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Dilepton	
  Physics	
  

•  High	
  Mass	
  Range	
  (HMR)	
  
	
  Mee	
  >	
  3	
  GeV/c2	
  

–  primordial	
  emission,	
  Drell-­‐Yan	
  
–  J/Ψ	
  and	
  ϒ	
  suppression	
  	
  

•  Intermediate	
  Mass	
  Range	
  (IMR)	
  
1.1	
  <	
  Mee<	
  3	
  GeV/c2	
  

–  QGP	
  thermal	
  radia3on	
  
–  heavy-­‐flavor	
  modifica3on	
  	
  

•  Low	
  Mass	
  Range	
  (LMR)	
  
	
  Mee<	
  1.1	
  GeV/c2	
  

–  in-­‐medium	
  modifica3on	
  of	
  vector	
  mesons	
  
–  possible	
  link	
  to	
  chiral	
  symmetry	
  restora3on	
  

Dileptons	
  are	
  excellent	
  penetra3ng	
  probes	
  
–  very	
  low	
  cross-­‐sec3on	
  with	
  QCD	
  medium	
  
–  created	
  throughout	
  evolu3on	
  of	
  system	
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Figure 1.2: Expected sources for dilepton production as a function of invariant mass in ultrarela-
tivistic heavy-ion collisions[16].

transition is associated with deconfinement (the so-called ’Wilson line’), again realized in a strong
first-order transition. Thus, for heavy quarks one might hope to become sensitive to features of
deconfinement. This seems indeed to be the case: the confining potential within heavy quarkonium
states (J/Ψ, Υ) will be Debye-screened due to freely moving color charges in a QGP leading to a
dissolution of the bound states [17]. As a consequence the final abundance of, e.g., J/Ψ mesons
– and thus their contribution to the dilepton spectrum – is suppressed, signaling (the onset of)
the deconfinement transition. This very important topic will not be covered in the present review,
see Refs. [18] for the recent exciting developments. Finally, the intermediate-mass region (IMR)
might allow insights into aspects of quark-hadron ’duality’. As is evident from the saturation of
the vacuum annihilation cross section e+e− → hadrons by perturbative QCD above ∼ 1.5 GeV,
the essentially structureless thermal ’continuum’ up to the J/Ψ can be equally well described by
either hadronic or quark-gluon degrees of freedom. However, as a QGP can only be formed at
higher temperatures than a hadronic gas, the intermediate mass region might be suitable to ob-
serve a thermal signal from plasma radiation [9, 19] in terms of absolute yield. The most severe
’background’ in this regime is arising from decays of ’open-charm’ mesons, i.e., pairwise produced
DD̄ mesons followed by individual semileptonic decays. Although an enhanced charm production
is interesting in itself – probably related to the very early collision stages – it may easily mask a
thermal plasma signal. To a somewhat lesser extent, this also holds true for the lower-mass tail of
Drell-Yan production.

Until today, the measurement of dilepton spectra in URHIC’s has mainly been carried out at
the CERN-SpS by three collaborations: CERES/NA45 is dedicated to dielectron measurements in
the low-mass region [20, 21, 22, 23], HELIOS-3 [24] has measured dimuon spectra from threshold
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Mo3va3on:	
  Chiral	
  Symmetry	
  Restora3on	
  

•  use	
  chiral	
  partners,	
  i.e.	
  hadronic	
  states	
  which	
  
transform	
  through	
  chiral	
  transforma3ons	
  

–  rela3ve	
  differences	
  sensi3ve	
  to	
  chiral	
  order	
  parameters	
  
•  Study	
  in-­‐medium	
  proper3es	
  of	
  ρ	
  and	
  a1	
  mesons	
  

–  axial	
  state	
  a1:	
  background	
  too	
  large	
  
–  vector	
  state	
  ρ:	
  dilepton	
  measurements	
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…	
  ideally,	
  by	
  using	
  a	
  chiral	
  order	
  parameter	
  
e.g.	
  	
  the	
  quark	
  condensate	
  

– not	
  experimentally	
  accessible	
  

a1↔ ρ +π

JP=0±         1±          1/2± 

Wuppertal-­‐Budapest	
  Collab.	
  
