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Ø QGP	as	a	thermodynamic	system
• Link	to	LQCD	via	conserved-charge	fluctuations
• Do	conserved	charges	feel	the	early	magnetic	field?
• Can	we	extract	the	speed	of	sound	in	the	QGP?

Ø Particle	production
• String	fragmentation and/or	statistical	model	and/or	coalescence?
• Nature	of	(hyper)nuclei	formation
• Testing	CPT	symmetry	via	multistrange particles
• Exotic resonances,	tetraquarks etc.

Ø Correlations
• Nature	of	correlations	and	their	origin	in	time
• Size	and	shape	of	the	system

Ø QGP/Collectivity	in	small	systems?
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A Large	Ion	Collider	Experiment
Run	1 −	2

18/05/2021        EP-ESE Seminar - Torsten Alt 10

The past

Ø Time	Projection	Chamber	(TPC)
→	Multi-Wire	Proportional	Chamber	(MWPC)
→	 Particle	identification	(PID)	and	tracking

Ø Inner	Tracking	System	(ITS)
→	6	layers	
→	Vertexing	and	tracking	

Ø V0
→	Trigger	and	centrality	determination

Ø Time	Of	Flight	(TOF)	
→	Tracking	and	PID
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A Large	Ion	Collider	Experiment
Run	1 −	2

18/05/2021        EP-ESE Seminar - Torsten Alt 10

The past

18/05/2021        EP-ESE Seminar - Torsten Alt 11

The futureRun	3

ALICE	upgrade	during	long	shutdown	2

Ø Time	Projection	Chamber	(TPC)
→	Multi-Wire	Proportional	Chamber	(MWPC)
→	 Particle	identification	(PID)	and	tracking

Ø Inner	Tracking	System	(ITS)
→	6	layers	
→	Vertexing	and	tracking	

Ø V0
→	Trigger	and	centrality	determination

Ø Time	Of	Flight	(TOF)	
→	Tracking	and	PID

ü Continuous	readout	→	More	statistics
ü Better	vertexing and	higher	efficiency at	low	pT
⟹ Online	reconstruction	and	data	compression	
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→	Tracking	and	PID
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Ø Time	Projection	Chamber	(TPC)
→	 Gas	Electron	Multiplier	(GEM)

Ø Inner	Tracking	System	(ITS)
→ 7	layers,	improved	resolution,	less	material	

Ø Fast	Interaction	Trigger	(FIT)
→ New	trigger	detector

Ø Readout	upgrades	
→	TOF,	TRD,	Muon	Spectrometer,	ZDC,	

Calorimeters	
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Ø Time	Projection	Chamber	(TPC)
→	Multi-Wire	Proportional	Chamber	(MWPC)
→	 Particle	identification	(PID)	and	tracking
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→	6	layers	
→	Vertexing	and	tracking	

Ø V0
→	Trigger	and	centrality	determination

Ø Time	Of	Flight	(TOF)	
→	Tracking	and	PID

So	far	in	Run	3:	~x800	more	pp	and	~x30	more	Pb−Pb	min.	bias	collisions
4	June,	Beomkyu	Kim,	
Roman	Nepeivoda

ALICE	Coll.,	CERN-EP-2023-009
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QGP	as	a	thermodynamic	system
PbPbPbppp
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Testing	LQCD	via	event-by-event	fluctuations

𝜅' → cumulants	of	∆𝑁* = 𝑁* − 𝑁*,

𝜒.* =
𝜅.(Δ𝑁*)
𝑉𝑇4

LQCD ↔ Experiment↔ HRG

Pb−PbBaryon	(B),	strangeness	(S)	and	charge	(Q)	conservation:	How	early	does	it	happen?	

𝜌(𝑎, 𝑏) =
𝜅::(𝑎, 𝑏)
𝜅.(𝑎)𝜅.(𝑏)
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Event-by-event observables and charge conservation

6

● Net-particle fluctuations at the LHC
○ Net-proton→ VC ~ 3 dV/dy
○ Net-Ξ → VC ~ 3 dV/dy

● Large correlation volume for baryon and strangeness conservation
○ Exact VC value depends on the different model implementations

S. Saha - June 4th, h. 17.10

SQM2024

ALICE Coll., Phys. Lett. B 844 (2023) 
137545
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𝜌(𝑎, 𝑏) =
𝜅::(𝑎, 𝑏)
𝜅.(𝑎)𝜅.(𝑏)
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Testing	LQCD	via	event-by-event	fluctuations

1) Net-p:	Long	range	(~3dV/dy ),	i.e.	early	time,	correlation
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Testing	LQCD	via	event-by-event	fluctuations

1) Net-p,	net-Λ:	Long	range	(~3dV/dy ),	i.e.	early	time,	correlation
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correlation in the SHM increases with decreasing correla-
tion volume Vc for baryon number conservation which is
used in the following for a determination of Vc. In order to
determine the correlation volume for the baryon quantum
number, a χ2 minimization is performed by varying the Vc
parameter in the SHM model and comparing the result to
the measured correlation as a function of centrality. The Vc
interval probed in this case spans from 1 to 5 units of
rapidity, and the value that describes best the measurement
is Vc ¼ 1.6" 0.3 dV=dy with a fit probability of 85%. The
SHM configuration with Vc ¼ 4.8 dV=dy that correctly

describes the net-proton number fluctuations in central
Pb-Pb collisions [26,28] is compatible within uncer-
tainties with the measured ρp̄ d̄ only in central collisions.
Conversely, this configuration is excluded with a 4σ confi-
dence level when compared with the measurements in all
centrality classes.
Several consistency checks such as the correlation

between p̄ and d̄ from different events, the correlation
between antibaryon (d̄) and baryon (p) were performed for
a better understanding of the observed correlation. The
correlation between p̄ and d̄ from mixed events is served as
a null hypothesis test of the measurements and the obtained
results are consistent with zero as expected. However, a
positive correlation is observed between antibaryon and
baryon. This positive correlation is expected due to baryon
number conservation [10], whereas in simple coalescence
model no correlation between baryon and antibaryon is
expected as d̄ is not produced from the coalescence of p.
Figure 3 shows the same Pearson correlation coefficient

in three centrality intervals as a function of the η acceptance
of p̄ and d̄ selection. The observed anticorrelation is
increasing with acceptance, and the effect is more pro-
nounced for peripheral collisions. Simple coalescence
calculations do not capture this trend. On the other hand,
this measurement should motivate further calculations with
more refined coalescence models. The decreasing trend
seen in the SHM with Vc ¼ 1.6 dV=dy describes the
experimental data. In the CE version of SHM model,
anticorrelation between antibaryons depends on the frac-
tion of antibaryon number in the acceptance out of the total
conserved antibaryon numbers [10,11,25,28]. Therefore,
the increased negative correlation magnitude with increas-
ing acceptance can be understood as a consequence of
baryon number conservation.
In summary, the measurement of d̄ production fluc-

tuation is a valuable tool to challenge the nucleosynthesis

FIG. 2. Pearson correlation between the measured p̄ and d̄
as a function of collision centrality in Pb-Pb collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. Bars and boxes represent statistical and
systematic uncertainties, respectively. Measured correlations
are compared with estimations from the CE version of the
SHM for two different baryon number conservation volumes,
from coalescence model and from MUSICþ UrQMDþ COAL.

FIG. 3. Dependence of p̄–d̄ correlation on pseudorapidity acceptance of p̄ and d̄ selection in Pb-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV
for three different centrality classes. Measurements are compared with calculations from the CE version of the SHM, coalescence
model and MUSICþ UrQMD þ COAL.

PHYSICAL REVIEW LETTERS 131, 041901 (2023)

041901-4

(ALICE	Coll.,	Phys.	Rev.	Lett.	131,	041901)

Testing	LQCD	via	event-by-event	fluctuations

1) Net-p,	net-Λ:	Long	range	(~3dV/dy ),	i.e.	early	time,	correlation
2) 𝜌=>?> suggests	~1.6dV/dy	⟹ Shorter	range:	Baryon	number	conservation	+	coalescence?
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Pb−PbBaryon	(B),	strangeness	(S)	and	charge	(Q)	conservation:	How	early	does	it	happen?	

1) Net-p,	net-Λ:	Long	range	(~3dV/dy ),	i.e.	early	time,	correlation
2) 𝜌=>?> suggests	~1.6dV/dy	⟹ Shorter	range:	Baryon	number	conservation	+	coalescence?
3) 𝜌?>@A suggests	~3dV/dy
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Testing	LQCD	via	event-by-event	fluctuations
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4	June,	Mario	Ciacco

Pb−PbBaryon	(B),	strangeness	(S)	and	charge	(Q)	conservation:	How	early	does	it	happen?	

1) Net-p,	net-Λ:	Long	range	(~3dV/dy ),	i.e.	early	time,	correlation
2) 𝜌=>?> suggests	~1.6dV/dy	⟹ Shorter	range:	Baryon	number	conservation	+	coalescence?
3) 𝜌?>@A suggests	~3dV/dy

*)	Another	approach	for	the	Vc treatment	is	in	progress	(P.	Braun-Munzinger,	K.	Redlich,	A.	Rustamov,	J.	Stachel,	arXiv:2312.15534v1)	
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Testing	LQCD	via	event-by-event	fluctuations
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Conserved	charge	fluctuations	to	probe	early	magnetic	field
Pb−PbMagnetic	field	+	LQCD	EOS	→ Any	modification	in	chiral	susceptibilities?	

  
Swati Saha, NISER, India 12

H.-T. Ding et al., Phy.Rev.Lett 132 (2024) 201903

Magnetic field effect ?

Proxies:		
Charge:	K,	π,	p	
Baryon:	p	
Strangeness:	K	

Observables

3

Proxies:
➔ Charge (Q): K, π, p
➔ Baryon (B):  p
➔ Strangeness (S): K

➔ Due to the limitation in detecting all baryons and strange hadrons experimentally, net-proton (p) and net-kaon (K) 
are considered as proxies for the net-baryon and net-strangeness. 

B = no. of baryons – no. of anti-baryons
S = no. of strange particles – no. of anti-strange particle
Q = no. of pos. charged particle – no. of neg. charged paritcle

➔ The susceptibilities are related to the cumulants (σ) of the event-by-event distribution of the associated conserved 
charges.

H.	T.	Dong,	et.	al.,	
Phys.	Rev.	Lett.	132	(2024)	201903
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➔ Due to the limitation in detecting all baryons and strange hadrons experimentally, net-proton (p) and net-kaon (K) 
are considered as proxies for the net-baryon and net-strangeness. 

B = no. of baryons – no. of anti-baryons
S = no. of strange particles – no. of anti-strange particle
Q = no. of pos. charged particle – no. of neg. charged paritcle

➔ The susceptibilities are related to the cumulants (σ) of the event-by-event distribution of the associated conserved 
charges.

4	June,	Swati	Saha

Pb−Pb
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Magnetic	field	+	LQCD	EOS	→ Any	modification	in	chiral	susceptibilities?	
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1) Increase	towards	peripheral	collisions
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Pushing	2nd net-p	to	the	limits

More	peripheral	and larger	momentum

 
 

Studying magnetic fields with 
net-proton fluctuations with ALICE
Ilya Fokin for the ALICE Collaboration 

Universität Heidelberg, Germany, fokin@physi.uni-heidelberg.de

• Fluctuations are a powerful tool to study QCD phase diagram 

• Cumulants  are related to thermodynamic susceptibilities which can be 

calculated from first principles in lattice QCD (LQCD) [1] 

• Proton number is used as a proxy for baryon number [2] 

• LQCD: larger susceptibilities in the presence of large magnetic fields [3] 

 

κn

Fluctuations and lattice QCD

• Considering only statistical fluctuations, the second order cumulant of the 

distribution of the net-proton number is given by 

• Deviations from this baseline may arise from 

• local baryon number conservation: unlike-sign correlations 

• (anti-)proton clusters: like-sign correlations [4,5] 

• Measured values depend on the fraction of (anti-)protons in the acceptance
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• Probabilistic way of calculating moments of multiplicity distributions [6] 

→  Avoids problem of misidentification 

• Probability distribution functions obtained from fits of the dE/dx distributions 

• PID contamination at large momenta estimated using templates from MC

Identity method

• First measurement of net-proton cumulants above p = 2 GeV/c 

• Similar proton number in both acceptances in central collisions: same baseline 

• Low momenta: weak centrality dependence (due to radial flow?) 

• High momenta: significant increase towards peripheral collisions!

