

arXiv:1910.14407

• p–Σ0 interaction in high-multiplicity pp collisions at √s = 13 TeV
• p–Σ0 correlation function is consistent with the p–(Lg) baseline ((0.2−0.8)σ) à

indicating the presence of an overall shallow potential 
• Present data cannot discriminate between the different models
à Two orders of magnitude larger data samples (expected from Run3&4) will  
provide tighter constraint to the models on the N–Σ sector



ALICE UPGRADE DURING LS2
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LHC Long Term Plan

• LS2 : 2019 – 2021May
– Experiments upgrade phase 1
– Injector upgrade
– Civil engineering for HL-LHC at ATLAS, CMS
– Magnet and cryogenics

• LS3 : 2025 – 2027(?)
– Experiments upgrade phase 2
– HL-LHC preparation

nRun3 : 2021Jun – 2024
� x2 p-p nominal luminosity
� x6 Pb-Pb nominal luminosity = min.bias 50 kHz

nRun4 : 2028 – HL-LHC RUN
� x5 to x7 p-p nominal luminosity
� x7 Pb-Pb nominal luminosity 

n aier
� HE-LHC (27 TeV) and FCC at 100 TeV (~2040)
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ALICE Upgrades during LS2

• New Inner Tracking System (ITS)
– 7 layers of MAPS

• New TPC Readout Chambers
– 4-GEM detectors

• New Forward Muon Tracker (MFT)
– vertex tracker at forward rapidity

• New trigger detectors (FIT, AD)
– centrality, event plane determination

• Upgraded read-out for TOF, TRD, MUON, 
ZDC, EMCal, PHOS

• Integrated Online-Offline system (O2)
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Purpose: Record minimum-bias Pb-Pb data at 50 kHz



Inner Tracking System (ITS)
• CMOS Monolithic Active Pixel Sensor (MAPS)

– 7 layers full pixel detector
(old = combination of strip, drift, and pixel)

– Light weight with carbon structure
– Larger area (10 m2)
– More pseudo rapidity coverage (–1.22 < h < 1.22)
– First layer closer to interaction point

(39 mm à 22 mm) 
• New beam pipe

• Improved features
– Low material (1.44% à 0.3% X0)
– Smaller pixel (50x425 µm2  à 27x28 µm2)
– Faster readout (1 kHz (slowest) à 100 kHz))
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TPC Upgrade
• Most important and challenging upgrade
• Traditional wire chamber system à 4 GEM system

– Deadtime-less reading by getting rid of Gating Grid
• Old readout: deadtime per event = 500 µs

– 530k channels, 200 ns sampling ADC data
• continuous data rate = 3.5 TB/s 
• massive online computing power required

• CNS-Tokyo & NIAS from Japan
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TPC Upgrade (cont.)
• LHC will provide ~50 kHz event rate in Pb+Pb collisions after LS2 
• electron drift time in TPC =100 µs
• Overlapping events

– 50 kHz =  collision every 20 µs
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MFT (Muon Front Tracker)
• MFT: New detector in ALICE

– 5 layer silicon pixels (ITS technology)
– 0.4 m2 area

• Add vertex capability to Muon Spectrometer
– background rejection
– distinguish prompt/charm-decay/bottom-decay
– improve momentum resolution

37

2020/01/10 "Study of hadron interactions and exotic hadrons in the ALICE experiment at CERN LHC" at Hadron Spectroscopy Cafe

Hiroshima group is participating this project



Data Taking Upgrade
• Triggering rare particles such as low pT heavy flavor multi-

particle decay from exotic particles in high multiplicity 
event is impossible
– decreasing threshold à trigger all garbage
– non-simple threshold type trigger à full data analysis I required (a 

dilemma)
– 50 kHz means always ~5 events overlapping in data for ALICE TPC 

= event-by-event data taking no longer possible

• The biggest decision for Run3 = Abandon “hardware 
trigger” in Pb+Pb collisions
– TAKE ALL DATA, STORE ALL without trigger à continuous readout
– data compression & online analysis are key technology
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trigger device

trigger device

trigger
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• Common to at least “major” and “new” detectors
• Detector Control System
• Trigger and timing distribution
• Data readout & processing with O(10) faster than CPUs

– sorting, online processing: clustering (large FPGA), tracking 
(commercial GPU)