arXiv:1109:5030	
  

Rapp,	
  Wambach,	
  van	
  Hees	
  
arXiv:0901.3289	
  



SPS	
  Dielectrons:	
  CERES	
  
First	
  observa3on	
  of	
  a	
  significant	
  LMR	
  enhancement	
  –	
  	
  PRL	
  75	
  (1995)	
  1272	
  	
  
	
  

Vacuum	
  ρ	
  unable	
  to	
  describe	
  this	
  data	
  
Introduce	
  in-­‐medium	
  modifica3ons	
  
•  decrease	
  of	
  ρ	
  mass	
  (Brown-­‐Rho)	
  

–  mass	
  expected	
  to	
  scale	
  with	
  q-­‐qbar	
  condensate	
  
•  broadening	
  of	
  ρ	
  spectral	
  func3on	
  (Rapp-­‐Wambach)	
  

–  hadronic	
  (baryons)	
  scaqering	
  
Both	
  rely	
  on	
  high	
  baryon	
  densi3es	
  
Both	
  showed	
  good	
  agreement	
  with	
  158	
  and	
  40	
  AGeV	
  

Ø  Quark-­‐Hadron	
  duality?	
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dashed	
  =	
  vacuum	
  ρ;	
  dash-­‐doqed	
  =	
  DM;	
  solid	
  =	
  RB	
  	
  
PLB	
  666	
  (2008)	
  425	
  

EPJ	
  C41	
  (2005)	
  475	
  
PRL	
  91	
  (2003)	
  042301	
  



SPS	
  Dimuons:	
  NA60	
  
Excess	
  in	
  LMR	
  μ+μ-­‐	
  	
  –	
  	
  EPJ	
  C61	
  (2009)	
  711	
  
•  rules	
  out:	
  Dropping-­‐Mass	
  scenario	
  
•  very	
  good	
  agreement	
  with	
  Resonance	
  Width	
  Broadening	
  for	
  Mμμ<	
  0.9	
  GeV/c2	
  

Excess	
  in	
  IMR	
  from	
  prompt	
  dimuons	
  

Both	
  hadronic	
  (HR)	
  and	
  partonic	
  (RR)	
  calcula3ons	
  describe	
  IMR	
  excess	
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Quark-­‐Hadron	
  duality	
  

Thermal	
  IMR	
  Dilepton	
  Rates:	
  
perturb.	
  q-­‐qbar	
  annihila3on	
  rates	
  closely	
  
coincide	
  with	
  in-­‐medium	
  hadronic	
  rates	
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PRL	
  100,	
  162301	
  (2008)	
  
PRL	
  97,	
  102301	
  (2006)	
  

Rapp,	
  W
am

bach,	
  van	
  Hees,	
  arXiv	
  0901.3289	
  	
  

van	
  Hees/Rapp:	
  hadronic	
  processes	
  

Renk/Rupert:	
  partonic	
  processes	
  

Ø  This	
  suggests	
  hadronic	
  rates	
  approach	
  χSR	
  	
  

all	
  pT	
  

1<	
  pT<2GeV/c	
  



Thermal	
  Radia3on	
  at	
  SPS	
  
dimuon	
  measurements	
  at	
  SPS	
  
•  LMR:	
  dominated	
  by	
  HG	
  
•  IMR:	
  from	
  HG	
  and/or	
  QGP	
  

mT	
  distribu3ons	
  
•  LMR:	
  inverse	
  slopes	
  show	
  mass	
  dependence	
  

– radial	
  flow	
  
•  IMR:	
  no	
  indica3on	
  of	
  mass	
  dependence	
  

– thermal	
  radia3on	
  from	
  partonic	
  phase	
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RHIC	
  Dielectron	
  LMR	
  Measurements	
  
• SPS	
  √sNN	
  ≤	
  17.2	
  GeV	
  

–  significant	
  net-­‐baryon	
  density,	
  
μB~250MeV	
  (at	
  Tch	
  ≈	
  160	
  MeV)	
  

–  baryons	
  main	
  contributor	
  
• RHIC	
  √sNN	
  =	
  200GeV	
  

–  μB<<T,	
  	
  	
  i.e.	
  vanishing	
  net-­‐baryon	
  density	
  
at	
  higher	
  √sNN	
  	
  