Second order cumulants

• Time Projection Chamber (TPC): tracking and particle identification via 

specific energy loss dE/dx 

• Time-Of-Flight (TOF): 
proton selection for 

p ≥ 1.5 GeV/c 
• V0 scintillators: 

centrality determination 

from 0% (most central) to 

90% (peripheral) 

• 110M Pb–Pb collisions 
at 5.02 TeV recorded in 2018

Detector and dataset
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• Trend at peripheral collisions for high momentum protons is consistent with 

LQCD expectation with strong magnetic field  

• Can also be qualitatively explained by p–p and p–p correlations 

Conclusions

Net-proton fluctuations as a magnetometer for heavy-ion collisions?

Can we measure the magnetic field produced in peripheral collisions?
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Conserved	charge	fluctuations	to	probe	early	magnetic	field

4	June,	Swati	Saha

Pb−Pb

1) Increase	towards	peripheral	collisions
2) Similar	behavior	is	also	observed	in	net-p	fluctuations	for	the	larger	momentum	range	
⟹ Magnetic	field	or	?

Magnetic	field	+	LQCD	EOS	→ Any	modification	in	chiral	susceptibilities?	

ALI-PREL-550875

Proxies:		
Charge:	K,	π,	p	
Baryon:	p	
Strangeness:	K	

Observables

3

Proxies:
➔ Charge (Q): K, π, p
➔ Baryon (B):  p
➔ Strangeness (S): K

➔ Due to the limitation in detecting all baryons and strange hadrons experimentally, net-proton (p) and net-kaon (K) 
are considered as proxies for the net-baryon and net-strangeness. 

B = no. of baryons – no. of anti-baryons
S = no. of strange particles – no. of anti-strange particle
Q = no. of pos. charged particle – no. of neg. charged paritcle

➔ The susceptibilities are related to the cumulants (σ) of the event-by-event distribution of the associated conserved 
charges.

H.	T.	Dong,	et.	al.,	
Phys.	Rev.	Lett.	132	(2024)	201903
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Speed	of	sound	in	QGP
Pb−PbCan	we	extract	the	speed	of	sound	in	the	QGP?

F.	G.	Gardim	et.	al,	Nature	Phys.	16	(2020)	6,	615-619
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Speed	of	sound	in	QGP
Pb−PbCan	we	extract	the	speed	of	sound	in	the	QGP?

3

FIG. 3. (left) As in Fig. 1 we show the ultracentral hpT i for variations of the nucleon width w (purple), the initial state
fluctuations by �fluct (red) and the TRENTo parameter q (green). The lines extend to the 0.001% centrality bin, so that it
is clear that more fluctuations (red) lead to a higher ultracentral multiplicity and hpT i, but do not change the slope. On the
other hand and q affects the slope significantly, which can be explained by the fact that ultracentral collisions in the case of
large q select a smaller initial QGP as measured by the RMS of the energy density (right).

FIG. 4. One of the central results of this Letter is that the slope of the ultracentral hpT i depends strongly on the centrality
definition. Perhaps unsurprisingly, selecting centrality using a calorimeter (upper-left and upper-middle) causes a selection
effect that favors a larger slope towards ultracentral collisions. This effect is stronger when defining centrality in the same
region as the hpT i due to auto-correlation (upper-left). Similar effects are present when using charged multiplicity, whereby
especially a pT cut on multiplicity favors higher hpT i (right panels).

deposition, which as opposed to participant energy de-
position is most effective in depositing entropy when all
nucleons are in a small area. A constant area is a crucial
assumption in [4], as a smaller area automatically implies
a stronger radial flow and higher hpT i. We find that a
large nucleon width changes the shape of the curve, but
does not change the slope significantly.

Another crucial aspect of the ultracentral hpT i is the
(experimental) centrality selection (see also [6, 8, 23]).
Traditionally centrality has been regarded as a measure
for impact parameter, but the more modern view is event
activity. Event activity can however be estimated in sev-
eral ways, each looking at activity in different areas of
phase space. The two most standard estimators are for-
ward multiplicity (for ALICE V0 this is given by V0A
(2.8  ⌘  5.1) and V0C (�3.7  ⌘  �1.7) or for-

ward energy as measured by a calorimeter. Alternatively
it is possible to use mid-rapidity activity (see e.g. [24]),
which however has the feature that centrality often self-
correlates with the observable measured. Lastly, while
experimentally challenging, a lack of detected spectators
in the ZDC detector can also signal a more central colli-
sion. Within Trajectum we can mimic all these strategies
and hence make an apples-to-apples comparison with the
measurement.1

1 For mid-rapidity versus forward centrality selection it is impor-
tant that the hydrodynamics in this work is boost invariant. The
difference between the two hence only includes thermodynamic
fluctuations at freeze-out, but ignores fluctuations in the initial
condition. This hence serves as a lower bound on the difference
in the selection.

Impact	of	kinematic	acceptance	and	centrality	estimator?	

G
.	N

ijs	et.	al.,	Phys.	Lett.	B	853	(2024)	138636
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1) Our	preliminary	findings	indicate	a	strong	dependence	on	the	kinematic	acceptance	and	centrality	estimator
2) How	about	higher	order	moments	of	<pT>	distribution?	
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4	June,	Emil	Gorm Nielsen

ET based	cent.	est.
Nch based	cent.	est.	
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Speed	of	sound	in	QGP

4	June,	Emil	Gorm Nielsen

Pb−Pb
cn :	nth	order	multiparticle [pT]-cumulant

1) The	data	is	described	by	the	state-of-art	hydrodynamic	model	up	to	4th order
(𝑐C ∈ (0.122,0.144)	is	obtained	as	in	data	using	Nch at	midrapidity	as	centrality	definition)

G.	Nijs	et.	al.,	Phys.	Lett.	B	853	(2024)	138636



Particle	production
PbPbPbppp
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Particle	production:	Big	picture

New	Run	3	data	fits	with	world	trend	

4	June,	Beomkyu Kim,
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(Multi)strange	baryon	production
pp

What	can	we	learn	from	high	precision	(multi)strange	baryon	measurements?	

  

      and      reconstruction
● Proton is detected in the tracking system

● Two    can be detected either in calorimeters 
(PHOS, EMCal, DCal) or via PCM

● Both PCM-Calo and PCM-PCM techniques 
give results that are in agreement with each 
other

● Secondary vertex can be reconstructed using 
only    measured with PCM

10
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NEW

1) Σ baryons:	New	techniques	will	allow	for	Σ-hypernuclei search	and	hadron-Σ interaction	measurements	in	Run	3
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(Multi)strange	baryon	production

4	June,	Pavel	Gordeev,	Romain Schotter

pp
What	can	we	learn	from	high	precision	(multi)strange	baryon	measurements?	

1) Σ baryons:	New	techniques	will	allow	for	Σ-hypernuclei search	and	hadron-Σ interaction	measurements	in	Run	3
2) 𝚵 and	Ω:	World’s	most	precise	mass	measurements

ü Present	results	still	consistent	with	CPT	symmetry

04/06/2024 Romain Schotter - SQM2024
25

Final results rely on ~30 000 (Ξ-+Ξ+) and ~20 000 (Ω-+Ω+), with 96% and 90% purities respectively 
Out of the initial 2 400 000 (Ξ-+Ξ+) and 130 000 (Ω-+Ω+) candidates

Final results: Ω± mass values

Hartouni et al., Phys. Rev. Lett. 54, 628–630 (1985)
ALICE preliminary

● Precision is now dominated by 
the systematic uncertainties

● 10-fold improvement on the     
Ω± mass values 

● Mass is consistent with the 
PDG mass

  10/14

NEW
!

NEW
!

04/06/2024 Romain Schotter - SQM2024
11

Mass extraction principle
Statistical identification of Ξ± and Ω± using an invariant mass analysis

→ Invariant mass fit with a triple Gaussian + an exponential functions

● Extracted mass (μ)

= centre of the inv. mass peak 

= mean of the triple Gaussian functions

● High purity sample (~ 95% for Ξ± and ~90% for Ω±)

→ good control over the background shape

    6/14

NEW
!

NEW
!
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● Proton is detected in the tracking system

● Two    can be detected either in calorimeters 
(PHOS, EMCal, DCal) or via PCM

● Both PCM-Calo and PCM-PCM techniques 
give results that are in agreement with each 
other

● Secondary vertex can be reconstructed using 
only    measured with PCM
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Nature	of	exotic	resonances	f0(980)	and	f1(1285)?
ppWhat	are	their	quark	content?	

1) First	measurements	of	inclusive	f0(980)	and	f1(1285)	resonances
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Nature	of	exotic	resonances	f0(980)	and	f1(1285)?

4	June,	Prottay Das

ppWhat	are	their	quark	content?	

1) First	measurements	of	inclusive	f0(980)	and	f1(1285)	resonances
2) f1(1285)	data	is	consistent	with	thermal	model	calculations	that	do	not	include	strange	quarks
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Hypernuclei production
Pb−PbHow	does	the	nuclear	production	mechanism	of	hypernuclei works?

Ø Statistical	hadronisation	
vs	coalescence

Yuanzhe Wang || SQM 2024 || Strasbourg05/06/2024

Performance with ALICE Run 3 data
‣ Heavier hypernuclei (A  4) measurable in pp collisions
‣ Significant hypertriton peak in Run 3 Pb-Pb collisions
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New!

Ø hyperon-nucleon	(Y-N)	
interaction	→ neutron	
stars

1) 𝐇𝚲𝟑 :	High	precision	in	Run	3	thanks	to	new	ITS	+	TPC

RUN	3



Yuanzhe Wang || SQM 2024 || Strasbourg05/06/2024

Hypertriton production in pp 13.6 TeV
■  ratio in pp collisions

‣ Twice better precision than Run 2
‣ Compatible with Run 2 preliminary results and 2-body coalescence prediction

3
ΛH / Λ

21
ALI-PREL-570563

New!
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Hypernuclei production
pp	&	Pb−PbHow	does	the	nuclear	production	mechanism	of	hypernuclei works?

Ø Statistical	hadronisation	
vs	coalescence

Yuanzhe Wang || SQM 2024 || Strasbourg05/06/2024

Performance with ALICE Run 3 data
‣ Heavier hypernuclei (A  4) measurable in pp collisions
‣ Significant hypertriton peak in Run 3 Pb-Pb collisions
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New!

1) 𝐇𝚲𝟑 :	High	precision	in	Run	3	thanks	to	new	ITS	+	TPC
2) pp	results	in	Run	3	are	compatible	with	Run	2	preliminary	results	and	2-body	coalescence	prediction	

RUN	3Ø hyperon-nucleon	(Y-N)	
interaction	→ neutron	
stars

RUN	3

5 June,	Yuanzhe Wang	
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Hypernuclei production

5 June,	Yuanzhe Wang	

Pb−PbHow	does	the	nuclear	production	mechanism	of	hypernuclei works?

1) Significant	improvement	in He4 flow	measurements



Yuanzhe Wang || SQM 2024 || Strasbourg05/06/2024

Hypertriton flow in Run 3 Pb-Pb

‣ First measurement of elliptic flow of 

‣  increases with both centrality and 
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Hypernuclei production

5 June,	Yuanzhe Wang	

Pb−PbHow	does	the	nuclear	production	mechanism	of	hypernuclei works?

1) Significant	improvement	in He4 flow	measurements
2) First	measurement	of	elliptic	flow	of	 𝐇𝚲𝟑



Correlations

after the big bang. It is now believed that these large scale fluctuations origi-
nate in small quantum fluctuations present during the inflationary epoch. Dur-
ing the rapid expansion of the universe in this epoch, these quantum fluctua-
tions were stretched to size scales much larger than those that were causally
connected in the post-inflationary era when the universe was expanding in a
state close to thermal equilibrium. Therefore such super horizon scale fluctu-
ations cannot be much affected by the sub-horizon scale processes allowable
in the post-inflationary thermal universe. This explains why CMB measure-
ments provide extremely valuable information about the inflationary epoch of
the universe, despite the fact that the CMB radiation was produced long after
(tCMB ∼ 4 · 105 years) the primordial fluctuations that are responsible for its
features (tinflation ∼ 10−33 seconds).

There is a concrete analog of such super-horizon fluctuations in the matter
produced in high energy hadronic collisions such as heavy ion collisions at RHIC,
as illustrated in fig. 1. In this figure, we represent the “event horizons” as seen

detection

freeze out

latest correlation

A B

z 

t

Figure 1: The red and green cones are the location of the events in causal
relationship with the particles A and B respectively. Their intersection is the
location in space-time of the events that may correlate the particles A and B.

from the last rescattering of two particles A and B on the freeze-out surface.
These are the red and green cones pointing to the past. Any event that has a
causal influence on the particles A or B must take place inside the corresponding
event horizon. Any event that induces a correlation between the particles A and
B must lie in the overlap of their event horizons. Therefore, if the particles A
and B have rapidities y

A
and y

B
, the processes that caused their correlations

must have occurred before the time1

τ ≤ τfreeze out e−
1
2
|y

A
−y

B
| . (1)

1We assume here that a particle detected with momentum rapidity y originates from a point
of space-time rapidity η ≈ y on the freeze-out surface. This is a consequence of the boost
invariance of the collision (at high energy), and of the fact that the local thermal motion
spreads the rapidities by at most one unit in rapidity.