• deploy ~350 for TPC (~6M CHF project)
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Common Readout Unit (CRU)



AFTER LS2 UPGRADE
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Performance of Upgraded ALICE
41

Run1+2 Run3 typical signals, physics

Minimum bias event

Untriggerable rare 
event

~ 109 events
(recorded)

~ 0.1 nb—1

x100 statistics = 
1011

~10 nb—1

• any kind of single particle analysis
• e+e— low invariant mass
• anti-nuclei (/4He) (already visible)
• low-pT multi-particle decay

• open heavy flavor baryons: Lc, Wc
• hyper-nuclei such as 3LH
• dibaryons
• (muti-)hyper nuclei

Triggerable rare 
event

~1010 events
(inspected)

~1 nb—1

x10 statistics = 
1011

~10 nb—1

• high pT jet related observables
• high pT gamma, electron
• such as ¡ and maybe top-quark 

related?

Central Barrel: ITS + TPC + …
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Performance after Upgrade: Light (anti-)nuclei
• ALICE can identify measure ALL charged particles, nuclei, and charged decay daughters, as 

well as photons
• Nuclei, anti-nuclei up to A=4 is measured in ALICE 2.76 TeV 40M Pb+Pb data in 2011
• In Run3: x2000 statistics (100 billion events) à ~20,000 4He and 6x106 3He
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Nucl. Phys. A 971 (2018) 1-20 , arXiv:1710.07531
rigidity

tim
e 
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penalty factor ~ 300/nucleon
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https://www.sciencedirect.com/science/article/pii/S0375947417304839
https://arxiv.org/abs/1710.07531


Expected Counts in Run3
3He 6,000,000
4He 20,000
3
LH 300,000

4
LH 800

4
LLH 34
XX 150,000
WW 3,000

• Upgrade of the ALICE Experiment: Letter Of 
Intent  (J. Phys. G 41 (2014) 087001)

• 1010 central Pb-Pb collisions at 𝑆HH = 5.5 𝑇𝑒𝑉
• Assume 8% efficiency per detected baryon 
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Johanna Stachel

Predictions for nuclei and hypernuclei and exotica

3He and 3LH were prediction and are in excellent agreement with new data from 
ALICE
test of statistical hadronization model over another 3 orders of magnitude

ΩΩ
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SUMMARY AND OUTLOOK
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Summary and Outlook
Summary
• Present status of studying light nuclei and hypernuclei
• Present status of di-baryon search and study of baryon interaction
• ALICE upgrade
Outlook
• Light nuclei and Hypernuclei
• High statistics multi-strange dibaryon data; WW、XW、XX、…
• Extension to Heavy Flavor (not discussed in this presentation)

– Heavy baryon yield and Baryon/Meson ratio -- di-quark condensation
– Two particle correlations; D-D、 Lc-D、 Lc-N,,,
– XYZ, …; feasibilities are to be studied

2020/01/10 "Study of hadron interactions and exotic hadrons in the ALICE experiment at CERN LHC" at Hadron Spectroscopy Cafe
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Summary and Outlook (Cont.)
Comment on femtoscopy of baryons
• Strange-baryons make weak decay, which means the angular asymmetry 

in the emitted particle (pion or Kaon)
• Whether is this information useful to constrain the spin of the mother 

nucleus?
– How effective is it?

2020/01/10 "Study of hadron interactions and exotic hadrons in the ALICE experiment at CERN LHC" at Hadron Spectroscopy Cafe
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BACKUP
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HEAVY FLAVOUR
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V2 and RAA of D mesons
• Both RAA and v2 at low pT can be fairly well described by the models 

which employs elastic collisions in expanding hydrodynamic medium; 
BAMPS elastic, MC@sHQ+EPOS2, TAMU and POWLANG HTL

2020/01/10 "Study of hadron interactions and exotic hadrons in the ALICE experiment at CERN LHC" at Hadron Spectroscopy Cafe

Siyu Tang05/11/2019 QM 2019
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•Both RAA and v2 can be fairly described by models at low pT (BAMPS elastic, MC@sHQ+EPOS2, 
TAMU and POWLANG HTL) via elastic collisions in expanding hydrodynamic medium

