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Introduction
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𝑣!: azimuthal anisotropy
!"
!# ∝ (1 + 2𝑣$𝑐𝑜𝑠 2 𝜙 − 𝛹 )
Ψ: azimuthal of reaction plane
𝜙: azimuthal of generated particle

!−# = %&°
out-of-plane

!−# = &°    
in-plane

Reaction plane

Reaction area

One of the characteristics 
of QGP :

Parton energy loss in QGP 

𝑝!
""(GeV)

𝑝!
""(GeV)
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𝑣 !

lQGP
• The	phase	transition	from	hadronic	material	to	quark-gluon	plasma

lPHENIX
• To	measure	a	wide	variety	of	QGP	signals	from	nuclear-nuclear	(A+A)	
collisions

lMain	evidence	of	QGP	generation	at	RHIC
1. High-𝒑𝑻 hadron	suppression
2. Azimuthal	anisotropy,	𝒗𝟐



A	key	observable	: Parton	energy	loss	in	QGP

Introduction

l𝑺𝒍𝒐𝒔𝒔 :	the	fractional	momentum	loss	
of	high-𝒑𝑻 hadrons	

𝑺𝒍𝒐𝒔𝒔 =
𝒑𝑻
𝒑𝒑 𝒔𝒄𝒂𝒍𝒆𝒅 − 𝒑𝑻𝑨𝑨

𝒑𝑻
𝒑𝒑(𝒔𝒄𝒂𝒍𝒆𝒅)

1. 𝑆)*++ does	not	strongly	depend	on	𝑝,,	
decreases	as	centrality	increases.
(Phys.	Rev.	C. 93.	024911 (2016))

2. 𝑆)*++ scales	with	𝐿-,	an	effective	radius	of	the	
collision.	(Phys.	Rev.	C.	76.	034904(2007))
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.93.024911
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.76.034904
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.76.034904
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.93.024911


𝑺𝒍𝒐𝒔𝒔$ :	the	fractional	momentum	loss	of	high-𝑝,
hadrons considering	azimuthal	anisotropy	

𝑺′𝒍𝒐𝒔𝒔 =
𝒑𝑻
𝑨𝑨,𝒊𝒏 −𝒑𝑻

𝑨𝑨,𝒐𝒖𝒕

𝒑𝑻
𝑨𝑨,𝒊𝒏

Comparison	particle	yield	in-plane
and out-of-plane	in	A+A	collisions

Purpose
• Evaluation	of	the	energy	of	parton in	QGP	from	hadron	spectra	in	various	
collision systems
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𝑺𝒍𝒐𝒔𝒔:	the	fractional	momentum	loss	of	high-𝑝,
hadrons	

𝑺𝒍𝒐𝒔𝒔 =
𝒑𝑻
𝒑𝒑 − 𝒑𝑻𝑨𝑨

𝒑𝑻
𝒑𝒑

Comparison	particle	yield
in A+A	and p+p collisions

Approach	1 Approach	2

Au+Au

time

p+p
out-of-plane
!−# = %&°

in-plane
!−# = &°

Reaction plane

Reaction area

New!



Analysis	method	for	𝑆!"##

1. Scale	spectra	in	p+p collisions	by	the	
number	of	binary	collisions.

2. Calculate	𝑆!"## .

𝑆!"## =
𝑝$
%% 𝑠𝑐𝑎𝑙𝑒𝑑 − 𝑝$&&

𝑝$
%%(𝑠𝑐𝑎𝑙𝑒𝑑)
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Analysis	method	for	𝑆′!"##
1. Divide	spectra	in	A+A	collisions	into	in-

plane	and	out-of-plane.
!"
!0(

:	inclusive	particle	yield	,	 1!"
!0( 12

:	yield	in-plane	,	 1!"
!0( 345

:	yield	out-of-plane	

!23
24$ 56

= 23
24$

× 2𝑣7 + 1 (𝜙 − 𝛹 = 0°)

!23
24$ 89:

= 23
24$

× 2𝑣7 − 1 (𝜙 − 𝛹 = 90°)