2

pT,A pT,B

A.	Dumitru,	F.	Gelis,	L.	McLerran,	and	R.	Venugopalan,	Nucl.	Phys.	A	810	(2008)	91
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Two- and	three-baryon	systems
ppWhat	can	we	learn	from	two-particle	correlations	in	momentum	space?

theoretical definition experimental definition

𝑝1

𝑆(𝑟)

𝜓 𝑟, 𝑘
𝑝2

10

Correlation function

Relative momentum 𝑘∗ = 1
2
∣ p1∗ − p2∗ ∣ and p1∗ + p2∗ = 0

Relative distance 𝑟∗ = 𝑟1∗ − 𝑟2∗

𝐶 𝑘∗ = 𝑆(𝑟∗) 𝜓(𝑘∗, 𝑟∗)
2
𝑑3𝑟∗ = 𝒩

N 𝑎 𝑘∗

N 𝑖 𝑑 𝑘∗
𝑘∗→

1

𝑟

𝑘∗ = 𝑝:∗ − 𝑝.∗ /2,		𝑟∗ = 𝑟:∗ − 𝑟.∗
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Two- and	three-baryon	systems

1Mesut	Arslandok,	Yale	University146th LHCC	meeting,	02.06.2021
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Experimental evidence for an attractive p–f interaction ALICE Collaboration
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Figure 2: The genuine p–f correlation function with statistical (bars) and systematic uncertainties (boxes). The
red band depicts the results from the fit employing the Lednický–Lyuboshits approach [56]. The width corresponds
to one standard deviation of the uncertainty of the fit.

appearing above threshold lead to a cusp structure in C(k⇤) in the vicinity of the threshold. Because of
the large uncertainties and the broad bin width, no such structures are observed at the opening of the
L–K⇤ (k⇤ = 221.6 MeV/c) and S–K⇤ (k⇤ = 357.4 MeV/c) thresholds. Results from the upcoming LHC
Run 3 will constrain the respective coupling strengths [60].

More quantitative conclusions on the interaction and the coupled channels can be obtained employing the
Lednický–Lyuboshits approach. The fit determines a scattering length with a real and imaginary contri-
bution of ¬( f0) = 0.85±0.34(stat.)±0.14(syst.) fm and ¡( f0) = 0.16±0.10(stat.)±0.09(syst.) fm,
and an effective range of d0 = 7.85±1.54(stat.)±0.26(syst.) fm.

The resulting ¬( f0) deviates by 2.3s from zero, indicating the attractiveness of the p–f interaction in
vacuum. Notably, ¡( f0) vanishes within uncertainties, indicating that inelastic processes do not play a
prominent role in the interaction. Instead, the elastic p–f interaction appears to be dominant in vacuum.
The scattering length is larger than values found in literature: a recent analysis of data recorded with the
CLAS experiment reports | f0| = (0.063± 0.010) fm [61]; a value of around f0 = 0.15 fm is consistent
with LEPS measurements of the f cross section [62, 63]; studies of an effective Lagrangian combin-
ing chiral SU(3) dynamics with vector meson dominance obtain f0 = (�0.01+ i0.08) fm [64]; and a
QCD sum rule analysis finds f0 = (�0.15± 0.02) fm [65]. This underlines the importance of direct
measurements of the two-body N–f interaction in vacuum to provide constraints for theoretical models.

Finally, the data are employed to constrain the parameters of phenomenological Gaussian- and Yukawa-
type potentials. As the imaginary contribution of the scattering length is consistent with zero, only
real values are used for the parameters. The fits yield a comparable degree of consistency as the
fit with the Lednický–Lyuboshits approach. The resulting values for the Gaussian-type potential are
Veff = 2.5± 0.9(stat.)± 1.4(syst.) MeV and µ = 0.14± 0.06(stat.)± 0.09(syst.) fm�2, indicating a
much shallower strong interaction potential than lattice QCD results for the N–J/y strong interac-
tion [66]. For the Yukawa-type potential the fit yields A = 0.021 ± 0.009(stat.)± 0.006(syst.) and
a = 65.9 ± 38.0(stat.)± 17.5(syst.) MeV. Studies of N–f bound states with the same kind of po-
tential but a = 600 MeV and A = 1.25 [24] are therefore incompatible with this measurement. The N–f
coupling constant under the assumption of a Yukawa-type potential, directly extracted as gN–f =

p
A, is

6

Femtoscopy:	p-+ interactions	in	pp	collisions	

theoretical definition experimental definition

𝑝1
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𝜓 𝑟, 𝑘
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Correlation function

Relative momentum 𝑘∗ = ∣ p∗ − p∗ ∣ and p∗ + p∗ = 0
Relative distance 𝑟∗ = 𝑟∗ − 𝑟∗
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N 𝑘∗
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1
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Relative distance 𝑟∗ = 𝑟∗ − 𝑟∗

𝐶 𝑘∗ = 𝑆(𝑟∗) 𝜓(𝑘∗, 𝑟∗) 𝑑 𝑟∗ = 풩
N 𝑘∗

N 𝑘∗
∗→

1

𝑟

< 1,		 repulsion
= 1,			u∗→ ∞
> 1,		 attraction

Ø Correlation	function:
M.	A.	Lisa	et	al.	Ann.	Rev.	Nucl.	Part.	Sci.	55	(2005)	357
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Experimental evidence for an attractive p–f interaction ALICE Collaboration
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Figure 1: The experimental p–f correlation function and various contributions as described in Eq. 1. Statistical
(bars) and systematic uncertainties (boxes) are shown separately. The width of the dark (light) shaded bands depicts
the statistical (total) uncertainty.

because of residual correlations from weak decays feeding to the particles of interest (feed-down) and
misidentifications [32]. The total correlation function is decomposed as Cexp = Âi liCi, where the index i

runs over all contributions. The parameters li, summarized in Table 1, are obtained in a data-driven way
from single-particle properties [32]. As the purity of the f candidates depends on pT, it is evaluated for
those entering the correlation function, and found to be 57%.

The experimental p–f correlation function Cexp(k⇤) is decomposed as

Cexp(k
⇤) = M⇥Cbkg(k

⇤)⇥
⇥
lp–f ⇥Cp–f (k

⇤)+lflat ⇥Cflat(k
⇤)
⇤
+lp–(K+K�)⇥Cp–(K+K�)(k

⇤), (1)

where M is a normalization constant, Cp–f (k⇤) the genuine p–f correlation function, Cp–(K+K�)(k
⇤)

arises from combinatorial K+K� background, and Cbkg(k⇤) = Cbaseline(k⇤) +Cminijet(k⇤) is the back-
ground including a baseline and the minijet contribution. All other contributions are assumed to be
Cflat(k⇤)⇡ 1.

As seen in Table 1, the combinatorial K+K� background, referred to as p–(K+K�), significantly con-
tributes to the measured correlation function. Its shape is extracted from the sidebands of the invariant
mass selection and mainly driven by p–K+ and p–K� interactions. The sideband intervals are chosen as
0.995�1.011 GeV/c

2 and 1.028�1.044 GeV/c
2 to avoid threshold effects and have comparable kine-

matic properties as the f candidates. The resulting correlation function is parametrized with a double
Gaussian and a quadratic polynomial. Finally, a residual f amount of 8.6% in the sidebands is consid-
ered, which arises from the tail of the f resonance extending into the sideband intervals. This results
in a 7% contribution to the experimental Cp–(K+K�)(k

⇤) which is absorbed by a renormalization of the
l parameters. Since the p–(K+K�) contribution is obtained from data, the corresponding residual mini-
jet background and energy-momentum conservation effects are accounted for. The resulting correlation
function is depicted by the yellow band in Fig. 1.

The remaining background Cbkg(k⇤) =Cbaseline(k⇤)+Cminijet(k⇤) is dominated by residual minijet contri-
butions Cminijet(k⇤) of p–f . It is obtained from PYTHIA 8 [53] generated events, which yield a consistent
description of the background associated with minijets [54, 55]. Additionally, energy-momentum con-
servation effects lead to a modification of the correlation function at larger k

⇤ described by a quadratic
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Figure 2: The genuine p–f correlation function with statistical (bars) and systematic uncertainties (boxes). The
red band depicts the results from the fit employing the Lednický–Lyuboshits approach [56]. The width corresponds
to one standard deviation of the uncertainty of the fit.

appearing above threshold lead to a cusp structure in C(k⇤) in the vicinity of the threshold. Because of
the large uncertainties and the broad bin width, no such structures are observed at the opening of the
L–K⇤ (k⇤ = 221.6 MeV/c) and S–K⇤ (k⇤ = 357.4 MeV/c) thresholds. Results from the upcoming LHC
Run 3 will constrain the respective coupling strengths [60].

More quantitative conclusions on the interaction and the coupled channels can be obtained employing the
Lednický–Lyuboshits approach. The fit determines a scattering length with a real and imaginary contri-
bution of ¬( f0) = 0.85±0.34(stat.)±0.14(syst.) fm and ¡( f0) = 0.16±0.10(stat.)±0.09(syst.) fm,
and an effective range of d0 = 7.85±1.54(stat.)±0.26(syst.) fm.

The resulting ¬( f0) deviates by 2.3s from zero, indicating the attractiveness of the p–f interaction in
vacuum. Notably, ¡( f0) vanishes within uncertainties, indicating that inelastic processes do not play a
prominent role in the interaction. Instead, the elastic p–f interaction appears to be dominant in vacuum.
The scattering length is larger than values found in literature: a recent analysis of data recorded with the
CLAS experiment reports | f0| = (0.063± 0.010) fm [61]; a value of around f0 = 0.15 fm is consistent
with LEPS measurements of the f cross section [62, 63]; studies of an effective Lagrangian combin-
ing chiral SU(3) dynamics with vector meson dominance obtain f0 = (�0.01+ i0.08) fm [64]; and a
QCD sum rule analysis finds f0 = (�0.15± 0.02) fm [65]. This underlines the importance of direct
measurements of the two-body N–f interaction in vacuum to provide constraints for theoretical models.

Finally, the data are employed to constrain the parameters of phenomenological Gaussian- and Yukawa-
type potentials. As the imaginary contribution of the scattering length is consistent with zero, only
real values are used for the parameters. The fits yield a comparable degree of consistency as the
fit with the Lednický–Lyuboshits approach. The resulting values for the Gaussian-type potential are
Veff = 2.5± 0.9(stat.)± 1.4(syst.) MeV and µ = 0.14± 0.06(stat.)± 0.09(syst.) fm�2, indicating a
much shallower strong interaction potential than lattice QCD results for the N–J/y strong interac-
tion [66]. For the Yukawa-type potential the fit yields A = 0.021 ± 0.009(stat.)± 0.006(syst.) and
a = 65.9 ± 38.0(stat.)± 17.5(syst.) MeV. Studies of N–f bound states with the same kind of po-
tential but a = 600 MeV and A = 1.25 [24] are therefore incompatible with this measurement. The N–f
coupling constant under the assumption of a Yukawa-type potential, directly extracted as gN–f =

p
A, is
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Figure 2: The genuine p–f correlation function with statistical (bars) and systematic uncertainties (boxes). The
red band depicts the results from the fit employing the Lednický–Lyuboshits approach [56]. The width corresponds
to one standard deviation of the uncertainty of the fit.

appearing above threshold lead to a cusp structure in C(k⇤) in the vicinity of the threshold. Because of
the large uncertainties and the broad bin width, no such structures are observed at the opening of the
L–K⇤ (k⇤ = 221.6 MeV/c) and S–K⇤ (k⇤ = 357.4 MeV/c) thresholds. Results from the upcoming LHC
Run 3 will constrain the respective coupling strengths [60].

More quantitative conclusions on the interaction and the coupled channels can be obtained employing the
Lednický–Lyuboshits approach. The fit determines a scattering length with a real and imaginary contri-
bution of ¬( f0) = 0.85±0.34(stat.)±0.14(syst.) fm and ¡( f0) = 0.16±0.10(stat.)±0.09(syst.) fm,
and an effective range of d0 = 7.85±1.54(stat.)±0.26(syst.) fm.