Non-strange D-meson v2

Poster by Stefano Trogolo

TAMU:PLB 733,445-450 (2014)     
PHSD: PRC 92, 014910(2015)       
POWLANG: EPJC 75,121(2015)   
MC@sHQ+EPOS:PRC 89, 014905

   LIDO: PRC 99, 064901(2018) 
   BAMPS: JPG 42, 115106(2015)  
   DAB MOD: PRC 96, 064903(2016)
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RAA and v2 of J/y
• At low pT: Large yield at mid-rapidity 

due to quark coalescence
• At high pT: RAA gets smaller and 

rapidity dependence is smaller

• Large J/ψ v2 in wide pT range
• J/ψ inherits elliptic flow of charm 

quarks
• Additional mechanisms may work for 

pT > 4 GeV/c? 

2020/01/10 "Study of hadron interactions and exotic hadrons in the ALICE experiment at CERN LHC" at Hadron Spectroscopy Cafe
Quark Matter, Wuhan, 04-09 Nov 2019 Michael Weber (SMI)

Quarkonia 
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Small systems: J. Ghosh, 5 Nov 2019, 10:00

Pb-Pb: X. Bai, 5 Nov 2019, 14:20

Quarkonia  R
AA

● Clear rapidity dependence of J/ψ R
AA

 at low p
T
 

○ Consistent with regeneration models

New
R

AA
 vs. p

T

J/ψ→e+e- 

J/ψ→μ+μ- 

Charm

Quark Matter, Wuhan, 04-09 Nov 2019 Michael Weber (SMI)

Quarkonia 
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Quarkonia  R
AA

● Clear rapidity dependence of J/ψ R
AA

 at low p
T
 

○ Consistent with regeneration models

Quarkonia v
2

● Large J/ψ v
2
 in large p

T
 range

○ Regeneration: J/ψ inherits elliptic flow of 

charm quarks)

○ Additional mechanisms at work? 

New
v

2
 vs. p

T

X. Bai, 5 Nov 2019, 14:20

J/ψ→μ+μ- 

Charm
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Bottomonium

• RAA as a function of <Npart> 
in Pb+Pb collisions • v2 of U(1S) in 

Pb+Pb ~zero

2020/01/10 "Study of hadron interactions and exotic hadrons in the ALICE experiment at CERN LHC" at Hadron Spectroscopy Cafe
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Upsilon suppression 

 Expected ordering observed: Y(1S) > Y(2S) > Y(2S+3S)

 Larger suppression in central collisions

 No significant pT and rapidity dependence

Songkyo Lee,

Tue 2:00

(HF 2)

ATLAS-CONF-2019-054

Quark Matter, Wuhan, 04-09 Nov 2019 Michael Weber (SMI)

Quarkonia 
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X. Bai, 5 Nov 2019, 14:20

 

 

● First measurement of Y (bottomonium) flow 

○ v
2
 ~ 0

Y 

ALICE, arXiv:1907.03169 [nucl-ex]

v
2
 vs. p

T

Quarkonia  R
AA

● Clear rapidity dependence of J/ψ R
AA

 at low p
T
 

○ Consistent with regeneration models

Quarkonia v
2

● Large J/ψ v
2
 in large p

T
 range

○ Regeneration: J/ψ inherits elliptic flow of 

charm quarks)

○ Additional mechanisms at work? 

Bottom

→ Not yet sensitive to distinguish models→ Run 3-4



Dead Cone Effect
• A universal property of all 

radiations: Suppression of 
emissions from a radiator (quark) 
within θ < mq/Eq
– Gluons radiated with a small kT are 

suppressed
• Jet reclustering techniques allow 

for an accurate reconstruction of 
splitting kinematics

• Splitting initiated by charm 
quarks (via the D0) is suppressed 
at small angles compared to 
inclusive jets
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Model Comparisons

Nima Zardoshti - Quark Matter 2019 Wuhan

Ø Reconstructed level PYTHIA simulations with the same admixture of prompt and non-prompt jets as in data are obtained
Ø Ratios to inclusive distributions are compared
Ø Good agreement with data 19
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Model Comparisons

Nima Zardoshti - Quark Matter 2019 Wuhan

Ø Reconstructed level PYTHIA simulations with the same admixture of prompt and non-prompt jets as in data are obtained
Ø Ratios to inclusive distributions are compared
Ø Good agreement with data 19
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Jing Wang (MIT), LBNL HF/MVTX Workshop (Berkeley)Jing Wang (MIT), Open HF: Experiments, QM 2019 (Wuhan) 15

