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Nuclear modification factor for J/ψ 

Pb+Pb @ 17.3 GeV 

Au+Au @ 200 GeV 

Pb+Pb @ 2.76 TeV 
pT> 6.5 GeV/c 

---- primordial 
…… regenerated 

Dash-dotted: from  
bottomonia decay 

§  Most J/ψ are survivors from initially   
   produced. 
§  Kink in RAA is due to the onset of  
   initial temperature above the J/ψ  
   dissociation temperature in QGP. 
§  Inclusion of shadowing reduces  
   slightly RAA.  Upper and lower solid 
   lines for LHC are for nuclear    
   absorption cross section of 0 and 2.8 mb. 

CMS	  

NA60	  

PHENIX	  

Song, Han & Ko, PRC  84,  
034907 (2011)  

§  Potential: Screened Cornel potential 
§  Dissociation: NLO perturbative QCD 
   with massive thermal partons    
§  Dynamics: 2+1 ideal hydro  
§  Relaxation effect 
§  Formation time as parameter 



3	  

Nuclear modification factor for ϒ(1S) Song, Han & Ko, PRC 85, 
014902 (2012)  

§  Regeneration contribution is negligible 
§  Primordial excited bottomonia are largely dissociated 
§  Medium effects on bottomonia reduce RAA of Υ(1S) 
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1) Strickland, PRL 107,  
    132301 (2011) 

2) Zhuang et al., 
     

Υ(1S) nuclear modification factor at LHC from theoretical models 

§  Potential: in-medium Cornell 
§  Disso.: LO pQCD 
§  Dynamics: anisotropic hydro 

  
§  Potential: U or F 
§  Disso.: vacuum LO  
               gluo-disso.  
§  Dynamics: ideal hydro	  

§ 	  Potential: ~ U or vacuum 
§  Diss.: quasi-elastic 
§  Dynamics: fireball   	  
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FIG. 8: The nuclear modification factor for inclusive Υ (top row, compared to CMS data [11]), direct Υ (second row), Υ′

(third row) and χb (bottom row), as a function of centrality in Pb-Pb(
√
sNN=2.76TeV) collisions at LHC. The left column

corresponds to the weak-binding scenario, the right one to the strong-binding scenario. In each panel, CNM effects alone are
shown by the green band, CNM plus QGP suppression by the blue band, regeneration by the dashed pink line and the total
by the red band.
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FIG. 8: The nuclear modification factor for inclusive Υ (top row, compared to CMS data [11]), direct Υ (second row), Υ′

(third row) and χb (bottom row), as a function of centrality in Pb-Pb(
√
sNN=2.76TeV) collisions at LHC. The left column

corresponds to the weak-binding scenario, the right one to the strong-binding scenario. In each panel, CNM effects alone are
shown by the green band, CNM plus QGP suppression by the blue band, regeneration by the dashed pink line and the total
by the red band.

3) Emerick, Zhao & Rapp, 
    EPJA 48, 72 (2012) 

SBS:	  vacuum	  

WBS:	  ~	  U	  

4)	  Brezinzki	  &	  Wolschin,	  PLB	  707,	  534	  (12):	  schema=c	  es=mate	  using	  in-‐medium	  LO	  	  
	  	  	  	  gluo-‐dissocia=on	  	  	  
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Thermal decay width of Υ(1S) in different models 

§  Thermal decay width 
   - Rapp: quasielastic scattering 
   - Zhuang: OPE by Peskin 
   - Strickland: LO pQCD 
   - Song: NLO pQCD with 
     massive thermal partons  

§  Very different models are used for calculating thermal decay    
   widths are used. 
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=2.76 TeVNNsAlice Data p+Pb 
Cold Nuclear Matter effect, EPS09, Vogt
Total w/o canonical enhancement (40-60%)
Total with canonical enhancement (40-60%)
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J/ψ production in p+Pb @ 5.02 TeV 
Liu, Song & Ko, PLB 728, 437 (2013) 

§  Including hot medium effects better  
   describes data. 
§  Canonical enhancement  
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Summary on quarkonia production 

§  J/ψ survives up to 1.7 Tc and Υ(1S) survives up to 4 Tc. 

§  Most observed J/ψ and Υ(1S) are from primordially produced;  
   contribution from regeneration is small at present HIC. 

§  Various models with different assumptions can describe  
   experimental data. 

§  Elliptic flow of  regenerated J/ψ is large, while that of directly  
   produced ones is essentially zero. Studying v2 of J/ψ is useful for  
   distinguishing the mechanism for J/ψ production in HIC. 

§  Initial fluctuations affect RAA of bottomonia in peripheral  
   collisions and at low pT.  
 
§  Hot medium effects describe better J/ψ data from p+Pb collisions. 