The resulting ¬( f0) deviates by 2.3s from zero, indicating the attractiveness of the p–f interaction in
vacuum. Notably, ¡( f0) vanishes within uncertainties, indicating that inelastic processes do not play a
prominent role in the interaction. Instead, the elastic p–f interaction appears to be dominant in vacuum.
The scattering length is larger than values found in literature: a recent analysis of data recorded with the
CLAS experiment reports | f0| = (0.063± 0.010) fm [61]; a value of around f0 = 0.15 fm is consistent
with LEPS measurements of the f cross section [62, 63]; studies of an effective Lagrangian combin-
ing chiral SU(3) dynamics with vector meson dominance obtain f0 = (�0.01+ i0.08) fm [64]; and a
QCD sum rule analysis finds f0 = (�0.15± 0.02) fm [65]. This underlines the importance of direct
measurements of the two-body N–f interaction in vacuum to provide constraints for theoretical models.

Finally, the data are employed to constrain the parameters of phenomenological Gaussian- and Yukawa-
type potentials. As the imaginary contribution of the scattering length is consistent with zero, only
real values are used for the parameters. The fits yield a comparable degree of consistency as the
fit with the Lednický–Lyuboshits approach. The resulting values for the Gaussian-type potential are
Veff = 2.5± 0.9(stat.)± 1.4(syst.) MeV and µ = 0.14± 0.06(stat.)± 0.09(syst.) fm�2, indicating a
much shallower strong interaction potential than lattice QCD results for the N–J/y strong interac-
tion [66]. For the Yukawa-type potential the fit yields A = 0.021 ± 0.009(stat.)± 0.006(syst.) and
a = 65.9 ± 38.0(stat.)± 17.5(syst.) MeV. Studies of N–f bound states with the same kind of po-
tential but a = 600 MeV and A = 1.25 [24] are therefore incompatible with this measurement. The N–f
coupling constant under the assumption of a Yukawa-type potential, directly extracted as gN–f =
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A, is
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Figure 1: The experimental p–f correlation function and various contributions as described in Eq. 1. Statistical
(bars) and systematic uncertainties (boxes) are shown separately. The width of the dark (light) shaded bands depicts
the statistical (total) uncertainty.

because of residual correlations from weak decays feeding to the particles of interest (feed-down) and
misidentifications [32]. The total correlation function is decomposed as Cexp = Âi liCi, where the index i

runs over all contributions. The parameters li, summarized in Table 1, are obtained in a data-driven way
from single-particle properties [32]. As the purity of the f candidates depends on pT, it is evaluated for
those entering the correlation function, and found to be 57%.

The experimental p–f correlation function Cexp(k⇤) is decomposed as

Cexp(k
⇤) = M⇥Cbkg(k

⇤)⇥
⇥
lp–f ⇥Cp–f (k

⇤)+lflat ⇥Cflat(k
⇤)
⇤
+lp–(K+K�)⇥Cp–(K+K�)(k

⇤), (1)

where M is a normalization constant, Cp–f (k⇤) the genuine p–f correlation function, Cp–(K+K�)(k
⇤)

arises from combinatorial K+K� background, and Cbkg(k⇤) = Cbaseline(k⇤) +Cminijet(k⇤) is the back-
ground including a baseline and the minijet contribution. All other contributions are assumed to be
Cflat(k⇤)⇡ 1.

As seen in Table 1, the combinatorial K+K� background, referred to as p–(K+K�), significantly con-
tributes to the measured correlation function. Its shape is extracted from the sidebands of the invariant
mass selection and mainly driven by p–K+ and p–K� interactions. The sideband intervals are chosen as
0.995�1.011 GeV/c

2 and 1.028�1.044 GeV/c
2 to avoid threshold effects and have comparable kine-

matic properties as the f candidates. The resulting correlation function is parametrized with a double
Gaussian and a quadratic polynomial. Finally, a residual f amount of 8.6% in the sidebands is consid-
ered, which arises from the tail of the f resonance extending into the sideband intervals. This results
in a 7% contribution to the experimental Cp–(K+K�)(k

⇤) which is absorbed by a renormalization of the
l parameters. Since the p–(K+K�) contribution is obtained from data, the corresponding residual mini-
jet background and energy-momentum conservation effects are accounted for. The resulting correlation
function is depicted by the yellow band in Fig. 1.

The remaining background Cbkg(k⇤) =Cbaseline(k⇤)+Cminijet(k⇤) is dominated by residual minijet contri-
butions Cminijet(k⇤) of p–f . It is obtained from PYTHIA 8 [53] generated events, which yield a consistent
description of the background associated with minijets [54, 55]. Additionally, energy-momentum con-
servation effects lead to a modification of the correlation function at larger k

⇤ described by a quadratic
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Figure 2: The genuine p–f correlation function with statistical (bars) and systematic uncertainties (boxes). The
red band depicts the results from the fit employing the Lednický–Lyuboshits approach [56]. The width corresponds
to one standard deviation of the uncertainty of the fit.

appearing above threshold lead to a cusp structure in C(k⇤) in the vicinity of the threshold. Because of
the large uncertainties and the broad bin width, no such structures are observed at the opening of the
L–K⇤ (k⇤ = 221.6 MeV/c) and S–K⇤ (k⇤ = 357.4 MeV/c) thresholds. Results from the upcoming LHC
Run 3 will constrain the respective coupling strengths [60].

More quantitative conclusions on the interaction and the coupled channels can be obtained employing the
Lednický–Lyuboshits approach. The fit determines a scattering length with a real and imaginary contri-
bution of ¬( f0) = 0.85±0.34(stat.)±0.14(syst.) fm and ¡( f0) = 0.16±0.10(stat.)±0.09(syst.) fm,
and an effective range of d0 = 7.85±1.54(stat.)±0.26(syst.) fm.

The resulting ¬( f0) deviates by 2.3s from zero, indicating the attractiveness of the p–f interaction in
vacuum. Notably, ¡( f0) vanishes within uncertainties, indicating that inelastic processes do not play a
prominent role in the interaction. Instead, the elastic p–f interaction appears to be dominant in vacuum.
The scattering length is larger than values found in literature: a recent analysis of data recorded with the
CLAS experiment reports | f0| = (0.063± 0.010) fm [61]; a value of around f0 = 0.15 fm is consistent
with LEPS measurements of the f cross section [62, 63]; studies of an effective Lagrangian combin-
ing chiral SU(3) dynamics with vector meson dominance obtain f0 = (�0.01+ i0.08) fm [64]; and a
QCD sum rule analysis finds f0 = (�0.15± 0.02) fm [65]. This underlines the importance of direct
measurements of the two-body N–f interaction in vacuum to provide constraints for theoretical models.

Finally, the data are employed to constrain the parameters of phenomenological Gaussian- and Yukawa-
type potentials. As the imaginary contribution of the scattering length is consistent with zero, only
real values are used for the parameters. The fits yield a comparable degree of consistency as the
fit with the Lednický–Lyuboshits approach. The resulting values for the Gaussian-type potential are
Veff = 2.5± 0.9(stat.)± 1.4(syst.) MeV and µ = 0.14± 0.06(stat.)± 0.09(syst.) fm�2, indicating a
much shallower strong interaction potential than lattice QCD results for the N–J/y strong interac-
tion [66]. For the Yukawa-type potential the fit yields A = 0.021 ± 0.009(stat.)± 0.006(syst.) and
a = 65.9 ± 38.0(stat.)± 17.5(syst.) MeV. Studies of N–f bound states with the same kind of po-
tential but a = 600 MeV and A = 1.25 [24] are therefore incompatible with this measurement. The N–f
coupling constant under the assumption of a Yukawa-type potential, directly extracted as gN–f =

p
A, is
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Figure 2: The genuine p–f correlation function with statistical (bars) and systematic uncertainties (boxes). The
red band depicts the results from the fit employing the Lednický–Lyuboshits approach [56]. The width corresponds
to one standard deviation of the uncertainty of the fit.

appearing above threshold lead to a cusp structure in C(k⇤) in the vicinity of the threshold. Because of
the large uncertainties and the broad bin width, no such structures are observed at the opening of the
L–K⇤ (k⇤ = 221.6 MeV/c) and S–K⇤ (k⇤ = 357.4 MeV/c) thresholds. Results from the upcoming LHC
Run 3 will constrain the respective coupling strengths [60].

More quantitative conclusions on the interaction and the coupled channels can be obtained employing the
Lednický–Lyuboshits approach. The fit determines a scattering length with a real and imaginary contri-
bution of ¬( f0) = 0.85±0.34(stat.)±0.14(syst.) fm and ¡( f0) = 0.16±0.10(stat.)±0.09(syst.) fm,
and an effective range of d0 = 7.85±1.54(stat.)±0.26(syst.) fm.

The resulting ¬( f0) deviates by 2.3s from zero, indicating the attractiveness of the p–f interaction in
vacuum. Notably, ¡( f0) vanishes within uncertainties, indicating that inelastic processes do not play a
prominent role in the interaction. Instead, the elastic p–f interaction appears to be dominant in vacuum.
The scattering length is larger than values found in literature: a recent analysis of data recorded with the
CLAS experiment reports | f0| = (0.063± 0.010) fm [61]; a value of around f0 = 0.15 fm is consistent
with LEPS measurements of the f cross section [62, 63]; studies of an effective Lagrangian combin-
ing chiral SU(3) dynamics with vector meson dominance obtain f0 = (�0.01+ i0.08) fm [64]; and a
QCD sum rule analysis finds f0 = (�0.15± 0.02) fm [65]. This underlines the importance of direct
measurements of the two-body N–f interaction in vacuum to provide constraints for theoretical models.

Finally, the data are employed to constrain the parameters of phenomenological Gaussian- and Yukawa-
type potentials. As the imaginary contribution of the scattering length is consistent with zero, only
real values are used for the parameters. The fits yield a comparable degree of consistency as the
fit with the Lednický–Lyuboshits approach. The resulting values for the Gaussian-type potential are
Veff = 2.5± 0.9(stat.)± 1.4(syst.) MeV and µ = 0.14± 0.06(stat.)± 0.09(syst.) fm�2, indicating a
much shallower strong interaction potential than lattice QCD results for the N–J/y strong interac-
tion [66]. For the Yukawa-type potential the fit yields A = 0.021 ± 0.009(stat.)± 0.006(syst.) and
a = 65.9 ± 38.0(stat.)± 17.5(syst.) MeV. Studies of N–f bound states with the same kind of po-
tential but a = 600 MeV and A = 1.25 [24] are therefore incompatible with this measurement. The N–f
coupling constant under the assumption of a Yukawa-type potential, directly extracted as gN–f =

p
A, is
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Figure 1: The experimental p–f correlation function and various contributions as described in Eq. 1. Statistical
(bars) and systematic uncertainties (boxes) are shown separately. The width of the dark (light) shaded bands depicts
the statistical (total) uncertainty.

because of residual correlations from weak decays feeding to the particles of interest (feed-down) and
misidentifications [32]. The total correlation function is decomposed as Cexp = Âi liCi, where the index i

runs over all contributions. The parameters li, summarized in Table 1, are obtained in a data-driven way
from single-particle properties [32]. As the purity of the f candidates depends on pT, it is evaluated for
those entering the correlation function, and found to be 57%.

The experimental p–f correlation function Cexp(k⇤) is decomposed as

Cexp(k
⇤) = M⇥Cbkg(k

⇤)⇥
⇥
lp–f ⇥Cp–f (k

⇤)+lflat ⇥Cflat(k
⇤)
⇤
+lp–(K+K�)⇥Cp–(K+K�)(k

⇤), (1)

where M is a normalization constant, Cp–f (k⇤) the genuine p–f correlation function, Cp–(K+K�)(k
⇤)

arises from combinatorial K+K� background, and Cbkg(k⇤) = Cbaseline(k⇤) +Cminijet(k⇤) is the back-
ground including a baseline and the minijet contribution. All other contributions are assumed to be
Cflat(k⇤)⇡ 1.

As seen in Table 1, the combinatorial K+K� background, referred to as p–(K+K�), significantly con-
tributes to the measured correlation function. Its shape is extracted from the sidebands of the invariant
mass selection and mainly driven by p–K+ and p–K� interactions. The sideband intervals are chosen as
0.995�1.011 GeV/c

2 and 1.028�1.044 GeV/c
2 to avoid threshold effects and have comparable kine-

matic properties as the f candidates. The resulting correlation function is parametrized with a double
Gaussian and a quadratic polynomial. Finally, a residual f amount of 8.6% in the sidebands is consid-
ered, which arises from the tail of the f resonance extending into the sideband intervals. This results
in a 7% contribution to the experimental Cp–(K+K�)(k

⇤) which is absorbed by a renormalization of the
l parameters. Since the p–(K+K�) contribution is obtained from data, the corresponding residual mini-
jet background and energy-momentum conservation effects are accounted for. The resulting correlation
function is depicted by the yellow band in Fig. 1.

