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In t ro d u c t io n

O p e n q u e s t io n s

 W h a t h a p p e n s w ith th e h ig h e r F o u r ie r

h a rm o n ic s ?

 H ow se n s it iv e a re th e se o b se rv a b le s to th e

e n e rg y lo s s m o d e l?

 Is th e re c o lle c t iv ity in th e h e a v y f la v o r

s e c to r?

 H ow d o f lu c tu a t io n s in a n e v e n t -b y -e v e n t

a p p ro a c h a f fe c t th e s e o b se rv a b le s ?
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In t ro d u c t io n

O b se rv a b le s

 N u c le a r M o d if ic a t io n F a c to r : 𝑅A A (𝑝𝑇 , 𝜑) =
d𝑁A A

d𝑝𝑇 d𝜑

𝑁c o ll

d𝑁p p

d𝑝𝑇

;

 C o lle c t iv e f lo w :

𝐸d3𝑁
d𝑝3

= 1
2𝜋

d2𝑁
𝑝𝑇 d𝑝𝑇 d𝑦 􏿻1 + ∑𝑛 2𝑣𝑛 cos 􏿮𝑛 􏿴𝜑 − Ψ𝑛􏿷􏿱􏿾 ;

𝑛 = 2 𝑛 = 3 𝑛 = 4 𝑛 = 5 𝑛 = 6

 M u lt i-p a r t ic le C um u la n ts :

 2 - , 4 - , 6 - a n d 8 -p a r t ic le .
Ψ2

Ψ3
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S im u la t io n D e v e lo p m e n t

D e ta ils o f th e m o d e lin g

 D e v e lo p a M o n te C a r lo s im u la t io n ;

 C + + p ro g ram m in g la n g u a g e ;
 R O O T a n d P y th ia 8 .

 M od u la r p a ra d ig m (Q C D fa c to r iz a t io n ) :

 In it ia l c o n d it io n s (M C K LN ) ;
 E v e n t -b y -e v e n t h y d ro d y n am ic s (v -U S P h y d ro ) ;
 E n e rg y lo s s m o d e l;
 H a d ro n iz a t io n ;
 M e so n d e c a y ;

 H e a v y q u a rk s (b o t tom a n d ch a rm ) a re p ro b e s :

 W h a t h a p p e n s in th e h e a v y -f la v o r s e c to r?
 H ig h m u lt ip lic ity e x p e r im e n ts a llo w fo r th e h e a v y -f la v o r

s tu d y .
 S am p le d a t th e b e g in n in g o f th e s im u la t io n a n d e v o lv e d

w ith th e m e d iu m .
 W e cu r re n t ly n e g le c t a n y e f fe c t o f th e p ro b e s o n th e

m e d iu m .
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S im u la t io n D e v e lo p m e n t

E n e rg y L o s s a n d H a d ro n iz a t io n

 S im p le e n e rg y lo s s m o d e l:
d𝐸
d𝑥

(𝑇, 𝑣; 𝛼) = 𝛼Γf lo w 𝑓(𝑇, 𝑣);

Γf lo w = 𝛾 􏿮1 − 𝑣 cos(𝜑q u a rk − 𝜑f lo w )􏿱 .

P R C 7 2 0 6 4 9 10 (2 0 0 5 ) ; a rX iv :16 0 2 .0 3 7 8 8 [n u c l- th ] .

 F it th e 𝛼 p a ram e te r :

1 F it 𝛼c h a rm u s in g D 0 𝑅A A d a ta ;

2 W ith f ix e d 𝛼c h a rm , f it 𝛼b o t tom u s in g e le c t ro n 𝑅A A d a ta ;

 T h e e n e rg y lo s s m o d e l c a n b e ch a n g e d a t w ill .