2. Calculate	𝑆′!"## .

𝑆′!"## =
𝑝$!"
&& −𝑝$#$%

&&

𝑝$!"
&&

2021/9/5 Mika Shibata at PANIC 2021

𝑺𝒍𝒐𝒔𝒔8 : the fractional momentum loss of high-𝑝/
hadrons considering azimuthal anisotropy v2

out-of-plane
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in-plane
!−# = &°

Reaction plane

Reaction area

𝑝!
##,&'(𝐺𝑒𝑉/𝑐)

7

𝑠𝑝
𝑒𝑐
𝑡𝑟
𝑎



Estimation	of	Path-length	(𝐿, 𝐿$, ∆𝐿$)
1. Using	Monte-Carlo	method	based	on	Glauber	model.
2. For	each	parton-parton collision,	calculate	𝑳𝒊𝒏 and	𝑳𝒐𝒖𝒕.	

• 𝑳𝒊𝒏 :	the	length	of	the	interaction	area	in	the	in-plane	direction
• 𝑳𝒐𝒖𝒕:	the	length	of	the	interaction	area	in	the	out-of-plane	direction

3. Calculate	path-length	for	a	given	centrality	class.
• 𝑳:	mean	path-length	for		𝑺𝒍𝒐𝒔𝒔

𝑳 =
𝑳𝒊𝒏 + 𝑳𝒐𝒖𝒕

𝟐
• 𝑳𝟐:	squared	path-length	for		𝑺𝒍𝒐𝒔𝒔

𝑳𝟐 =
𝑳𝒊𝒏 + 𝑳𝒐𝒖𝒕

𝟐

𝟐

• ∆𝑳𝟐:	a	quantity	for		𝐒′𝒍𝒐𝒔𝒔 corresponding	
to	𝑳𝟐 for		𝑺𝒍𝒐𝒔𝒔

∆𝑳𝟐 = 𝑳𝒐𝒖𝒕
𝟐 − 𝑳𝒊𝒏

𝟐

2021/9/5 Mika Shibata at PANIC 2021 8

Nucleus B
Nucleus A

0 10 20 30 40 50 60 70 80
centrality (%)

2

3

4

5

6

7

(fm
)

(in
,o

ut
)

L

inL
outL

L

Au+Au

0 10 20 30 40 50 60 70 80
centrality (%)

5

10

15

20

25

30

35

40

45

50)2
(fm2 L

Au+Au

0 10 20 30 40 50 60 70 80
centrality(%)

12

14

16

18

20

22

24

26

)2
(fm

in2
-L

ou
t

2 L

Au+Au

0 10 20 30 40 50 60 70 80
centrality (%)

2

3

4

5

6

7

(fm
)

(in
,o

ut
)

L

inL
outL

L

Au+Au

0 10 20 30 40 50 60 70 80
centrality (%)

5

10

15

20

25

30

35

40

45

50)2
(fm2 L

Au+Au

0 10 20 30 40 50 60 70 80
centrality(%)

12

14

16

18

20

22

24

26

)2
(fm

in2
-L

ou
t

2 L

Au+Au

𝐿(
(𝑓
𝑚
( )

∆𝐿
( (
𝑓𝑚

( )

Centrality(%)Centrality(%)



New	measurements	presented	today
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1. Particle	and	System
• 𝒉±,	Au+Au,	200GeV	
• 𝝅𝟎,	Cu+Au,	200GeV

2. plots
• 𝑆!"## vs.	𝑝$
• 𝑆!"## vs.	𝐿&

1. Particle	and	System	
• 𝒉±,	Au+Au,	200GeV	
• 𝝅𝟎,	Au+Au,	200GeV	

2. plots
• 𝑆′!"## vs.	𝑝$
• 𝑆′!"## vs.	∆𝐿&(= 𝐿"?@& − 𝐿AB& )

Approach	1 (𝑺𝒍𝒐𝒔𝒔) Approach	2	(𝑺′𝒍𝒐𝒔𝒔)
𝑆′93:: =

𝑝/
;;,12 −𝑝/

;;,345

𝑝/
;;,12

𝑆93:: =
𝑝/
00 −𝑝/;;

𝑝/
00

out-of-plane

in-plane

Reaction plane

Reaction area

Au+Au

time

p+p
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𝑆)*++ =
𝑝,
--(𝑠𝑐𝑎𝑙𝑒𝑑) −𝑝,..