The remaining background Cbkg(k⇤) =Cbaseline(k⇤)+Cminijet(k⇤) is dominated by residual minijet contri-
butions Cminijet(k⇤) of p–f . It is obtained from PYTHIA 8 [53] generated events, which yield a consistent
description of the background associated with minijets [54, 55]. Additionally, energy-momentum con-
servation effects lead to a modification of the correlation function at larger k

⇤ described by a quadratic
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Figure 2: The genuine p–f correlation function with statistical (bars) and systematic uncertainties (boxes). The
red band depicts the results from the fit employing the Lednický–Lyuboshits approach [56]. The width corresponds
to one standard deviation of the uncertainty of the fit.

appearing above threshold lead to a cusp structure in C(k⇤) in the vicinity of the threshold. Because of
the large uncertainties and the broad bin width, no such structures are observed at the opening of the
L–K⇤ (k⇤ = 221.6 MeV/c) and S–K⇤ (k⇤ = 357.4 MeV/c) thresholds. Results from the upcoming LHC
Run 3 will constrain the respective coupling strengths [60].

More quantitative conclusions on the interaction and the coupled channels can be obtained employing the
Lednický–Lyuboshits approach. The fit determines a scattering length with a real and imaginary contri-
bution of ¬( f0) = 0.85±0.34(stat.)±0.14(syst.) fm and ¡( f0) = 0.16±0.10(stat.)±0.09(syst.) fm,
and an effective range of d0 = 7.85±1.54(stat.)±0.26(syst.) fm.

The resulting ¬( f0) deviates by 2.3s from zero, indicating the attractiveness of the p–f interaction in
vacuum. Notably, ¡( f0) vanishes within uncertainties, indicating that inelastic processes do not play a
prominent role in the interaction. Instead, the elastic p–f interaction appears to be dominant in vacuum.
The scattering length is larger than values found in literature: a recent analysis of data recorded with the
CLAS experiment reports | f0| = (0.063± 0.010) fm [61]; a value of around f0 = 0.15 fm is consistent
with LEPS measurements of the f cross section [62, 63]; studies of an effective Lagrangian combin-
ing chiral SU(3) dynamics with vector meson dominance obtain f0 = (�0.01+ i0.08) fm [64]; and a
QCD sum rule analysis finds f0 = (�0.15± 0.02) fm [65]. This underlines the importance of direct
measurements of the two-body N–f interaction in vacuum to provide constraints for theoretical models.

Finally, the data are employed to constrain the parameters of phenomenological Gaussian- and Yukawa-
type potentials. As the imaginary contribution of the scattering length is consistent with zero, only
real values are used for the parameters. The fits yield a comparable degree of consistency as the
fit with the Lednický–Lyuboshits approach. The resulting values for the Gaussian-type potential are
Veff = 2.5± 0.9(stat.)± 1.4(syst.) MeV and µ = 0.14± 0.06(stat.)± 0.09(syst.) fm�2, indicating a
much shallower strong interaction potential than lattice QCD results for the N–J/y strong interac-
tion [66]. For the Yukawa-type potential the fit yields A = 0.021 ± 0.009(stat.)± 0.006(syst.) and
a = 65.9 ± 38.0(stat.)± 17.5(syst.) MeV. Studies of N–f bound states with the same kind of po-
tential but a = 600 MeV and A = 1.25 [24] are therefore incompatible with this measurement. The N–f
coupling constant under the assumption of a Yukawa-type potential, directly extracted as gN–f =

p
A, is
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Figure 2: The genuine p–f correlation function with statistical (bars) and systematic uncertainties (boxes). The
red band depicts the results from the fit employing the Lednický–Lyuboshits approach [56]. The width corresponds
to one standard deviation of the uncertainty of the fit.

appearing above threshold lead to a cusp structure in C(k⇤) in the vicinity of the threshold. Because of
the large uncertainties and the broad bin width, no such structures are observed at the opening of the
L–K⇤ (k⇤ = 221.6 MeV/c) and S–K⇤ (k⇤ = 357.4 MeV/c) thresholds. Results from the upcoming LHC
Run 3 will constrain the respective coupling strengths [60].

More quantitative conclusions on the interaction and the coupled channels can be obtained employing the
Lednický–Lyuboshits approach. The fit determines a scattering length with a real and imaginary contri-
bution of ¬( f0) = 0.85±0.34(stat.)±0.14(syst.) fm and ¡( f0) = 0.16±0.10(stat.)±0.09(syst.) fm,
and an effective range of d0 = 7.85±1.54(stat.)±0.26(syst.) fm.

The resulting ¬( f0) deviates by 2.3s from zero, indicating the attractiveness of the p–f interaction in
vacuum. Notably, ¡( f0) vanishes within uncertainties, indicating that inelastic processes do not play a
prominent role in the interaction. Instead, the elastic p–f interaction appears to be dominant in vacuum.
The scattering length is larger than values found in literature: a recent analysis of data recorded with the
CLAS experiment reports | f0| = (0.063± 0.010) fm [61]; a value of around f0 = 0.15 fm is consistent
with LEPS measurements of the f cross section [62, 63]; studies of an effective Lagrangian combin-
ing chiral SU(3) dynamics with vector meson dominance obtain f0 = (�0.01+ i0.08) fm [64]; and a
QCD sum rule analysis finds f0 = (�0.15± 0.02) fm [65]. This underlines the importance of direct
measurements of the two-body N–f interaction in vacuum to provide constraints for theoretical models.

Finally, the data are employed to constrain the parameters of phenomenological Gaussian- and Yukawa-
type potentials. As the imaginary contribution of the scattering length is consistent with zero, only
real values are used for the parameters. The fits yield a comparable degree of consistency as the
fit with the Lednický–Lyuboshits approach. The resulting values for the Gaussian-type potential are
Veff = 2.5± 0.9(stat.)± 1.4(syst.) MeV and µ = 0.14± 0.06(stat.)± 0.09(syst.) fm�2, indicating a
much shallower strong interaction potential than lattice QCD results for the N–J/y strong interac-
tion [66]. For the Yukawa-type potential the fit yields A = 0.021 ± 0.009(stat.)± 0.006(syst.) and
a = 65.9 ± 38.0(stat.)± 17.5(syst.) MeV. Studies of N–f bound states with the same kind of po-
tential but a = 600 MeV and A = 1.25 [24] are therefore incompatible with this measurement. The N–f
coupling constant under the assumption of a Yukawa-type potential, directly extracted as gN–f =

p
A, is
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Figure 1: The experimental p–f correlation function and various contributions as described in Eq. 1. Statistical
(bars) and systematic uncertainties (boxes) are shown separately. The width of the dark (light) shaded bands depicts
the statistical (total) uncertainty.

because of residual correlations from weak decays feeding to the particles of interest (feed-down) and
misidentifications [32]. The total correlation function is decomposed as Cexp = Âi liCi, where the index i

runs over all contributions. The parameters li, summarized in Table 1, are obtained in a data-driven way
from single-particle properties [32]. As the purity of the f candidates depends on pT, it is evaluated for
those entering the correlation function, and found to be 57%.

The experimental p–f correlation function Cexp(k⇤) is decomposed as

Cexp(k
⇤) = M⇥Cbkg(k

⇤)⇥
⇥
lp–f ⇥Cp–f (k

⇤)+lflat ⇥Cflat(k
⇤)
⇤
+lp–(K+K�)⇥Cp–(K+K�)(k

⇤), (1)

where M is a normalization constant, Cp–f (k⇤) the genuine p–f correlation function, Cp–(K+K�)(k
⇤)

arises from combinatorial K+K� background, and Cbkg(k⇤) = Cbaseline(k⇤) +Cminijet(k⇤) is the back-
ground including a baseline and the minijet contribution. All other contributions are assumed to be
Cflat(k⇤)⇡ 1.

As seen in Table 1, the combinatorial K+K� background, referred to as p–(K+K�), significantly con-
tributes to the measured correlation function. Its shape is extracted from the sidebands of the invariant
mass selection and mainly driven by p–K+ and p–K� interactions. The sideband intervals are chosen as
0.995�1.011 GeV/c

2 and 1.028�1.044 GeV/c
2 to avoid threshold effects and have comparable kine-

matic properties as the f candidates. The resulting correlation function is parametrized with a double
Gaussian and a quadratic polynomial. Finally, a residual f amount of 8.6% in the sidebands is consid-
ered, which arises from the tail of the f resonance extending into the sideband intervals. This results
in a 7% contribution to the experimental Cp–(K+K�)(k

⇤) which is absorbed by a renormalization of the
l parameters. Since the p–(K+K�) contribution is obtained from data, the corresponding residual mini-
jet background and energy-momentum conservation effects are accounted for. The resulting correlation
function is depicted by the yellow band in Fig. 1.

The remaining background Cbkg(k⇤) =Cbaseline(k⇤)+Cminijet(k⇤) is dominated by residual minijet contri-
butions Cminijet(k⇤) of p–f . It is obtained from PYTHIA 8 [53] generated events, which yield a consistent
description of the background associated with minijets [54, 55]. Additionally, energy-momentum con-
servation effects lead to a modification of the correlation function at larger k

⇤ described by a quadratic
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Figure 2: The genuine p–f correlation function with statistical (bars) and systematic uncertainties (boxes). The
red band depicts the results from the fit employing the Lednický–Lyuboshits approach [56]. The width corresponds
to one standard deviation of the uncertainty of the fit.

appearing above threshold lead to a cusp structure in C(k⇤) in the vicinity of the threshold. Because of
the large uncertainties and the broad bin width, no such structures are observed at the opening of the
L–K⇤ (k⇤ = 221.6 MeV/c) and S–K⇤ (k⇤ = 357.4 MeV/c) thresholds. Results from the upcoming LHC
Run 3 will constrain the respective coupling strengths [60].

More quantitative conclusions on the interaction and the coupled channels can be obtained employing the
Lednický–Lyuboshits approach. The fit determines a scattering length with a real and imaginary contri-
bution of ¬( f0) = 0.85±0.34(stat.)±0.14(syst.) fm and ¡( f0) = 0.16±0.10(stat.)±0.09(syst.) fm,
and an effective range of d0 = 7.85±1.54(stat.)±0.26(syst.) fm.

The resulting ¬( f0) deviates by 2.3s from zero, indicating the attractiveness of the p–f interaction in
vacuum. Notably, ¡( f0) vanishes within uncertainties, indicating that inelastic processes do not play a
prominent role in the interaction. Instead, the elastic p–f interaction appears to be dominant in vacuum.
The scattering length is larger than values found in literature: a recent analysis of data recorded with the
CLAS experiment reports | f0| = (0.063± 0.010) fm [61]; a value of around f0 = 0.15 fm is consistent
with LEPS measurements of the f cross section [62, 63]; studies of an effective Lagrangian combin-
ing chiral SU(3) dynamics with vector meson dominance obtain f0 = (�0.01+ i0.08) fm [64]; and a
QCD sum rule analysis finds f0 = (�0.15± 0.02) fm [65]. This underlines the importance of direct
measurements of the two-body N–f interaction in vacuum to provide constraints for theoretical models.

Finally, the data are employed to constrain the parameters of phenomenological Gaussian- and Yukawa-
type potentials. As the imaginary contribution of the scattering length is consistent with zero, only
real values are used for the parameters. The fits yield a comparable degree of consistency as the
fit with the Lednický–Lyuboshits approach. The resulting values for the Gaussian-type potential are
Veff = 2.5± 0.9(stat.)± 1.4(syst.) MeV and µ = 0.14± 0.06(stat.)± 0.09(syst.) fm�2, indicating a
much shallower strong interaction potential than lattice QCD results for the N–J/y strong interac-
tion [66]. For the Yukawa-type potential the fit yields A = 0.021 ± 0.009(stat.)± 0.006(syst.) and
a = 65.9 ± 38.0(stat.)± 17.5(syst.) MeV. Studies of N–f bound states with the same kind of po-
tential but a = 600 MeV and A = 1.25 [24] are therefore incompatible with this measurement. The N–f
coupling constant under the assumption of a Yukawa-type potential, directly extracted as gN–f =
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A, is
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Figure 2: The genuine p–f correlation function with statistical (bars) and systematic uncertainties (boxes). The
red band depicts the results from the fit employing the Lednický–Lyuboshits approach [56]. The width corresponds
to one standard deviation of the uncertainty of the fit.

appearing above threshold lead to a cusp structure in C(k⇤) in the vicinity of the threshold. Because of
the large uncertainties and the broad bin width, no such structures are observed at the opening of the
L–K⇤ (k⇤ = 221.6 MeV/c) and S–K⇤ (k⇤ = 357.4 MeV/c) thresholds. Results from the upcoming LHC
Run 3 will constrain the respective coupling strengths [60].

