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Outline	
•  Motivation	
•  The	STAR	Experiment	
•  Results	
	-	Invariant	yields	of	K*0	and	φ
	-	Anisotropic	flow	of		φ
•  Summary	
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Beam	Energy	Scan	at	RHIC	
Collider	Mode	(√sNN)=	7.7-200	GeV	
	Fixed	Target	(√sNN):	3-7	GeV	
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The	QCD	phase	diagram	
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Figure 1: Conjectured QCD phase diagram. The phase boundary (solid line) between the hadronic

gas phase and the high-temperature quark-gluon phase is a first-order phase transition line, which

begins at large µB and small T and curves towards smaller µB and larger T . This line ends at the

QCD critical point whose conjectured position, indicated by a square, is uncertain both theoret-

ically and experimentally. At smaller µB there is a cross over indicated by a dashed line. The

region of µB/T  2 is shown as blue dot-dashed line. A comparison between RHIC data and lattice

QCD calculations disfavors the possible QCD critical point being located at µB/T  2 16, 17. The

red-yellow dotted line corresponds to the chemical freeze-out (where inelastic collisions among

the constituents of the system cease) inferred from particle yields in heavy-ion collisions using a

thermal model. The liquid-gas transition region features a second order critical point (red-circle)

and a first-order transition line (yellow line) that connect the critical point to the ground state of

nuclear matter (T ⇠ 0 and µB ⇠ 925 MeV) 8. The regions of the phase diagram accessed by past

(AGS and SPS), ongoing (LHC, RHIC, SPS and RHIC operating in fixed target mode), and future

(FAIR and NICA) experimental facilities are also indicated.
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Varying beam energy varies Temperature (T) and Baryon Chemical Potential (µB). 



Resonances		
“Resonances”	are	short	lived	particles,	existing	for	~10-23	seconds		
		

•  Lifetime	of	resonance	:			τ =
!
Γ

Cross-section	shape	of	resonance	state	R*	
given	by	the	Breit-Wigner.	

ρ0	(770),	K*(892),	Φ(1020),		Σ±(1385),	Λ0(1520),	Ξ0(1530)	
	

	
	

Example:		

A+B								R*									C+D	

•  Decays	through	strong	interaction	

M.	Alstone	et	al.,	Phys.	Rev.	Lett.	6	(1961)	300.	 4	



Observation	of	the	first	resonance	
First	resonance	particle	was	discovered	in	a	bubble	chamber	experiment	at	Berkeley	

M.	Alstone	et	al.,	Phys.	Rev.	Lett.	6	(1961)	300	 5	



Observation	of	the	first	resonance	
First	resonance	particle	was	discovered	in	a	bubble	chamber	experiment	at	Berkeley	

M.	Alstone	et	al.,	Phys.	Rev.	Lett.	6	(1961)	300	 6	



Hadronic	phase		
&	resonance	decay	

K	

π	

K*	

Time	 Partonic	phase		
&	expansion	

Probing	partonic	collectivity	through	φ	

•  Lifetime	~	42	fm/c	

•  Early	freeze-out	

•  Small	hadronic	interaction	cross	section	

Probing	hadronic	phase	through	Κ*	

•  Lifetime	~	4	fm/c	

•  Decay	daughters	could	be	affected	by	
						in-medium	interaction	

Resonances	as	probe	in	heavy-ion	collisions	
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The	STAR	Experiment	
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Tracking:	TPC		 Hadron	Identification:	TPC		&	TOF		 Event	Plane:	TPC		&	EPD	



Particle	Identification	
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φ										K+			+			K-	

K*0										K+			+			π-	

Pions	and	Kaons	are	identified	
using	TPC	and	TOF	detectors	

Branching	Ratio:	~	0.49	

Branching	Ratio:	~	0.66	



K*0	and	φ	reconstruction		

The	signal	is	fitted	with	a	Breit-Wigner	function	plus	a	linear	residual	background	after	
mixed	event	background	subtraction.	

K*0	and	φ	reconstructed	via	hadronic	decay	channels	through	invariant	mass	method	
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Measurement	at	Top	RHIC	Energy	
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	φ	and	K*0		spectra	at	200	GeV	
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•  Spectra	is	fitted	with	Levy	fit	
•  Fit	functions	used	to	extrapolate	yields	in	unmeasured	regions	

φ
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Mean	transverse	momentum	at	top	
RHIC	and	LHC	energies	
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Phys.	Rev.	C	84	(2011)	034909	(STAR)	
Phys.	Rev.	C	79	(2009)	064903	(STAR)	
Phys.	Rev.	C	79	(2009)	034909	(STAR)	
Phys.	Rev.	C	91	(2015)	024609	(ALICE)	
Phys.	Rev.	C	88	(2013)	044910	(ALICE)	
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Mean	transverse	momentum	at	top	
RHIC	and	LHC	energies	
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•  Mean	pT		increases	with	mass	

•  Mean	pT	of	K*	and	φ close	to	proton	(similar	mass)	

•  Mean	pT	at	LHC	>	Mean	pT	at	RHIC,	consistent	with	increased	radial	flow	at	LHC	
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Particle	ratios	(K*0/K-	and	φ/K-)	at	top	RHIC	
and	LHC	energies	
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Particle	ratios	(K*0/K-	and	φ/K-)	at	top	RHIC	
and	LHC	energies	
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Particle	ratios	(K*0/K-	and	φ/K-)	at	top	RHIC	
and	LHC	energies	
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Dominance	of	hadronic	re-scattering	in	central	A+A	collisions	