 H a d ro n iz a t io n u s in g P e te rs o n f ra gm e n ta t io n fu n c t io n :

 O c cu rs a f te r h e a v y -q u a rk s h a v e c ro s s e d 𝑇f ra g is o th e rm a l;
 C u rre n t ly n o t im p lem e n t in g c o a le s c e n c e ;

 D e c a y s p e r fo rm e d b y P y th ia 8 .
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R e su lt s

N u c le a r m o d if ic a t io n fa c to r

 
d𝐸
d𝑥 = 𝛼Γf lo w 𝑇f ra g = 140 M eV . P LB 7 4 7 2 6 0 – 2 6 4 (2 0 15 )
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Q M 20 15 (A L IC E ) ; C M S -P A S -H IN -15 -0 0 5 (C M S ) (Q M 20 15 ) A IP C o n fe re n c e P ro c e e d in g s 16 2 5 , 2 2 6 – 2 2 9 (2 0 14 )
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R e su lt s

N u c le a r m o d if ic a t io n fa c to r

 𝑅A A is h ig h ly a f fe c te d b y th e e n e rg y lo s s m o d e l!

 𝑇f ra g = 140 M eV .

10 20 30 40
𝑝𝑇 (G e V )

0

0.3

0.6

0.9

1.2

𝑅 A
A

d𝐸
d𝑥 = 𝛼𝑇2

d𝐸
d𝑥 = 𝛼
d𝐸
d𝑥 = 𝛼𝑣𝛾

B m e so n 𝑅A A

0 – 10 % P b -P b , √𝑠N N = 2.76 T e V

10 20 30 40
𝑝𝑇 (G e V )

0

0.3

0.6

0.9

1.2

𝑅 A
A

d𝐸
d𝑥 = 𝛼𝑇2

d𝐸
d𝑥 = 𝛼
d𝐸
d𝑥 = 𝛼𝑣𝛾

D 0 m e so n 𝑅A A
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R e su lt s

M u lt i-p a r t ic le c u m u la n ts

F ir s t c a lc u la t io n o f c u m u la n ts e v e n t -b y -e v e n t fo r
h e a v y -q u a rk s !! !

 𝑐𝑛{4} = 􏾉⟨4⟩􏽼 − 2 􏾉⟨2⟩􏽼2

𝑣𝑛{4}(𝑝𝑇) =
−𝑑𝑛{4}

􏿴−𝑐𝑛{4}􏿷
3/4 ;

 𝑐𝑛{6} = 􏾉⟨6⟩􏽼 − 9 􏾉⟨4⟩􏽼 􏾉⟨2⟩􏽼 + 12 􏾉⟨2⟩􏽼3

𝑣𝑛{6}(𝑝𝑇) =
𝑑𝑛{6}

􏿮4(𝑐𝑛{6})5􏿱
1/6 ;

 𝑐𝑛{8} = 􏾉⟨8⟩􏽼 − 16 􏾉⟨6⟩􏽼 􏾉⟨2⟩􏽼 − 18 􏾉⟨4⟩􏽼2 + 144 􏾉⟨4⟩􏽼 􏾉⟨2⟩􏽼2 − 144 􏾉⟨2⟩􏽼4

𝑣𝑛{8}(𝑝𝑇) =
−𝑑𝑛{8}

􏿮33(−𝑐𝑛{8})7􏿱
1/8 .

P R C 8 3 0 4 4 9 13 (2 0 1 1 ) ; P R C 8 9 0 6 4 9 0 4 (2 0 14 ) ; C M S -P A S -H IN -15 -0 14 (C M S ) .
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R e su lt s

E ll ip t ic f lo w

 C o r re la t io n b e tw e e n lig h t q u a rk s in a sm a ll 𝑝𝑇 b in a n d h e a v y q u a rk s :

𝑣𝑛{2}(𝑝𝑇) =
􏾊𝑣h e a v y𝑛 (𝑝𝑇)𝑣

l ig h t
𝑛 cos 􏿮𝑛 􏿴Ψh e a v y

𝑛 (𝑝𝑇) − Ψl ig h t
𝑛 􏿷􏿱􏽽

􏽰
􏾊􏿴𝑣l ig h t𝑛 􏿷

2
􏽽

.