𝑝,
--(𝑠𝑐𝑎𝑙𝑒𝑑)

• There	is	no	significant	difference	between	h±s	and	𝜋9s	within	uncertainty.
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𝑆)*++ =
𝑝,
--(𝑠𝑐𝑎𝑙𝑒𝑑) −𝑝,..

𝑝,
--(𝑠𝑐𝑎𝑙𝑒𝑑)

• 𝑆)*++ for	π9s in	Cu+Au is	almost	constant	up	to	𝑝, ~12	GeV and	decreases	at	higher	𝑝,.
• 𝑆)*++ decreases	as	centrality	increases.	
• 𝑆)*++ vs.	𝑝, shows	the	same	tendency	in	Au+Au,	Cu+Cu,	and	Cu+Au. asymmetric collisions
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• 𝑆′)*++ for	h±s	and	𝜋9s	slightly	decrease	up	to	𝑝, ~6	GeV and	seems	to	be	almost	constant	at	higher	𝑝,.
• 𝑆′)*++ increases	as	centrality	increases.	
• There	is	no	significant	difference	between	ℎ±s	and	𝜋9s.
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• There	is	no	significant	difference	between	ℎ±s	and	𝜋9s.
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New! New!

S ,
-.
.

• 𝑆)*++ is	proportional	to	L! for	both	ℎ±s	and	𝜋9s,	and	it	is	common	in Au+Au,	Cu+Cu,	and	
Cu+Au.

• It	implies	the	gluon	radiation	loss	is	dominant.
S ,
-.
.

𝑆!"## vs.	𝐿$
(ℎ±(Au+Au),	𝜋'(Cu+Au))

𝑆)*++ =
𝑝,
--(𝑠𝑐𝑎𝑙𝑒𝑑) −𝑝,..

𝑝,
--(𝑠𝑐𝑎𝑙𝑒𝑑)

𝐿! =
𝐿*23 + 𝐿01

2

!

Phys. Rev. 
C 93.024911

(2016) 

𝐿((𝑓𝑚() 𝐿((𝑓𝑚()

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.93.024911
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∆𝐿! = 𝐿*23! − 𝐿01!

𝑆′)*++ =
𝑝,
..,01 −𝑝,

..,*23

𝑝,
..,01
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Filled box: syst.err.
Solid line: stat.err.
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𝑆′!"## vs.	∆𝐿$(= 𝐿"%&$ − 𝐿'($ )
(ℎ±,	𝜋*(Au+Au))

• 𝑆′)*++ is	not	proportional	to	𝐿*=>! − 𝐿?@! .
• There	is	no	significant	difference	between	ℎ±s	and	𝜋9s	within	uncertainty.

New!

New!

S′
:;
<<

𝑆′/011 exhibits a	different	tendency	from	𝑆/011!	

∆𝐿((𝑓𝑚()



Summary
• We	evaluated	the	energy	loss	of	partons in	QGP.
• We	newly	measured	𝑆!"## for	𝜋8s	in	Cu+Au and	ℎ±s	in	Au+Au.
• 𝑆!"## is	proportional	to	𝐿&.
• Throughout	𝜋Gs	(Au+Au,	Cu+Cu,	and	Au+Cu)	and	ℎ±s (Au+Au)	cases,	the	
𝑆!"## vs.	𝐿& relation	looks	common	within	uncertainty.

• We	introduced	a	new	analysis	approach	that	allows	us	to	compare	
yield	in-plane	and	out-of-plane,	and	we	define 𝑆′!"## .
• We	measured	𝑆′!"## for	ℎ±s	and	𝜋8s	in	Au+Au.
• 𝑆′!"## vs.	𝑝$ relation	is	common	for	ℎ±s	and	𝜋Gs	in	Au+Au within	uncertainty.
• 𝑆′!"## is	not	proportional	to	∆𝐿&(= 𝐿"?@& − 𝐿AB& ),	different	behavior	from	𝑆!"##.	
• 𝑆′!"## vs.	∆𝐿& is	common	for	ℎ±s	and	𝜋Gs	in	Au+Au within	uncertainty.
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Outlook
• Study	of	𝐿: dependences	of	𝑆’!"## with	multiple	fitting	functions
• Obtaining	path-length	with	advanced	simulation	tools	(ex.	Jetscape)
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