φ/K-	ratio	show	weak	centrality	
dependence	

K*0/K-	ratio	decreases	with	
increasing	centrality	

LHC	RHIC	
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Lower	limit	of	hadronic	phase	lifetime		
	

(K*0/K)kin	=	(K*0/K)chem	×	e-∆t/𝜏		

Where,	∆t	=	lower	limit	of	hadronic	phase	lifetime	(	tkin	-	tchem	)	

Assumptions:	
•  	(K*0/K)kin	≈	(K*0/K)AA	
•  	(K*0/K)chem	≈	(K*0/K)pp	
•  	No	regeneration	

Smaller	∆t	at	RHIC	compared	to	LHC		

Phys.Lett.B	802	(2020)	135225	(ALICE)	

	Zhangbu	Xu.	J.	Phys.	G	30	(2004),	S325--S334	
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S.	Singha,	et	al.	Int.	J.	Mod.	Phys.	E	24	(2015)	05,	1550041	

Phys.	Rev.	C	84	(2011)	034909	(STAR)	

STAR	Preliminary	



Measurement	at	BES	Energies	
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K*0/K	ratio	from	UrQMD	model	
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UrQMD	predicts	breaking	of	multiplicity	scaling	
	at	BES	energies		

A.K.	Sahoo	et	al,	arXiv	:	2307.06661	 20	



K*0	spectra	at	BES	energies	
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BES-I	
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•  Spectra	is	fitted	with	Levy	fit	
•  Fit	functions	used	to	extrapolate	yields	in	unmeasured	regions	

Phys.	Rev.	C	107	(2023)	34907	(STAR) 		
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22	Phys.	Rev.	C	93	(2016)	(R)	21903	(STAR)	

BES-I	

φ	spectra	at	BES	energies	



Particle	ratios	(K*0/K	and	φ/K)	at	BES	energies	

φ/K	ratio	:		Weak	centrality	dependence	
	
K*0/K	ratio:	decreases	with	increasing	centrality,	more	re-scattering	in	central	collisions	
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	Indicating	dominance	of	hadronic	re-scattering	in	central	Au+Au	collisions	

BES-I	



K*0/K	ratio	:	Multiplicity	Dependence	
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K*0/K	ratio:	decreases	with	increasing	multiplicity	

BES-I	
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K*0/K	ratio	:	Multiplicity	Dependence	
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Phys.	Rev.	C	107	(2023)	34907	(STAR) 		

BES		
Top	RHIC	and	LHC	

K*0/K	ratio:	decreases	with	increasing	multiplicity	
Ratios	at	BES	do	not	seem	to	follow		multiplicity	scaling	with	top	RHIC	and	LHC	energies.	
Precise	measurement	are	needed	to	confirm.		

BES-I	
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K*0/K	Ratio:	Model	Comparison	

A.K.	Sahoo	et	al,	Phys.	Rev.	C	108,	(2023)	044904	

•  Thermal	model	explains	K*0/K	in	peripheral	collisions,	but	overestimates	the	ratio	
in	central	collisions	

	
•  UrQMD	with	longer	hadronic	phase	is	needed	to	explain	K*0/K	in	central	collisions	

BES-I	

26	Phys.	Rev.	C	107	(2023)	34907	(STAR) 		



Particle	ratio	from	BES-phase	II	data	
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•  (K*0/K)central	<	(K*0/K)peripheral			

Precise	measurement	at	BES-II	confirms	the	dominance	of	hadronic	re-
scattering	in	central	Au+Au	collisions	

Au+Au	@	19.6	GeV,	BES-II	
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Probing	Partonic	Collectivity	Using	φ	Meson	

28	



Collectivity	in	heavy-ion	collisions	
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v2	–	Elliptic	flow		 Sensitive	to	initial	dynamics	
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φ mesons	v2:	Probe	to	Partonic	Collectivity		

Au+Au,	200	GeV	
φ  freezes	out	at	higher	
	temperature	than	π,k,p	

					<pT>	of	φ is	almost	
independent	of	
centrality	unlike	
anti-protons	

	

•  Indicates	possibly	φ 	decouples	
early	in	the	interaction	

•  Clean	probe	to	partonic	
collectivity		

	Phys.	Lett.	B	612	(2005)	181	(STAR)	
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NCQ	Scaling	of	Elliptic	Flow	
Au+Au	@	19.6	GeV,	BES-II	

•  φ	meson	v2	follow	NCQ	scaling	with	other	hadrons.	
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NCQ	Scaling	of	Elliptic	Flow	
Au+Au	@	14.6	GeV,	BES-II	

Evidence	of	partonic	collectivity		at	14.6	and	19.6	GeV.	

•  φ	meson	v2	follow	NCQ	scaling	with	other	hadrons.	
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Summary	

•  K*0/K	ratio	in	central	Au+Au	collisions	is	smaller	than	in	p+p	and	peripheral	
Au+Au	collisions	

•  φ/K	ratio	shows	weak	centrality	dependence		

Consistent	with	hadronic	re-scattering	for	resonances	with	short	lifetime	

Invariant	Yield:	

33	

Elliptic		Flow:	

•  Elliptic	flow	of	φ 	mesons	follow	NCQ	scaling	with	other	hadrons	at	14.6	and	
19.6	GeV	

Evidences	of	partonic	collectivity		at	14.6	and	19.6	GeV.	

Thanks.	