More quantitative conclusions on the interaction and the coupled channels can be obtained employing the
Lednický–Lyuboshits approach. The fit determines a scattering length with a real and imaginary contri-
bution of ¬( f0) = 0.85±0.34(stat.)±0.14(syst.) fm and ¡( f0) = 0.16±0.10(stat.)±0.09(syst.) fm,
and an effective range of d0 = 7.85±1.54(stat.)±0.26(syst.) fm.

The resulting ¬( f0) deviates by 2.3s from zero, indicating the attractiveness of the p–f interaction in
vacuum. Notably, ¡( f0) vanishes within uncertainties, indicating that inelastic processes do not play a
prominent role in the interaction. Instead, the elastic p–f interaction appears to be dominant in vacuum.
The scattering length is larger than values found in literature: a recent analysis of data recorded with the
CLAS experiment reports | f0| = (0.063± 0.010) fm [61]; a value of around f0 = 0.15 fm is consistent
with LEPS measurements of the f cross section [62, 63]; studies of an effective Lagrangian combin-
ing chiral SU(3) dynamics with vector meson dominance obtain f0 = (�0.01+ i0.08) fm [64]; and a
QCD sum rule analysis finds f0 = (�0.15± 0.02) fm [65]. This underlines the importance of direct
measurements of the two-body N–f interaction in vacuum to provide constraints for theoretical models.

Finally, the data are employed to constrain the parameters of phenomenological Gaussian- and Yukawa-
type potentials. As the imaginary contribution of the scattering length is consistent with zero, only
real values are used for the parameters. The fits yield a comparable degree of consistency as the
fit with the Lednický–Lyuboshits approach. The resulting values for the Gaussian-type potential are
Veff = 2.5± 0.9(stat.)± 1.4(syst.) MeV and µ = 0.14± 0.06(stat.)± 0.09(syst.) fm�2, indicating a
much shallower strong interaction potential than lattice QCD results for the N–J/y strong interac-
tion [66]. For the Yukawa-type potential the fit yields A = 0.021 ± 0.009(stat.)± 0.006(syst.) and
a = 65.9 ± 38.0(stat.)± 17.5(syst.) MeV. Studies of N–f bound states with the same kind of po-
tential but a = 600 MeV and A = 1.25 [24] are therefore incompatible with this measurement. The N–f
coupling constant under the assumption of a Yukawa-type potential, directly extracted as gN–f =

p
A, is
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Figure 1: The experimental p–f correlation function and various contributions as described in Eq. 1. Statistical
(bars) and systematic uncertainties (boxes) are shown separately. The width of the dark (light) shaded bands depicts
the statistical (total) uncertainty.

because of residual correlations from weak decays feeding to the particles of interest (feed-down) and
misidentifications [32]. The total correlation function is decomposed as Cexp = Âi liCi, where the index i

runs over all contributions. The parameters li, summarized in Table 1, are obtained in a data-driven way
from single-particle properties [32]. As the purity of the f candidates depends on pT, it is evaluated for
those entering the correlation function, and found to be 57%.

The experimental p–f correlation function Cexp(k⇤) is decomposed as

Cexp(k
⇤) = M⇥Cbkg(k

⇤)⇥
⇥
lp–f ⇥Cp–f (k

⇤)+lflat ⇥Cflat(k
⇤)
⇤
+lp–(K+K�)⇥Cp–(K+K�)(k

⇤), (1)

where M is a normalization constant, Cp–f (k⇤) the genuine p–f correlation function, Cp–(K+K�)(k
⇤)

arises from combinatorial K+K� background, and Cbkg(k⇤) = Cbaseline(k⇤) +Cminijet(k⇤) is the back-
ground including a baseline and the minijet contribution. All other contributions are assumed to be
Cflat(k⇤)⇡ 1.

As seen in Table 1, the combinatorial K+K� background, referred to as p–(K+K�), significantly con-
tributes to the measured correlation function. Its shape is extracted from the sidebands of the invariant
mass selection and mainly driven by p–K+ and p–K� interactions. The sideband intervals are chosen as
0.995�1.011 GeV/c

2 and 1.028�1.044 GeV/c
2 to avoid threshold effects and have comparable kine-

matic properties as the f candidates. The resulting correlation function is parametrized with a double
Gaussian and a quadratic polynomial. Finally, a residual f amount of 8.6% in the sidebands is consid-
ered, which arises from the tail of the f resonance extending into the sideband intervals. This results
in a 7% contribution to the experimental Cp–(K+K�)(k

⇤) which is absorbed by a renormalization of the
l parameters. Since the p–(K+K�) contribution is obtained from data, the corresponding residual mini-
jet background and energy-momentum conservation effects are accounted for. The resulting correlation
function is depicted by the yellow band in Fig. 1.

The remaining background Cbkg(k⇤) =Cbaseline(k⇤)+Cminijet(k⇤) is dominated by residual minijet contri-
butions Cminijet(k⇤) of p–f . It is obtained from PYTHIA 8 [53] generated events, which yield a consistent
description of the background associated with minijets [54, 55]. Additionally, energy-momentum con-
servation effects lead to a modification of the correlation function at larger k

⇤ described by a quadratic
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Figure 2: The genuine p–f correlation function with statistical (bars) and systematic uncertainties (boxes). The
red band depicts the results from the fit employing the Lednický–Lyuboshits approach [56]. The width corresponds
to one standard deviation of the uncertainty of the fit.

appearing above threshold lead to a cusp structure in C(k⇤) in the vicinity of the threshold. Because of
the large uncertainties and the broad bin width, no such structures are observed at the opening of the
L–K⇤ (k⇤ = 221.6 MeV/c) and S–K⇤ (k⇤ = 357.4 MeV/c) thresholds. Results from the upcoming LHC
Run 3 will constrain the respective coupling strengths [60].

More quantitative conclusions on the interaction and the coupled channels can be obtained employing the
Lednický–Lyuboshits approach. The fit determines a scattering length with a real and imaginary contri-
bution of ¬( f0) = 0.85±0.34(stat.)±0.14(syst.) fm and ¡( f0) = 0.16±0.10(stat.)±0.09(syst.) fm,
and an effective range of d0 = 7.85±1.54(stat.)±0.26(syst.) fm.

The resulting ¬( f0) deviates by 2.3s from zero, indicating the attractiveness of the p–f interaction in
vacuum. Notably, ¡( f0) vanishes within uncertainties, indicating that inelastic processes do not play a
prominent role in the interaction. Instead, the elastic p–f interaction appears to be dominant in vacuum.
The scattering length is larger than values found in literature: a recent analysis of data recorded with the
CLAS experiment reports | f0| = (0.063± 0.010) fm [61]; a value of around f0 = 0.15 fm is consistent
with LEPS measurements of the f cross section [62, 63]; studies of an effective Lagrangian combin-
ing chiral SU(3) dynamics with vector meson dominance obtain f0 = (�0.01+ i0.08) fm [64]; and a
QCD sum rule analysis finds f0 = (�0.15± 0.02) fm [65]. This underlines the importance of direct
measurements of the two-body N–f interaction in vacuum to provide constraints for theoretical models.

Finally, the data are employed to constrain the parameters of phenomenological Gaussian- and Yukawa-
type potentials. As the imaginary contribution of the scattering length is consistent with zero, only
real values are used for the parameters. The fits yield a comparable degree of consistency as the
fit with the Lednický–Lyuboshits approach. The resulting values for the Gaussian-type potential are
Veff = 2.5± 0.9(stat.)± 1.4(syst.) MeV and µ = 0.14± 0.06(stat.)± 0.09(syst.) fm�2, indicating a
much shallower strong interaction potential than lattice QCD results for the N–J/y strong interac-
tion [66]. For the Yukawa-type potential the fit yields A = 0.021 ± 0.009(stat.)± 0.006(syst.) and
a = 65.9 ± 38.0(stat.)± 17.5(syst.) MeV. Studies of N–f bound states with the same kind of po-
tential but a = 600 MeV and A = 1.25 [24] are therefore incompatible with this measurement. The N–f
coupling constant under the assumption of a Yukawa-type potential, directly extracted as gN–f =

p
A, is
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Figure 2: The genuine p–f correlation function with statistical (bars) and systematic uncertainties (boxes). The
red band depicts the results from the fit employing the Lednický–Lyuboshits approach [56]. The width corresponds
to one standard deviation of the uncertainty of the fit.

appearing above threshold lead to a cusp structure in C(k⇤) in the vicinity of the threshold. Because of
the large uncertainties and the broad bin width, no such structures are observed at the opening of the
L–K⇤ (k⇤ = 221.6 MeV/c) and S–K⇤ (k⇤ = 357.4 MeV/c) thresholds. Results from the upcoming LHC
Run 3 will constrain the respective coupling strengths [60].

More quantitative conclusions on the interaction and the coupled channels can be obtained employing the
Lednický–Lyuboshits approach. The fit determines a scattering length with a real and imaginary contri-
bution of ¬( f0) = 0.85±0.34(stat.)±0.14(syst.) fm and ¡( f0) = 0.16±0.10(stat.)±0.09(syst.) fm,
and an effective range of d0 = 7.85±1.54(stat.)±0.26(syst.) fm.

The resulting ¬( f0) deviates by 2.3s from zero, indicating the attractiveness of the p–f interaction in
vacuum. Notably, ¡( f0) vanishes within uncertainties, indicating that inelastic processes do not play a
prominent role in the interaction. Instead, the elastic p–f interaction appears to be dominant in vacuum.
The scattering length is larger than values found in literature: a recent analysis of data recorded with the
CLAS experiment reports | f0| = (0.063± 0.010) fm [61]; a value of around f0 = 0.15 fm is consistent
with LEPS measurements of the f cross section [62, 63]; studies of an effective Lagrangian combin-
ing chiral SU(3) dynamics with vector meson dominance obtain f0 = (�0.01+ i0.08) fm [64]; and a
QCD sum rule analysis finds f0 = (�0.15± 0.02) fm [65]. This underlines the importance of direct
measurements of the two-body N–f interaction in vacuum to provide constraints for theoretical models.

Finally, the data are employed to constrain the parameters of phenomenological Gaussian- and Yukawa-
type potentials. As the imaginary contribution of the scattering length is consistent with zero, only
real values are used for the parameters. The fits yield a comparable degree of consistency as the
fit with the Lednický–Lyuboshits approach. The resulting values for the Gaussian-type potential are
Veff = 2.5± 0.9(stat.)± 1.4(syst.) MeV and µ = 0.14± 0.06(stat.)± 0.09(syst.) fm�2, indicating a
much shallower strong interaction potential than lattice QCD results for the N–J/y strong interac-
tion [66]. For the Yukawa-type potential the fit yields A = 0.021 ± 0.009(stat.)± 0.006(syst.) and
a = 65.9 ± 38.0(stat.)± 17.5(syst.) MeV. Studies of N–f bound states with the same kind of po-
tential but a = 600 MeV and A = 1.25 [24] are therefore incompatible with this measurement. The N–f
coupling constant under the assumption of a Yukawa-type potential, directly extracted as gN–f =
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Figure 1: The experimental p–f correlation function and various contributions as described in Eq. 1. Statistical
(bars) and systematic uncertainties (boxes) are shown separately. The width of the dark (light) shaded bands depicts
the statistical (total) uncertainty.

because of residual correlations from weak decays feeding to the particles of interest (feed-down) and
misidentifications [32]. The total correlation function is decomposed as Cexp = Âi liCi, where the index i

runs over all contributions. The parameters li, summarized in Table 1, are obtained in a data-driven way
from single-particle properties [32]. As the purity of the f candidates depends on pT, it is evaluated for
those entering the correlation function, and found to be 57%.

The experimental p–f correlation function Cexp(k⇤) is decomposed as

Cexp(k
⇤) = M⇥Cbkg(k

⇤)⇥
⇥
lp–f ⇥Cp–f (k

⇤)+lflat ⇥Cflat(k
⇤)
⇤
+lp–(K+K�)⇥Cp–(K+K�)(k

⇤), (1)

where M is a normalization constant, Cp–f (k⇤) the genuine p–f correlation function, Cp–(K+K�)(k
⇤)

arises from combinatorial K+K� background, and Cbkg(k⇤) = Cbaseline(k⇤) +Cminijet(k⇤) is the back-
ground including a baseline and the minijet contribution. All other contributions are assumed to be
Cflat(k⇤)⇡ 1.