–  but	
  comparable	
  total	
  baryon	
  densi3es	
  
Ø  Expect	
  LMR	
  enhancement	
  

PHENIX	
  Au+Au	
  @	
  √sNN=200GeV	
  
–  observes	
  (large)	
  LMR	
  enhancement	
  
–  yet	
  to	
  be	
  explained	
  by	
  models	
  
–  intriguing	
  pT	
  dependence	
  

• STAR	
  Au+Au	
  @	
  √sNN=200GeV	
  
–  LMR	
  enhancement,	
  but	
  less	
  than	
  PHENIX	
  

Ø  STAR	
  Beam	
  Energy	
  Scan	
  
–  close	
  the	
  gap	
  between	
  RHIC	
  &	
  SPS	
  
–  excita3on	
  func3on	
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The	
  STAR	
  Detector	
  at	
  RHIC	
  
Large	
  acceptance	
  electron	
  ID	
  
•  Time	
  Projec3on	
  Chamber	
  
•  Time-­‐of-­‐Flight	
  detector	
  

–  2009:	
  72%	
  completed	
  (p+p)	
  
–  2010:	
  fully	
  commissioned	
  

Time	
  Projec3on	
  Chamber	
  
0<ϕ<2π, |η|<1 

•  Tracking	
  
•  dE/dx	
  PID	
  

Time-­‐of-­‐Flight	
  Detector	
  
0<ϕ<2π, |η|<0.9 

•  Time	
  resolu3on	
  <	
  100ps	
  
•  Significantly	
  improves	
  PID	
  

TOF	
  cut	
  removes	
  “slow”	
  hadrons	
  
•  improves	
  electron	
  purity	
  

central	
  events	
  ~92%	
  
min-­‐bias	
  events	
  ~95%	
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Produc3on	
  in	
  Au+Au	
  at	
  200	
  GeV	
  

Low	
  Mass	
  Range:	
  
Ø  enhancement	
  
when	
  compared	
  to	
  
cocktail	
  (w/o	
  ρ	
  meson)	
  

difficult	
  to	
  disentangle	
  (modified)	
  charm	
  
	
  from	
  thermal	
  QGP	
  contribu3ons	
  

Ø  Ongoing	
  Run-­‐14	
  with	
  new	
  upgrades	
  will	
  address	
  this	
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Intermediate	
  Mass	
  Range:	
  	
  
within	
  errors	
  consistent	
  with	
  cocktail	
  
thermal	
  QGP	
  radia3on?	
  
modifica3on	
  of	
  charm?	
  

	
  

STAR Collaboration arXiv:1312.7397 (subm. to PRL) 



RHIC	
  Beam	
  Energy	
  Scan	
  

Energy	
   19.6	
  GeV	
   27	
  GeV	
   39	
  GeV	
   62.4	
  GeV	
   200	
  GeV	
  

MB	
  events	
   35.8M	
   (70M)	
   99.4M	
   54.6M	
   240M	
  

• Systema3cally	
  study	
  
dielectron	
  con3nuum	
  from	
  
√sNN	
  =	
  19.6	
  –	
  200	
  GeV	
  

• Phase	
  I:	
  2010	
  –	
  2011	
  
•  TPC	
  +	
  TOF	
  for	
  ePID	
  
•  low	
  material	
  budget	
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Dielectron	
  Produc3on	
  at	
  lower	
  √sNN	
  	
  

Beam	
  Energy	
  Scan	
  Dielectrons:	
  
2010	
  -­‐	
  2011	
  

Au+Au	
  at	
  62.4,	
  39,	
  27,	
  and	
  19.6	
  GeV	
  

STAR	
  data	
  samples:	
  
55M,	
  99M,	
  70M,	
  and	
  34M	
  min-­‐bias	
  

events	
  

Observed	
  Low-­‐Mass	
  enhancement	
  at	
  top	
  RHIC	
  energy	
  
–  in-­‐medium	
  modifica3on	
  effects?	
  
–  indica3on	
  of	
  chiral	
  symmetry	
  restora3on?	
  