One source of flavor hierarchy: Dead cone effect

• Dead cone effect
➡Radiation (for both vacuum and medium induced) 

is suppressed inside θ < m/E

• D-tagged jets have lower splitting at small angle
• First direct observation of dead cone effect!
• Lower-energy radiator has stronger effect

Large parton mass Small parton mass

m/E
m/E

Large θ Small θ

D0-tagged jets / Inclusive jets

pp

New
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Quark Matter, Wuhan, 04-09 Nov 2019 Michael Weber (SMI)

Angular momentum and magnetic field

25

S. Tang, 5 Nov 2019, 16:40

D meson ∆v
1
 vs. η 

ALICE, arXiv:1910.14406 [nucl-ex]

Final

● Strong magnetic field B

● Charge-dependent flow v
1
 of heavy- and 

light quark particles
– sensitive to early / late times  

● Effect for D mesons about three orders of 

magnitude larger than that of charged 

hadrons

 
→ Significance ~2.5 σ; to be confirmed with 
higher statistics data in future (Run 3-4) 

Strong EM Field at Initial Stage
• Strong magnetic field 

(~1018 G) is generated in 
non-central heavy-ion 
collisions

• Heavy quarks are suited 
to detect the EM effect at 
initial stage

• dΔv1/dη slope: positive 
(LHC-ALICE) vs. negative 
(RHIC-STAR)?

2020/01/10 "Study of hadron interactions and exotic hadrons in the ALICE experiment at CERN LHC" at Hadron Spectroscopy Cafe

Siyu Tang05/11/2019 QM 2019 !13

D-meson v1

c quarks
Phys.Lett. B768 (2017) 260-264 •Charm quarks are produced when the intensity of 

magnetic field is maximum  
—— powerful probe to quantify the initial magnetic 
field directly

Quark Matter, Wuhan, 04-09 Nov 2019 Michael Weber (SMI)

Angular momentum and magnetic field
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S. Tang, 5 Nov 2019, 16:40

D meson ∆v
1
 vs. η 

ALICE, arXiv:1910.14406 [nucl-ex]

Final

● Strong magnetic field B

● Charge-dependent flow v
1
 of heavy- and 

light quark particles
– sensitive to early / late times  

● Effect for D mesons about three orders of 

magnitude larger than that of charged 

hadrons

 
→ Significance ~2.5 σ; to be confirmed with 
higher statistics data in future (Run 3-4) 

ALICE STAR
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Lc/D Ratio in pp and Pb-Pb 
Collisions

• Sensitive to quark-quark correlation in baryons (and 
in QGP?)

• Large enhancement in pp and Pb-Pb collisions 
compared to those in ee and ep collisions
– We need higher statistics for Pb+Pb collisions

• Multiplicity dependence in pp collisions is compared 
with Pythia
– Default Pythia provides the ratio similar to ee and ep data
– Pythia with color reconnection describe the data (ratio) well, 

while cross sections are not reproduced 
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Heavy quark hadronisation

40

Λ
c
/D ratio

● Sensitive to hadronisation mechanism

○ Recombination → enhancement

○ Already an enhancement in small systems  

G. Innocenti, 5 Nov 2019, 11:00

New since last QM

Pb-Pb

Λ
c
/D ratio

ee,ep  
colliders

pp

Quark Matter, Wuhan, 04-09 Nov 2019 Michael Weber (SMI)

Heavy quark hadronisation
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G. Innocenti, 5 Nov 2019, 11:00

ee,ep  
colliders

NewΛ
c
/D ratio

● Sensitive to hadronisation mechanism

○ Recombination → enhancement

○ Already an enhancement in small systems

● Multiplicity dependence in pp collisions

○ Enhancement over default Pythia 

○ Color reconnection models describe data

(but cross section not reproduced) 

pp

Λ
c
/D ratio

54



Exotic 𝒄"𝒄 States XYZ
• 20+ new states containing 𝒄𝒄 ̅ have been 

discovered since 2003, which do not fit in the 
picture of normal charmonium
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Compact 
tetraquark/pentaquark

u 𝒄
)𝒖)𝒄

Diquark-diquark
PRD 71, 014028 (2005)
PLB 662 424 (2008)