Jet	  fragmenta)on	  

§  Cluster	  fragmenta=on:	  HERWIG	  
§  Quark	  Recombina=on:	  Das	  and	  Hwa,	  PLB	  68,	  459	  (1977);	  
	  	  	  	  	  Hwa	  and	  Yang,	  PRC	  67,	  034902	  (2003):	  Shower	  light	  and	  strange	  	  
	  	  	  	  	  quark	  distribu=on	  func=ons	  from	  figng	  to	  empirical	  fragmenta=on	  	  
	  	  	  	  	  func=ons.	   8	  

Q:	  Momentum	  scale	  for	  hadroniza=on	  (~	  1	  GeV)	  

dN
d2phad

=
P

jet

R
dz dN

d2pjet

Dhad/jet(z,Q2)
z2 , z = phad

pjet

§  Lund	  String	  fragmenta=on:	  PYTHIA	  	  

D = z�1
(1� z)

a
exp

h
� b(m2+p2

T )
z

i
,  ⇠ [b(2 + a)]

�1

§  Independent	  fragmenta=on	  :	  KKP,	  BKK,	  AKK,	  ….	  
Fragmenta=on	  func=on	  is	  obtained	  empirically	  from	  hadron	  	  
yields	  in	  e++e-‐	  and	  p+p	  collisions	  



Jet	  fragmenta)on	  via	  shower	  parton	  recombina)on	  
Han,	  Fries	  &	  Ko,	  PRC	  93,	  045207	  (2016)	  	  

§  Using	  PYTHIA	  to	  obtain	  momenta	  of	  shower	  partons	  from	  jets	  	  
	  	  	  	  	  produced	  in	  e++e-‐	  collisions.	  
§  Spa=al	  informa=on	  of	  shower	  partons	  are	  determined	  by	  taking	  
	  	  	  	  	  their	  life=mes	  to	  be	  inverse	  of	  their	  virtuali=es	  and	  propaga=ng	  	  
	  	  	  	  	  accordingly.	  	  
§  Final	  gluons	  with	  low	  virtuali=es	  are	  decayed	  to	  quark-‐an=quak	  
	  	  	  	  	  pairs.	  
§  Using	  quantum	  Wigner	  calcula=on	  to	  coalesce	  shower	  partons	  
	  	  	  	  	  to	  hadrons	  in	  an	  event	  by	  event	  basis	  up	  to	  hadron	  excited	  states	  
	  	  	  	  	  with	  n	  =	  8	  harmonic	  oscillator	  wave	  func=ons.	  
§  Remnant	  shower	  partons	  not	  used	  in	  coalescence	  are	  formed	  into	  
	  	  	  	  	  short	  strings	  and	  converted	  to	  hadrons	  by	  string	  fragmenta=on.	  
§  Results	  reasonably	  reproduce	  those	  from	  PYTHIA	  via	  fragmenta=on	  	  
	  	  	  	  	  of	  the	  en=re	  string.	  	   9	  
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Longitudinal	  and	  transverse	  momentum	  spectra	  	  
of	  shower	  partons	  from	  e++e-‐	  @	  200	  GeV	  



Quark	  recombina)on	  model	  for	  mesons	  Greco,	  Ko	  &	  Levai,	  PRC	  
68,	  034904	  (2003)	  

Nq,q̄ =
Z

d3
xd3

pfq,q̄(x,p)Fq(x,p):	  quark	  distribu=on	  func=on	  	  

Wave-‐packet	  convoluted	  meson	  Wigner	  func=on:	  

y =
x

0
1 � x

0
2p

2
, k =

p
2

m1 + m2
(m2p

0
1 �m1p

0
2)

Primed	  coordinates	  and	  momenta	  refer	  to	  meson	  rest	  frame	  aner	  	  	  
earlier	  produced	  quark	  is	  propagated	  to	  the	  =me	  of	  the	  later	  produced.	  

gM:	  sta=s=cal	  factor	  for	  spin	  ½	  colored	  quark	  and	  an=quark	  to	  form	  a	  	  
colorless	  meson;	  gπ=gK=1/36,	  gρ=gK*=1/12	   11	  

dNM
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Z
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3
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In	  quantum	  Wigner	  approach,	  wave	  func=ons	  of	  par=cles	  1	  and	  2	  	  
are	  Gaussian	  wave	  packets	  

Using	  harmonic	  oscillator	  wave	  func=ons	  for	  the	  wave	  func=on	  
of	  formed	  par=cle	  3	  

leads	  to	  recurrence	  rela=ons	  for	  the	  overlap	  integrals	  of	  Wigner	  
func=ons	  
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~ x, Hn(⇠) : Hermite polynomials
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In	  the	  special	  case	  of	  α=1	  	  