Explore	
  Low	
  Mass	
  Range	
  down	
  to	
  SPS	
  energies	
  
–  possible	
  enhancement,	
  consistent	
  model	
  descrip3on?	
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LMR	
  Excess	
  vs.	
  √sNN	
  

CERES	
  Pb+Au	
  at	
  17.3	
  GeV/c	
  
CERES,	
  Eur.Phys.J.	
  C	
  41	
  (2005)	
  475	
  

–  semi-­‐central	
  (0-­‐28%)	
  
–  pT>0.2GeV/c,	
  2.1<η<2.65,	
  θee>35mrad	
  

STAR	
  Au+Au	
  at	
  19.6	
  GeV/c	
  
–  min-­‐bias	
  (0	
  -­‐	
  80%)	
  
–  pT>0.2GeV/c,	
  |η|<1,	
  |yee|<1	
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Ø  LMR	
  excess	
  over	
  hadronic	
  cocktail	
  observed	
  for	
  
all	
  energies	
  (excl.	
  ρ)	
  

Ø  systema3c	
  measurement	
  of	
  LMR	
  excess	
  



Compare	
  to	
  Theory:	
  in-­‐medium	
  ρ	
  

Ø Robust	
  theore3cal	
  descrip3on	
  top	
  RHIC	
  down	
  to	
  SPS	
  energies	
  
– calcula3ons	
  by	
  Ralf	
  Rapp*	
  
– grey	
  curve:	
  cocktail	
  +	
  in-­‐medium	
  ρ	
  

Ø Consistent	
  with	
  in-­‐medium	
  ρ	
  broadening	
  
– expected	
  to	
  depend	
  on	
  total	
  baryon	
  density	
  
– tool	
  to	
  look	
  for	
  chiral	
  symmetry	
  restora3on	
  

*)	
  Adv.	
  High	
  Energy	
  Phys.	
  2013	
  (2013)	
  148253,	
  priv.	
  comm.	
  	
  

STAR	
  
Preliminary	
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Beam	
  Energy	
  Scan:	
  Phase-­‐2	
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Energy	
   7.7	
  GeV	
   9.1	
  GeV	
   11.5	
  GeV	
   14.6	
  GeV	
   19.6	
  GeV	
  

MB	
  events	
   100M	
   160M	
   230M	
   300M	
   400M	
  

Bigger	
  Context:	
  
Refine	
  our	
  understanding	
  of	
  phase	
  
structures	
  of	
  QCD	
  maqer	
  

	
  
• Phase	
  2:	
  2018	
  –	
  2019	
  

•  revisit	
  lower	
  energies	
  
•  improve	
  sta3s3cs	
  

Ø  	
  STAR/PHENIX	
  White	
  Papers	
  in	
  prep.	
  	
  
• Systema3cally	
  study	
  dielectron	
  
con3nuum	
  from	
  √sNN	
  =	
  7.7	
  –	
  19.6	
  GeV	
  

PHSD	
  calcula3ons	
  by	
  
Olena	
  Linnyk	
  [priv.	
  comm.]	
  



Summary	
  
• Measurements	
  at	
  SPS	
  consistently	
  show	
  strong	
  LMR	
  enhancement	
  

–  well-­‐described	
  by	
  in-­‐medium	
  resonance-­‐width	
  broadening	
  of	
  the	
  ρ	
  meson	
  
• Measurements	
  at	
  RHIC	
  confirm	
  LMR	
  enhancement	
  

–  expected	
  as	
  total	
  baryon	
  density	
  hardly	
  changes	
  
–  very	
  strong	
  enhancement	
  measured	
  by	
  PHENIX:	
  models	
  that	
  describe	
  SPS,	
  fail	
  
describing	
  PHENIX	
  	
  LMR.	
  Addi3onal	
  source?	
  