Hadronic Molecules

𝒄)𝒖

u)𝒄

𝜋
D0

PLB 590 209 (2004)
PRD 77 014029 (2008)
PRD 100 0115029(R) (2019)

u
𝒄

)𝒖
)𝒄

Hadrocharmonium/
adjoint charmonium
PLB 666 344 (2008)
PLB 671 82 (2009)

Mixtures of exotic + conventional states
PLB 578 365 (2004)
PRD 96 074014 (2017)
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Yen-Jie Lee (MIT)

Invariant Mass Spectra in PbPb Collisions at 5 TeV

7Observation of X(3872) in PbPb collisions

ȥ(2S)
X(3872)

� First evidence of inclusive X(3872)
production in heavy ion collisions!

(statistical significance > 3 σ)

� A clear ψ(2S) signal to the same 
final state is also observed

� To gain more insights: quantify the 
prompt X(3872) to ȥ(2S) ratio

CMS-PAS-HIN-19-005
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Puzzling X(3872)/𝝍(𝟐𝑺) in PbPb
• In pp: Increasing suppression of 𝑿(𝟑𝟖𝟕𝟐)/𝝍(𝟐𝑺)  with increase of event activity
• In PbPb: the ratio ~ 1

– RAA(𝝍(𝟐𝑺)) ~ 0.1 - 0.15  à RAA(X3872) ~ 1 – 1.5 (= not suppressed or even enhanced)
– Please note that in pT > 10 GeV/c quark or hadron coalescence is NOT likely a dominant process

2020/01/10 "Study of hadron interactions and exotic hadrons in the ALICE experiment at CERN LHC" at Hadron Spectroscopy Cafe

56

Yen-Jie Lee (MIT)

Ratio of X(3872) to ȥ(2S) Yields in pp and PbPb

13Observation of X(3872) in PbPb collisions

Indication of R enhancement in PbPb 
collisions with respect to pp at 7 and 8 TeV

In PbPb collisions:

CMS-PAS-HIN-19-005
Yen-Jie Lee (MIT)

Charmonia Nuclear Modification Factors in PbPb

21Observation of X(3872) in PbPb collisions



SMALL SYSTEM
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A Short Detour to Small System
• p-p and p-A collisions have also been utilized in 

the study of baryon interaction via femtoscopy

• Behavior consistent to hydrodynamical fluid is 
seen in violent p-p and p-A collisions

• Understanding the dynamics of small systems are 
relevant to the study of baryon interaction via 
femtoscopy
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Spatial Correlations in Small Systems
• Two competing views on the origin of spatial correlations in small systems

– Hydrodynamical fluid, starting from the initial geometry
– Initial state correlations (due to color domains)
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Geometry à Final State Flow

Color Domains à Initial State Correlations
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Color Domains à Initial State Correlations



vn in p+Au, d+Au and 3He+Au by PHENIX 
• Good agreement between the experimental results and hydro 

calculations, which backs up the interpretation with hydro
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CGC Model
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MSTV  Phys.Rev.Lett. 121 (2018) no.5, 052301
MSTV  Phys.Lett. B788 (2019) 161-165
MSTV  https://arxiv.org/abs/1901.10506

Reported to work OK, but trivial error 
was found in the code

• Erratum: PRL 121 (2018) no.5, 052301
• Corrigendum: PLB788 (2019) 161-165 

CGC alone is not enough 
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Particle Yield vs. dNch/dh
• Systematic trend of yield ratios as a 

function of charged particle multiplicity; 
from p+p, p+A to A+A

• Strong yield suppression of multi-strange 
baryons at low multiplicity, i.e. in small 
systems  
– could be a good probe to study the dynamics of 

small systems 

• Trend is successfully reproduced by the 
hydro model with dynamical core-corona 
initialization by Hirano group
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Particle production vs multiplicity 
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Strangeness enhancement/suppression
● Focus on multi-strange particles, e.g. Ξ
● Strongly suppressed in small systems

Hadronic resonances A. Khuntia, 5 Nov 2019, 16:40

LF production, small systems S. Pisano, 6 Nov 2019, 11:40

New

Yield ratios vs. dN/dη
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