As seen in Table 1, the combinatorial K+K� background, referred to as p–(K+K�), significantly con-
tributes to the measured correlation function. Its shape is extracted from the sidebands of the invariant
mass selection and mainly driven by p–K+ and p–K� interactions. The sideband intervals are chosen as
0.995�1.011 GeV/c

2 and 1.028�1.044 GeV/c
2 to avoid threshold effects and have comparable kine-

matic properties as the f candidates. The resulting correlation function is parametrized with a double
Gaussian and a quadratic polynomial. Finally, a residual f amount of 8.6% in the sidebands is consid-
ered, which arises from the tail of the f resonance extending into the sideband intervals. This results
in a 7% contribution to the experimental Cp–(K+K�)(k

⇤) which is absorbed by a renormalization of the
l parameters. Since the p–(K+K�) contribution is obtained from data, the corresponding residual mini-
jet background and energy-momentum conservation effects are accounted for. The resulting correlation
function is depicted by the yellow band in Fig. 1.

The remaining background Cbkg(k⇤) =Cbaseline(k⇤)+Cminijet(k⇤) is dominated by residual minijet contri-
butions Cminijet(k⇤) of p–f . It is obtained from PYTHIA 8 [53] generated events, which yield a consistent
description of the background associated with minijets [54, 55]. Additionally, energy-momentum con-
servation effects lead to a modification of the correlation function at larger k

⇤ described by a quadratic
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Figure 2: The genuine p–f correlation function with statistical (bars) and systematic uncertainties (boxes). The
red band depicts the results from the fit employing the Lednický–Lyuboshits approach [56]. The width corresponds
to one standard deviation of the uncertainty of the fit.

appearing above threshold lead to a cusp structure in C(k⇤) in the vicinity of the threshold. Because of
the large uncertainties and the broad bin width, no such structures are observed at the opening of the
L–K⇤ (k⇤ = 221.6 MeV/c) and S–K⇤ (k⇤ = 357.4 MeV/c) thresholds. Results from the upcoming LHC
Run 3 will constrain the respective coupling strengths [60].

More quantitative conclusions on the interaction and the coupled channels can be obtained employing the
Lednický–Lyuboshits approach. The fit determines a scattering length with a real and imaginary contri-
bution of ¬( f0) = 0.85±0.34(stat.)±0.14(syst.) fm and ¡( f0) = 0.16±0.10(stat.)±0.09(syst.) fm,
and an effective range of d0 = 7.85±1.54(stat.)±0.26(syst.) fm.

The resulting ¬( f0) deviates by 2.3s from zero, indicating the attractiveness of the p–f interaction in
vacuum. Notably, ¡( f0) vanishes within uncertainties, indicating that inelastic processes do not play a
prominent role in the interaction. Instead, the elastic p–f interaction appears to be dominant in vacuum.
The scattering length is larger than values found in literature: a recent analysis of data recorded with the
CLAS experiment reports | f0| = (0.063± 0.010) fm [61]; a value of around f0 = 0.15 fm is consistent
with LEPS measurements of the f cross section [62, 63]; studies of an effective Lagrangian combin-
ing chiral SU(3) dynamics with vector meson dominance obtain f0 = (�0.01+ i0.08) fm [64]; and a
QCD sum rule analysis finds f0 = (�0.15± 0.02) fm [65]. This underlines the importance of direct
measurements of the two-body N–f interaction in vacuum to provide constraints for theoretical models.

Finally, the data are employed to constrain the parameters of phenomenological Gaussian- and Yukawa-
type potentials. As the imaginary contribution of the scattering length is consistent with zero, only
real values are used for the parameters. The fits yield a comparable degree of consistency as the
fit with the Lednický–Lyuboshits approach. The resulting values for the Gaussian-type potential are
Veff = 2.5± 0.9(stat.)± 1.4(syst.) MeV and µ = 0.14± 0.06(stat.)± 0.09(syst.) fm�2, indicating a
much shallower strong interaction potential than lattice QCD results for the N–J/y strong interac-
tion [66]. For the Yukawa-type potential the fit yields A = 0.021 ± 0.009(stat.)± 0.006(syst.) and
a = 65.9 ± 38.0(stat.)± 17.5(syst.) MeV. Studies of N–f bound states with the same kind of po-
tential but a = 600 MeV and A = 1.25 [24] are therefore incompatible with this measurement. The N–f
coupling constant under the assumption of a Yukawa-type potential, directly extracted as gN–f =

p
A, is
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Femtoscopy:	p-" interactions	in	pp	collisions	
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N∗ = @P∗Q@R∗
1 , S⃗∗ = S⃗U∗ − S⃗1∗

ppWhat	can	we	learn	from	two	particle	correlations	in	momentum	space?
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(Multi)strange	meson-baryon	interaction

5	June,	Valentina	Mantovani Sarti

pp

Most	precise	data	on	𝚵𝐊 and	𝚵𝝅 at	low	momenta	available	→ high	sensitivity	to	coupled	channels

Search	for	exotic	states	via	femtoscopy?
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(Multi)strange	meson-baryon	interaction

4	June,	Thomas	Humanic

pp

The	dependence	of	𝜆 (correlation	strength)	on	R (radius	parameter	of	the	boson	source)	is	as	expected	by	a	geometric	
toy	model	assuming	a	tetraquark KV∗ (700)

Search	for	exotic	states	via	femtoscopy?

ALICE	Coll.,	arXiv:2312.12830

Tetraquark
model

Diquark
model

π±K0
S correlations ALICE Collaboration

1.0 1.5 2.0 2.5 3.0
0.00

0.25

0.50

0.75

1.00

R (fm)

λ

ALICE
π± K0

S , pp √s =13 TeV

π±π±, pp √s =7 TeV

K0
SK0

S , Pb−Pb √sNN =2.76 TeV

K0
SK0

S , pp √s =5,7,13 TeV

tetraquark K*0(700)

diquark K*0(700)

Gaussian ρ(r)

exponential ρ(r)

Figure 4: The λ parameter as a function of source size R extracted from the π±K0
S femtoscopy measurement

in pp collisions at
√

s = 13 TeV. Results are compared with the previous ALICE measurements, obtained from
K0

SK0
S [5, 6] and ππ [35] femtoscopy studies in pp and Pb–Pb collisions and the calculations from a toy geometric

model (see text). The model calculations for the tetraquark and diquark hypotheses for the K∗
0(700) are shown as

black and light green dashed lines, respectively, the short dashed lines representing the Gaussian ρ(r) and the long
dashed lines representing the exponential ρ(r).

and for a diquark,

λ = λ0aP (12)

where,

P ≡
∫

ρ(r)ρ(|!r−!R|)dV
∫

|ρ(r)|2dV
(13)

can be considered the “overlap probability” between the π and K0
S in the pair as they are emitted from

the pp collision. The quantity ρ(r) is the meson volume distribution, assumed to be the same for the
π and K0

S, λ0 is the maximum value for λ , and a is essentially the “d−d annihilation efficiency.” As-
suming ρ(r)∼ e−r2/(2σ2) or ∼ e−r/r0 , λ0 = 0.6, the average value for ππ and K0

SK0
S measurements from

Refs. [35] and [5, 6], and assuming 100% d−d annihilation efficiency, a = 1, the free parameters of
the model, i.e. σ and r0, are adjusted to give a good fit to the π±K0

S measurements. The results from
Eqs. 11 (black lines) and 12 (light green lines) are shown. in Fig. 4, along with the results from π±K0

S
measurements of this work and published ALICE measurements for K0

SK0
S [5, 6] and ππ pairs [35] from

pp and Pb–Pb collisions. The free model parameters are set to σ = 1.1 fm and r0 = 0.85 fm for the
Gaussian (short dashed lines) and exponential (long dashed lines) distributions, respectively, which are
considered reasonable values since hadronic sizes are expected to be ∼ 1 fm. As seen, using reasonable
model parameter values, the tetraquark case, Eq. 11, describes the R dependence of λ from the present
measurements well for both the Gaussian and exponential meson shapes as being a geometric effect. The
diquark case is seen to predict an R dependence that is incompatible with the measured one.

Therefore, the present results of π±K0
S femtoscopy in pp collisions at

√
s = 13 TeV suggest that the

K∗
0(700) is a tetraquark state.
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Collectivity	in	small	systems
pp	&	p−PbIs	there	collectivity	in	small	systems?	If	so,	is	there	an	onset?	
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Collectivity	in	small	systems
pp	&	p−PbIs	there	collectivity	in	small	systems?	If	so,	is	there	an	onset?	

1) 15	<	Nch <	25	:	Baryon	meson	grouping	and	splitting	(within	1𝜎 confidence)	disappears	⟹ hint	of	an	onset!

Decreasing	multiplicity

NEW NEW
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Collectivity	in	small	systems

4	June,	Debojit Sarkar	

pp	&	p−PbIs	there	collectivity	in	small	systems?	If	so,	is	there	an	onset?	

1) 15	<	Nch <	25	:	Baryon	meson	grouping	and	splitting	(within	1𝜎 confidence)	disappears	⟹ hint	of	an	onset!
2) Longest-range	correlation	studied	down	to	lowest	possible	multiplicity	⟹	Proper	understanding	of	the	initial	state	is	missing

Decreasing	multiplicity

NEW

NEW NEW
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How	important	is	the	event	topology	in	small	systems?

4	June,	Adrian	Nassipour,	Antonio	Ortiz

pp

Antonio Ortiz (ICN, UNAM) Strangeness in Quark Matter (Strasbourg, France 4/6/2024)
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Small	local	Nch fluct.	
→ small	flattenicity values

1) Flattenicity→ Local	multiplicity	fluctuations:	The	particle	ratios	exhibit	a	steeper	increase	with	multiplicity

Flattenicity
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Flattenicity

4	June,	Adrian	Nassipour,	Antonio	Ortiz

pp

1) Flattenicity→ Local	multiplicity	fluctuations:	The	particle	ratios	exhibit	a	steeper	increase	with	multiplicity
2) Spherocity→ Jet-like	or	isentropic:	Significant	suppression	of	yields	in	jetty	events

Spherocity

Antonio Ortiz (ICN, UNAM) Strangeness in Quark Matter (Strasbourg, France 4/6/2024)
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Spherocity

ALICE	Coll.,	JHEP	05	(2024)	184
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Figure 14. The double ratios of integrated yield as a function of SpT=1
O are represented in the top-1%

of N |η| < 0.8
tracklets . The yields are integrated in the measured pT ranges for each particle species. Statistical

and systematic uncertainties are shown by bars and boxes, respectively. The curves represent different
model predictions of the same measurement. The grey band around unity represents the systematic
uncertainty of the pion measurement.

by categorizing events based on the azimuthal topology. Furthermore, it demonstrates that
SpT=1
O -integrated high-multiplicity events are dominated by soft processes, and provides an

important input to understanding the ALICE observation of universal scaling of strangeness
enhancement with multiplicity [1].

The PYTHIA 8.2 Rope hadronization framework and EPOS-LHC models, which incorpo-
rate two-component phenomenologies, are able to predict the qualitative trend of enhancement
and suppression of strange particle production as a function of SpT=1

O , albeit with a different
mass-ordering for Λ and Ξ. In contrast, both the PYTHIA8 Monash and Herwig 7.2 pre-
dictions are unable to describe the reported experimental observation. Surprisingly, Herwig
7.2 predicts the opposite trend; enhancement of all three baryons in jet-like events and a

– 36 –

jetty isotropic
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(Multi-)strange	hadron	angular	correlations
pp

Strangeness	in/out	of	the	jets?