 H e a v y se c to r in h e r it s g e om e tr ic a l f lu c tu a t io n s o f s o f t s e c to r ;

P R L 1 16 2 5 2 3 0 1 (2 0 16 ) .
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R e su lt s

𝑣2{2} — E n e rg y lo s s d e p e n d e n c e

 𝑇f ra g = 140 M eV ;

 𝑣2{2} d e p e n d s h e a v ily o n th e e n e rg y lo s s m o d e l.
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d𝑥 = 𝛼𝑣𝛾(𝑣)

B m e so n 𝑣2{2}

3 0 – 5 0 % P b -P b , √𝑠N N = 2.76 T e V
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R e su lt s

𝑣2{2} — 𝑇f ra g d e p e n d e n c e

 
d𝐸
d𝑥 = 𝛼Γf lo w ;

 T h e in c re a s e o f 𝑇f ra g d e c re a s e s th e f lo w .
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𝑇f ra g = 160 M eV

B m e so n 𝑣2{2}
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𝑇f ra g = 150 M eV

𝑇f ra g = 160 M eV

D 0 m e so n 𝑣2{2}
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R e su lt s

C o n v e rg e n c e o f c u m u la n ts !

 
d𝐸
d𝑥 = 𝛼Γf lo w B m e so n ;

 C o n v e rg e n c e m a y in d ic a te c o lle c t iv ity in th e h e a v y

se c to r .
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R e su lt s

C o n v e rg e n c e o f c u m u la n ts !

 
d𝐸
d𝑥 = 𝛼Γf lo w D 0 m e so n .

 C o n v e rg e n c e m a y in d ic a te c o lle c t iv ity in th e h e a v y

se c to r .
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R e su lt s

𝑣3 fo r h e a v y f la v o r !

 
d𝐸
d𝑥 = 𝛼Γf lo w ;

 F ir s t c a lc u la t io n o f 𝑣3{2} ≠ 0 fo r h e a v y -q u a rk !! !
 𝑣3{2} a ls o d e c re a s e s w ith th e in c re a s e o f 𝑇f ra g .
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0

0.01

0.02

𝑣 3
{2
}

𝑇f ra g = 120 M eV

𝑇f ra g = 130 M eV

𝑇f ra g = 140 M eV

𝑇f ra g = 150 M eV

𝑇f ra g = 160 M eV

B m e so n 𝑣3{2}

3 0 – 5 0 % P b -P b , √𝑠N N = 2.76
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D 0 m e so n 𝑣3{2}
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R e su lt s

𝑣3 fo r h e a v y f la v o r !

 𝑇f ra g = 140 M eV .

 𝑣3{2} v e ry s e n s it iv e to e n e rg y lo s s m o d e ls ;

5 10 15 20
𝑝𝑇 (G e V )

0
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𝑣 3
{2
}

d𝐸
d𝑥 = 𝛼𝑇2

d𝐸
d𝑥 = 𝛼
d𝐸
d𝑥 = 𝛼𝑣𝛾(𝑣)

B m e so n 𝑣3{2}

3 0 – 5 0 % P b -P b , √𝑠N N = 2.76 T e V
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d𝐸
d𝑥 = 𝛼𝑇2

d𝐸
d𝑥 = 𝛼
d𝐸
d𝑥 = 𝛼𝑣𝛾(𝑣)

D 0 m e so n 𝑣3{2}

3 0 – 5 0 % P b -P b , √𝑠N N = 2.76 T e V
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C o n c lu s io n s a n d o u t lo o k

 N ew fram ew o rk to s tu d y h a rd p ro b e s in a n

e v e n t -b y -e v e n t h y d ro d y n am ic s e x p a n d in g Q G P ;

 F ir s t p re d ic t io n o f h e a v y -q u a rk c um u la n ts :

 C o n v e rg e n c e o f c um u la n ts : c o lle c t iv ity in th e

h e a v y -f la v o r s e c to r?