–  same	
  models	
  succeed	
  describing	
  preliminary	
  STAR	
  results	
  
• Dielectron	
  measurements	
  in	
  Au+Au	
  at	
  √sNN=	
  19.6	
  –	
  62.4	
  GeV	
  

–  low	
  mass	
  enhancement	
  down	
  to	
  SPS	
  energies,	
  with	
  comparable	
  magnitude	
  
–  consistent	
  with	
  in-­‐medium	
  ρ	
  broadening	
  
–  robust	
  and	
  consistent	
  model	
  descrip3on	
  for	
  √sNN=	
  19.6,	
  	
  39,	
  62.4,	
  and	
  200	
  	
  GeV	
  

•  STAR	
  upgrades	
  enable	
  further	
  explora3on	
  of	
  the	
  dilepton	
  con3nuum	
  
–  2014-­‐2016:	
  measure	
  QGP	
  thermal	
  radia3on	
  in	
  IMR	
  at	
  200	
  GeV	
  
–  2018-­‐2019	
  (BES	
  Phase	
  II):	
  probe	
  lower	
  beam	
  energies	
  with	
  improved	
  sta3s3cs	
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Leptonic	
  Decay	
  of	
  φ	
  and	
  ω	
  Mesons	
  
Life3mes	
  comparable	
  to	
  fireball	
  
•  hadronic	
  decay	
  daughters	
  interact	
  with	
  hadronic	
  medium	
  

–  sensi3ve	
  to	
  life3me	
  of	
  that	
  medium	
  

•  leptonic	
  decay	
  daughters	
  do	
  not	
  interact	
  with	
  QCD	
  medium	
  
–  look	
  for	
  medium	
  modifica3ons	
  to	
  resonance	
  mass	
  &	
  width	
  
–  sensi3ve	
  to	
  chiral	
  phase	
  transi3on	
  
–  small	
  branching	
  ra3o	
  

Ø  No	
  evidence	
  of	
  φ	
  mass	
  shi�	
  or	
  
width	
  broadening	
  

–  beyond	
  known	
  detector	
  effects	
  
Ø  φ	
  yield	
  in	
  dilepton	
  decay	
  channel	
  

consistent	
  with	
  hadronic	
  channel	
  
ω	
  pT-­‐shapes	
  agree	
  with	
  light	
  hadrons	
  

ω	
  mass	
  and	
  width	
  are	
  under	
  study	
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STAR preliminary 



IMR:	
  Transverse	
  Mass	
  Spectra	
  

Ø p+p	
  results	
  consistent	
  with	
  PYTHIA	
  
Ø mT	
  slope	
  in	
  Au+Au	
  larger	
  than	
  in	
  p+p	
  

•  hint	
  of	
  thermal	
  dilepton	
  produc3on	
  and/or	
  
charm	
  modifica3on	
  

Ø inclusive	
  dilepton	
  slope	
  in	
  Au+Au	
  
(RHIC)	
  is	
  larger	
  than	
  SPS	
  (charm/DY	
  
subtracted)	
  

•  RHIC:	
  Au+Au	
  200	
  GeV	
  (minbias)	
  
–  inclusive	
  dielectron	
  

•  SPS:	
  In+In	
  17.2	
  GeV	
  
NA60	
  -­‐-­‐	
  PRL	
  100,	
  022302	
  (2008)	
  

– charm/Drell-­‐Yan	
  subtracted	
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e+e-­‐	
  Invariant	
  Mass	
  &	
  Background	
  
Background	
  	
  sources	
  

–  combinatorial	
  background	
  (non-­‐physical)	
  
–  correlated	
  background	
  

	
  e.g.	
  double	
  Dalitz	
  decay,	
  jet	
  correla3on.	
  
Background	
  methods	
  

–  mixed-­‐event	
  method:	
  combinatorial	
  only	
  
•  improve	
  sta3s3cs	
  

–  like-­‐sign	
  method:	
  combinatorial	
  &	
  correlated	
  BG	
  
•  correct	
  for	
  acceptance	
  differences	
  

–  pair	
  cuts	
  remove	
  photon	
  conversions	
  
Other	
  signals	
  (meson	
  decays)	
  

Remove	
  by	
  comparing	
  real	
  data	
  with	
  simula3ons	
  for	
  hadron	
  
contamina3on	
  

–  Hadron	
  Simula3on	
  Cocktail	
  

Combine	
  both	
  methods:	
  
Au+Au:	
  LS	
  <	
  0.75	
  GeV/c2	
  <	
  ME×LS	
  

carefully	
  normalized	
  using	
  overlap	
  in	
  Mee	
  

S/B	
  @	
  Mee~	
  0.5	
  GeV/c2:	
  