Oliver Matonoha (CTU) 9/33

Accessing the 𝑛MPI
● Relationship between 𝑁ch and 𝑛MPI is complex:

● Non-trivial dependences in both directions 
→ Accessing 𝑛MPI from 𝑁ch also biases dominant physics sub-processes of our events

● Let‘s use the underlying event:
● collection of all particles NOT originating from the primary process or related fragmentation

𝑁ch ∝ 𝑛MPI
𝑁ch ∝ hardness of the prim. process 
𝑁ch → smaller impact parameter → harder events are likelier

● Studied by measuring 1
Δ𝜂Δ𝜑

1
𝑁ev

𝑁ch in Toward/Transverse/Away, w.r.t. to the highest-momentum 

track 𝑝Tlead

● Naturally disentangles soft/and hard:

● In Toward/Near, Away:

● Jet fragmentation, scales with 𝑝Tlead

● In Transverse region:
● Only UE (MPI, ISR/FSR, beam remnants)

● From 𝑝Tlead ≳ 5 GeV/𝑐, 𝑁ch becomes independent of 𝑝Tlead

JHEP04 (2020) 192

see A. Ortiz, Tue 11:20



Strangeness enhancement in pp collisions using angular correlations ALICE Collaboration
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Figure 7: Upper panel: full (blue), transverse-to-leading (green) and toward-leading (red) X± yields per unit
DhDj area as a function of the charged-particle multiplicity measured in events with a trigger particle. The data
points are drawn with markers, the model predictions with lines of different styles, as indicated in the legend.
Statistical and systematic uncertainties of the data points are shown by error bars and empty boxes, respectively.
Shadowed boxes represent systematic uncertainties uncorrelated across multiplicity. The sum in quadrature of
statistical and systematic uncertainties of the model predictions are shown by error bars, too small to be visible
in the plot. Bottom panel: ratio between the model predictions and the cubic spline fitted to the data points. The
shaded band around one represents the sum in quadrature of the statistical and systematic uncertainties of the data
points.
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(Multi-)strange	hadron	angular	correlations

4	June,	Chiara	de	Martin	

pp

The	contribution	of	transverse-to-leading wrt toward-leading production	increases	with	multiplicity		

Strangeness	in/out	of	the	jets?

ALICE	Coll.,	arXiv:2405.14511	

Oliver Matonoha (CTU) 9/33

Accessing the 𝑛MPI
● Relationship between 𝑁ch and 𝑛MPI is complex:

● Non-trivial dependences in both directions 
→ Accessing 𝑛MPI from 𝑁ch also biases dominant physics sub-processes of our events

● Let‘s use the underlying event:
● collection of all particles NOT originating from the primary process or related fragmentation

𝑁ch ∝ 𝑛MPI
𝑁ch ∝ hardness of the prim. process 
𝑁ch → smaller impact parameter → harder events are likelier

● Studied by measuring 1
Δ𝜂Δ𝜑

1
𝑁ev

𝑁ch in Toward/Transverse/Away, w.r.t. to the highest-momentum 

track 𝑝Tlead

● Naturally disentangles soft/and hard:

● In Toward/Near, Away:

● Jet fragmentation, scales with 𝑝Tlead

● In Transverse region:
● Only UE (MPI, ISR/FSR, beam remnants)

● From 𝑝Tlead ≳ 5 GeV/𝑐, 𝑁ch becomes independent of 𝑝Tlead

JHEP04 (2020) 192

see A. Ortiz, Tue 11:20
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Deeper	look	at	underlying	event

NT :	Nch in	transverse	region

pp

Oliver Matonoha (CTU) 9/33

Accessing the 𝑛MPI
● Relationship between 𝑁ch and 𝑛MPI is complex:

● Non-trivial dependences in both directions 
→ Accessing 𝑛MPI from 𝑁ch also biases dominant physics sub-processes of our events

● Let‘s use the underlying event:
● collection of all particles NOT originating from the primary process or related fragmentation

𝑁ch ∝ 𝑛MPI
𝑁ch ∝ hardness of the prim. process 
𝑁ch → smaller impact parameter → harder events are likelier

● Studied by measuring 1
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JHEP04 (2020) 192

see A. Ortiz, Tue 11:20

Oliver Matonoha (CTU) 12/33

Relative underlying (transverse) activity 𝑅T
● 𝑅T = 𝑁T / ⟨𝑁T⟩

● in events with a trigger 𝑝Tlead> 5 GeV/c

● proposed as a clean proxy of ⟨𝑛MPI⟩ T. Martin, P. Skands, S. Farrington EPJ C 76, 5 (2016)

G. Bencédi, A. Ortiz, S. Tripathy: J. Phys. G: Nucl. Part. Phys. 48 (2021) 015007

● 𝑅T selects different event composition:

● 𝑹𝑻 → 𝟎 ∶ dominant jet, lower ⟨𝑛MPI⟩
● 𝑹𝑻 → ∞ ∶ dominant UE, higher ⟨𝑛MPI⟩

● Measuring particle production in:

● Toward/Away vs. 𝑅T:  tests the effect of mixing the jet- and UE-related 
production

● Transverse vs. 𝑅T:  tests the soft production as a function of event ⟨𝑛MPI⟩
JHEP 06 (2023) 027

trigger makes low 𝑹𝑻

events still rather active
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Deeper	look	at	underlying	event

NT :	Nch in	transverse	region

4	June,	Oliver	Matonoha

pp

1) Slight	increase	of	strangeness	production	observed	with	increasing	𝑅T
2) Evolution	is	weaker	than	the	⟨𝑑𝑁ch/𝑑𝜂⟩ dependence,	however	more	representative	of	the	

sheer	increase	in	parton-parton activity	

Oliver Matonoha (CTU) 9/33
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System	size	dependence	of	the	strangeness	production
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System	size	dependence	of	the	strangeness	production
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System	size	dependence	of	the	strangeness	production
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4	June,	08:30 Debojit Sarkar Unraveling	the	origin	of	collectivity	in	high	and	low	multiplicity	pp	and	p-Pb	collisions	
in	ALICE	at	the	LHC	 Run	2

4	June,	11:20 Roman	Nepeivoda Measuring	the	system	size	dependence	of	the	strangeness	production	with	ALICE Run	3

5	June,	08:50 Yuanzhe Wang Investigating	the	system	size	dependence	of	hypernuclei production	with	
A<5	using	the	ALICE	detector Run	3

5	June,	09:30 Anton	Riedel Differential	measurement	of	the	common	particle	emitting	source	using	p–p	and	p–Λ correlations	in	pp	
collisions	at	13.6	TeV	with	ALICE	 Run	3

4	June,	17:30 Laura	Serknyte Shedding	light	on	strong	interactions	in	three-baryon	systems	with	ALICE	Run	3	data Run	3
4	June,	09:10 Thomas	Humanic Investigating	the	nature	of	the	K*0(700)	state	with	pi	K0s	correlations	with	ALICE	at	the	LHC New	Pub.

5	June,	08:30 Valentina	Mantovani
Sarti

Novel	constraints	for	the	multi-strange	meson-baryon	interaction	using	correlation	
measurements	with	ALICE Run	2

4	June,	12:00 Chiara	de	Martin Studying	(multi-)strange	hadron	angular	correlation	with	associated	particles	and	their	production	with	event	
topology	using	the	ALICE	detector New	Pub.

4	June,	16:50 Mario	Ciacco Studying	(anti)nucleosynthesis	via	event-by-event	fluctuations	at	the	LHC	with	ALICE Run	2

4	June,	17:10 Swati	Saha Study	of	baryon-strangeness	and	charge-strangeness	correlations	in	Pb-Pb	collisions	at	
5.02	TeV	with	ALICE Run	2

4	June,	11:40 Emil	Gorm Nielsen Probing	the	speed	of	sound	in	QGP	with	multi-particle	[pT]	cumulants	in	ALICE Run	2

4	June,	16:50 Beomkyu Kim Charged-particle	production	in	pp	collisions	at	13.6	TeV	and	Pb-Pb	collisions	at	5.36	TeV	with	ALICE	 Run	3
4	June,	11:20 Antonio	Ortiz Particle	production	as	a	function	of	charged-particle	flattenicity in	small	collision	systems	with	ALICE	 Run	2
4	June,	17:50 Adrian	Nassipour Light-flavour particle	production	as	a	function	of	transverse	spherocity with	ALICE	 Run	2

4	June,	17:30 Oliver	Matonoha Production	of	light	and	strange	particles	as	a	function	of	the	underlying	event	activity	in	small	and	large	
collision	systems	with	ALICE	 New	Pub.

4	June,	09:30 Pavel	Gordeev Production	of	Σ baryons	as	a	function	of	multiplicity	in	pp	collisions	at	the	LHC	with	ALICE Run	2
4	June,	10:40 Romain Schotter Testing	CPT	symmetry	with	multistrange baryons	mass	precision	measurements	with	ALICE Run	2
4	June,	09:30 Prottay Das Investigating	the	hidden	strangeness	content	of	exotic	resonance	with	ALICE Run	2
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Rik	Spijkers Angular	correlations	between	multi-strange	hadrons	in	pp	collisions	with	ALICE Run	3

Anjaly Menon Anomalous	kaon	correlations	in	Pb-Pb	collisions	at	the	LHC	with	ALICE Run	2

Chiara	de	Martin Investigating	strangeness	production	in	pp	collisions	using	hadron-strangeness	correlations	with	ALICE	at	the	LHC Run	2

Neelima Agrawal	 Proton	source	measurement	in	pp	collisions	at	900	GeV	with	the	femtoscopy	technique Run	3
Victor	Luis	Gonzalez	

Sebastian
Clocking	the	particle	production	and	tracking	of	strangeness	balance	and	radial	flow	effects	at

top	LHC	energy	with	ALICE Run	3

Sara	Pucillo New	insights	on	strange	quark	hadronization	measuring	(multi-)strange	hadron	production	in	
small	collision	systems	with	ALICE Run	2

Sonali Padhan Exploring	the	hadronic	resonances	in	high-multiplicity	pp collisions at	LHC	energies	with	ALICE Run	2

Mario	Ciacco Chasing	the	onset	of	QCD	thermalisation with	ALICE New	Pub.
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Upasana Sharma Multi-Strange	hadron	production	in	Run	3	pp	collisions	with	ALICE	at	LHC	energies Run	3

Hyunji Lim Study	of	multiplicity-dependent	ρ0(770)	production	in	pp	collisions	with	ALICE Run	2

Navneet Kumar pi,	𝐾,	and	p	production	in	high	multiplicity	pp	collisions	at	13	TeV	with	ALICE Run	2

Su-Jeong-Li Feasibility	study	for	the	K1	measurement	in	pp	collisions	with	ALICE Run	2

Ø Lots	of	exciting	new	data	to	be	shown	at	this	conference	and	Run	3	analyses	are	only	just	beginning
Ø Future:	

Ø End	of	Run	4	→ x100	minimum-bias	statistics	with	respect	to	Run	1	and	2
Ø ALICE	3	→ Large	acceptance	and	PID	coverage,	high	statistics,	high	efficiency,	excellent	

vertexing	…
ALICE 3 overview | October 18th, 2021 | jkl, MvL 12

Detector concept

• Compact all-silicon tracker  
with high-resolution vertex 
detector


• Superconducting magnet 
system


• Particle Identification over large 
acceptance


• Fast read-out and online 
processing

J Klein 18:05 
M Mager Tue 17:30 
A Rivetti Tue 18:00

4	June,	Giacomo	Volpe
ALICE	Coll.,	CERN-LHCC-2022-009
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09 ü High	statistics									→ O	(109)	billion	events

ü Large	acceptance			→ |η|<	4

ü High	PID	purity →		0.3	<	p <	10	GeV/c

ü High	efficiency								→	 ~95%	

ü Excellent	vertexing	→ O	(3µm)	resolution

128 ALICE Collaboration

Figure 78: The ALICE3 detector installed inside the L3 magnet yoke. The left figure shows the
detector layout with a solenoid and a dedicated dipole magnet for the FCT. The right figure shows
the detector layout with a solenoid and two dipoles integrated in the main magnet system.

Figure 79: Superconducting magnet system: Solenoid (left) and solenoid + dipoles (right).

ters are given in Tab. 7. The baseline configuration consists of a solenoid coil over the full length
of 7.5 m with additional windings at the coil ends that represent 50% higher current density. The
second configuration has a central solenoid of 2 m length with a dipole magnet on either side.
The main motivation for the dipole system is improved momentum spectroscopy in the rapid-
ity range 2 < h < 4. Having the solenoid and the dipoles at the same radius inside the same
cylindrical volume allows easy installation and maintenance of the detectors without the need of
displacing parts of the magnet system. It also allows us to treat the forces between dipoles and
solenoid inside the cold mass, which avoids difficulties with thermal contacts.

Both magnets provide a solenoid field of up to 2 T and therefore a field integral of up to 2 T m at
low values of h . Along the beam axis, i.e. at high values of h , the dipoles provide a field inte-
gral of 1 T m, with a peak field of ⇠0.5 T. Figure 80 shows the field map of the solenoid+dipole
magnet system in a vertical plane through the beam axis, together with the expected performance
of both magnet systems. For muons of pT = 1GeV/c, i.e. at the multiple scattering limit, the
solenoid provides a momentum resolution between 0.6 and 1% up to h = 2 and the resolution
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Emil Gorm Nielsen [NBI] | SQM2024

Speed of sound as function of -gapη

9

Summary plot of extracted  with different centrality estimators and various  separations between 
particles used for  and centrality

c2
s η

⟨pT⟩
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