Wn+1 =

v

n + 1

Wn, v =

1

2

✓
x

2

�

2
+ k

2
�

2

◆
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e
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Quark	  recombina)on	  model	  for	  baryons	  

Wave-‐packet	  convoluted	  baryon	  Wigner	  func=on	  

gB:	  sta=s=cal	  factor	  for	  3	  spin	  ½	  colored	  quarks	  or	  an=quarks	  to	  
form	  a	  colorless	  baryon	  or	  an=baryon;	  gN=1/108,	  gΔ=1/54	  

Primed	  coordinates	  and	  momenta	  refer	  to	  baryon	  rest	  frame	  aner	  
earlier	  produced	  quarks	  are	  propagated	  to	  the	  =me	  of	  the	  latest	  
produced	  one.	  

Greco,	  Ko	  &	  Levai,	  PRL	  
90,	  202302	  (2003)	  	  

14	  
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Rela)ve	  spa)al	  and	  momentum	  distribu)ons	  of	  	  
shower	  parton	  pairs	  	  



16	  

Mesonic	  state	  distribu)on	  of	  quark-‐an)quark	  pairs	  	  	  

§  Quark-‐an=quark	  pair	  	  
	  	  	  	  rela=ve	  momentum	  	  
	  	  	  	  peaks	  at	  values	  
	  	  	  	  corresponding	  to	  that	  of	  	  
	  	  	  	  third	  (n=4)	  mesonic	  excited	  
	  	  	  	  states	  
§  Pions	  are	  mostly	  produced	  	  
	  	  	  	  	  from	  decays	  of	  first	  (n=2)	  	  
	  	  	  	  	  and	  second	  (n=3)	  mesonic	  
	  	  	  	  	  excited	  states	  
§  Kaons	  are	  mostly	  produced	  	  
	  	  	  	  	  from	  excited	  states	  of	  strange	  
	  	  	  	  	  mesons	  	  	  	  
	  	  



Remnant	  partons	  and	  short	  string	  fragmenta)on	  

§ 	  Coalescence	  probabili=es	  are	  close	  to	  one	  for	  small	  momentum	  	  
	  	  	  frac=on	  but	  decrease	  quickly	  with	  increasing	  momentum	  frac=on.	  
§ 	  Remnant	  partons	  are	  ordered	  as	  quark-‐an=quark	  pairs,	  which	  form	  
	  	  	  short	  strings	  and	  are	  converted	  to	  hadrons	  by	  string	  fragmenta=on.	  17	  
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Decay	  of	  excited	  states	  
§  Pion	  
	  	  	  	  	  -‐	  n	  =	  1:	  Rho	  meson	  decay	  to	  two	  pions	  
	  	  	  	  	  -‐	  n	  ≥	  2:	  Excited	  mesons	  decay	  to	  k	  pions	  with	  rela=ve	  probability	  	  

§  Kaon	  
	  	  	  	  -‐	  n	  =	  1:	  K*	  decay	  to	  kaon	  and	  pion	  
	  	  	  	  -‐	  n	  ≥	  2:	  Excited	  strange	  mesons	  decay	  to	  kaon	  and	  pions	  	  

§  Nucleon	  
	  	  	  	  	  -‐	  n	  =	  m	  =	  1:	  Delta	  decay	  to	  nucleon	  and	  pion	  
	  	  	  	  	  -‐	  n+m>2:	  Excited	  baryons	  decay	  to	  nucleon	  and	  pions	  

Mk(M) = C


1

6⇡2

⇣
M
m⇡

⌘3
�n

(4k�4)!(2k�1)!
(2k�1)!2(3k�4)!

§  Lambda	  
	  	  	  	  	  -‐	  n	  =	  m	  =	  1:	  Decay	  to	  Lambda	  and	  pion	  
	  	  	  	  	  -‐	  n+m>2:	  Decay	  to	  Lambda	  and	  pions	  



§  Recombina=on	  contribu=on	  is	  dominated	  by	  excited	  states.	  
§  Contribu=on	  from	  remnant	  short	  strings	  dominates	  at	  large	  z	  

and	  pT.	  	  

Longitudinal	  momentum	  frac=on	   Transverse	  momentum	  

Longitudinal	  and	  transverse	  momentum	  spectra	  for	  Ejet	  =	  100	  GeV	  
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§  Recombina=on	  contribu=on	  is	  dominated	  by	  excited	  states.	  
§  Contribu=on	  from	  remnant	  short	  strings	  dominates	  at	  large	  z	  

and	  pT.	  	  