 F ir s t p re d ic t io n o f 𝑣3{2} fo r h e a v y -f la v o r ;
 F u tu re w o rk :

 Im p ro v em e n t in th e lo w -𝑝𝑇 s e c to r ;
 C o r re la t io n s b e tw e e n 𝑣𝑛 in th e h e a v y -f la v o r s e c to r ;
 S o f t h a rd e v e n t e n g in e e r in g in th e h e a v y -f la v o r s e c to r ;
 C h e c k th e in f lu e n c e o f a 𝑇 d e p e n d e n t sh e a r a n d b u lk

v is c o s it ie s ;
 C h e c k d if fe re n t b e am e n e rg ie s ;
 S ym m e tr ic c u m u la n ts S C (𝑛,𝑚).
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B a c k u p



b a c k u p

In it ia l C o n d it io n s

 A c tu a l in p u t o f th e

p ro g ram ;

 2 D p ro f ile s fo r th e

h y d ro :

 E n e rg y d e n s ity ;
 T em p e ra tu re ;
 T ra n sv e rs e

v e lo c ity ;

0 – 10 % P b -P b , √𝑠N N = 2.76 T e V

−7.5 0 7.5
𝑥 ( fm )

−10

−5

0

5

10

𝑦
(f
m
)

0
30
60
90
120

𝜀
(f
m

−4
)

 M C K LN in it ia l c o n d it io n s ;

 Q u a rk s p o s it io n g iv e n b y n um b e r o f b in a ry c o ll is io n s ;

 In it ia l m om e n tum d is t r ib u t io n g iv e n b y p Q C D (FO N L L ) .
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b a c k u p

H y d ro d y n a m ic s

 V is c o u s e v e n t -b y -e v e n t 2 D + 1 h y d ro d y n am ic s :

v -U S P h y d ro [1 ] :

 𝜂/𝑠 = 0.11;

𝑇𝜇𝜈 = 𝜀𝑢𝜈𝑢𝜈 − 𝑝Δ𝜇𝜈 + 𝜋𝜇𝜈, 𝜕𝜇𝑇𝜇𝜈 = 0

 E q u a t io n s o f m o t io n so lv e d u s in g Sm o o th e d P a r t ic le

H y d ro d y n am ic s (S P H ) a lg o r ith m :

 S P H -p a r t ic le s : L a g ra n g ia n m e th o d ;
 F a s t c om p u ta t io n a l t im e ;
 W e ll te s te d a lg o r ith m .

 F re e z e -o u t : C o o p e r -F ry e p re s c r ip t io n in c lu d in g v is c o u s

c o r re c t io n s .

 𝑇FO = 120 M eV .

[ 1 ] a rX iv :16 0 2 .0 3 7 8 8 (2 0 16 ) , P R C 9 0 , 0 3 4 9 0 7 (2 0 14 ) ; P R C 8 8 0 4 4 9 16 (2 0 13 )
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b a c k u p

H e a v y -f la v o r p ro d u c t io n

 Q u a rk in it ia l m om e n tum : p Q C D (FO N L L ) .

 Q u a rk in it ia l d ire c t io n (𝜑) : ra n d om ;
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C h a rm q u a rk

√𝑠N N = 2.76 T e V
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b a c k u p

H e a v y -f la v o r p ro d u c t io n

C h e c k c o n s is te n c y o f th e c o d e :

 T u rn o f f e n e rg y lo s s : g e t th e sam e a s FO N L L p re d ic t io n s .
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b a c k u p

H a d ro n iz a t io n a n d D e c a y s

 H a d ro n iz a t io n :

 H e a v y q u a rk s h a d ro n iz e a f te r c ro s s in g th e 𝑇f ra g
is o th e rm a l.

 W e u se P e te rs o n f ra gm e n ta t io n fu n c t io n :

𝐷(𝑧) ∝
1

𝑧 􏿵1 − 1
𝑧 −

𝜀
1−𝑧
􏿸
2 ;

 C u rre n t ly w e ’re n o t im p lem e n t in g c o a le s c e n c e (fu tu re

w o rk ) ;

 D e c a y s :

 P e r fo rm e d u s in g P y th ia 8 ;
 O n ly s em i- le p to n ic c h a n n e ls s e le c te d ;
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