Longitudinal	  momentum	  frac=on	   Transverse	  momentum	  

Longitudinal	  and	  transverse	  momentum	  spectra	  for	  Ejet	  =	  25	  GeV	  
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dNjet

d2pT

= A
⇣ B

B + pT

⌘n

A[1/GeV2] B[GeV] n
g 3.2⇥ 104 0.5 7.1

u,d 9.8⇥ 103 0.5 6.8
ū, d̄ 1.9⇥ 104 0.5 7.5
s,s̄ 6.5⇥ 103 0.5 7.4

Shower	  parton	  from	  queched	  jets	  in	  Au+Au	  @	  200	  GeV	  

Quenched	  jets	  in	  Au+Au	  @	  200GeV	  
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Shower	  partons	  from	  jets	  in	  Pb+Pb	  @	  2.76	  TeV	  

A.	  Angerami,	  arXiv:1208.5043	  

�E = C

Z
d⌧⌧�⇢(r + ⌧e)

HIJING	  plus	  energy	  loss	  



Thermal	  partons	  from	  an	  expanding	  QGP	  

dNq,q̄

d2rT d2pT

=

gq,q̄⌧mT

(2⇡)

3
exp

⇣
� �T (mT � pT · vT )⌥ µb

T

⌘
Thermal	  partons	  modeled	  by	  an	  expanding	  fireball	  

RHIC LHC
R? (fm) 8.3 12
⌧ (fm/c) 4 6
� (c) 0.5 0.65

µB (MeV) 10 0
T (MeV) 170 170

RHIC:	  Au+Au	  @	  200	  GeV	   LHC:	  Pb+Pb	  @	  2.76	  TeV	  
	  

Isotropic	  in	  transverse	  plane	  and	  boost	  invariant	  longitudinally	  
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Shower	  and	  thermal	  partons	  in	  HIC	  

§ 	  Thermal	  partons	  below	  and	  shower	  partons	  above	  2.5-‐3	  GeV	  	  
24	  

RHIC	   LHC	  



Pion	  and	  an)proton	  spectra	  at	  RHIC	  	  

§ 	  Enhanced	  produc=on	  of	  pions	  (~2)	  and	  an=protons	  (~4)	  at	  	  
	  	  	  intermediate	  transverse	  momentum	  due	  to	  coalescence	  of	  	  
	  	  	  shower	  partons	  with	  thermal	  partons.	  
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Pion	  and	  an)proton	  spectra	  at	  LHC	  	  

§ 	  Enhanced	  produc=on	  of	  pions	  (~2)	  and	  protons	  (~4)	  at	  	  
	  	  	  intermediate	  transverse	  momentum	  due	  to	  coalescence	  of	  	  
	  	  	  shower	  partons	  with	  thermal	  partons.	  
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Proton/pion	  ra)o	  at	  RHIC	  and	  LHC	  

§ 	  Shower-‐thermal	  recombina=on	  helps	  explain	  the	  observed	  large	  
	  	  	  proton/pion	  ra=o	  at	  intermediate	  transverse	  momentum.	  
§ 	  Similar	  to	  that	  in	  PRC	  68,	  034904	  (2003)	  based	  on	  jet-‐thermal	  	  
	  	  	  coalescence	  for	  RHIC.	   .27	  
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§  In	  vacuum:	  Fragmenta=on	  of	  jets	  can	  be	  reproduced	  by	  the	  sum	  of	  
shower	  parton	  coalescence	  or	  recombina=on	  and	  the	  fragmenta=on	  of	  
remnant	  jets.	  

§  In	  medium:	  Including	  also	  recombina=on	  of	  shower	  partons	  with	  
thermal	  partons	  in	  QGP	  enhances	  the	  produc=on	  of	  intermediate-‐
momentum	  pions	  and	  protons	  at	  both	  RHIC	  and	  LHC.	  

§  Shower-‐shower	  and	  shower-‐thermal	  recombina=on	  s	  are	  being	  
implemented	  in	  realis=c	  Monte-‐Carlo	  jet	  quenching	  codes	  to	  study	  
medium	  modifica=on	  of	  jet	  fragmenta=on	  in	  heavy	  ion	  collisions.	  

§  Possible	  mprovements	  in	  shower	  parton	  recombina=on	  
	  	  	  	  	  -‐	  Include	  all	  physical	  hadrons	  in	  par=cle	  data	  book,	  which	  correspond	  to	  	  	  	  
	  	  	  	  	  	  	  excited	  states	  up	  to	  about	  n=5.	  	  	  	  
	  	  	  	  	  -‐	  Cluster	  fragmenta=on	  for	  recombining	  quarks	  of	  large	  invariant	  	  	  
	  	  	  	  	  	  	  	  masses.	  	  
	  	  	  	  	  -‐	  Clusters	  of	  exceedingly	  large	  invariant	  masses	  form	  short	  string	  and	  
	  	  	  	  	  	  	  	  hadronize	  via	  string	  fragmenta=on.	  

Summary	  on	  shower	  parton	  recombina)on	  