Ø  1/10	
  for	
  p+p	
  
Ø  1/250	
  for	
  Au+Au	
  central	
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Hadronic	
  Background	
  Simula3on	
  

•  Hadrons:	
  flat	
  |y|<1.0,	
  and	
  flat	
  full	
  
azimuth	
  input	
  distribu3on	
  
– pT	
  distribu3on	
  from	
  Tsallis	
  blast-­‐wave	
  
fit	
  to	
  measured	
  par3cle	
  spectra	
  

•  Heavy	
  flavor	
  sources	
  
– STAR	
  measurements	
  (0.80±0.36	
  mb	
  in	
  
p+p)	
  ,	
  and	
  PYTHIA	
  simula3on	
  

– Nbin	
  scaled	
  in	
  Au-­‐Au	
  

39	
  &	
  62.4	
  GeV:	
  
• π	
  pT	
  from	
  STAR,	
  η	
  based	
  on	
  K	
  
• Extrapolated	
  from	
  AMPT	
  calcula3ons	
  
• Scaled	
  to	
  measurements	
  at	
  200GeV	
  

Au+Au	
  19.6	
  GeV	
  

19.6	
  GeV:	
  
• TBW	
  fit	
  from	
  SPS	
  
data	
  

• meson/π	
  from	
  SPS	
  
• π	
  yield	
  from	
  STAR	
  

Au+Au	
  200GeV	
  
STAR	
  Preliminary	
  

STAR	
  
Preliminary	
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  39	
  &	
  62.4	
  GeV	
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Efficiency	
  Correc3on	
  
Ingredients:	
  
•  TPC	
  efficiency,	
  TPC-­‐TOF	
  matching	
  efficiency	
  
•  nσe(TPC	
  PID	
  selec3on),	
  1/β	
  (TOF	
  PID	
  selec3on)	
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Compare	
  to	
  Theory:	
  PHSD	
  Model	
  

Central	
  collisions	
  
(0-­‐10%):	
  
Ø  PHSD	
  roughly	
  in	
  line	
  

with	
  LMR	
  region	
  

Minimum	
  bias	
  collisions	
  	
  
(0-­‐80%):	
  
Ø  Generally	
  good	
  

agreement	
  

ANALYSIS OF DILEPTON PRODUCTION IN Au + Au . . . PHYSICAL REVIEW C 85, 024910 (2012)

FIG. 7. (Color online) The PHSD results for the invariant mass
spectra of inclusive dileptons in Au + Au collisions at

√
sNN =

200 GeV for M = 0–1.2 GeV and 0%–80% centrality within the
cuts of the STAR experiment; see Eq. (2). The preliminary data from
the STAR Collaboration are adopted from Ref. [60].

inclusive dileptons in Au + Au collisions at
√

sNN = 200 GeV
in the low-mass region (M = 0–1.2 GeV) as calculated within
(1) PHSD (red solid line) taking into account the in-medium
modification of the ρ as well as the dilepton radiation from
the partonic phase; (2) HSD in the free-ρ scenario; and (3) the
extended statistical hadronization model [10] in comparison
to the data from the PHENIX Collaboration [7,8].

The extended statistical hadronization model (ESHM) [10]
is an extension to the statistical hadronization model (SHM)
which has been applied [42–55] to high-energy elementary and
especially heavy-ion collision experiments in order to calculate
the yields of different hadron species. In the SHM, the state
of the “thermal” fireball is specified by its temperature T ,
volume V , and the chemical potentials µB , µQ, and µS for
baryon, electric, and strangeness charges, respectively. While
µS and µQ are zero in central Au + Au collisions at

√
sNN =

200 GeV, µB is about 30 MeV. The effect of the strangeness
undersaturation parameter or fugacity γS on the dielectron
invariant mass spectrum as a function of centrality was studied
in detail in Ref. [10], and the effect was found to be moderate.
We employ the value γS = 0.6 in this work for the minimum-
bias Au + Au collisions. The overall normalization (fireball
volume) at different centralities was fitted to experimental data
in Ref. [10], and we use the same values throughout. For the
temperature we use the value T = 170 MeV.

Since the measured rapidity and transverse momentum
spectra of hadrons emitted in the high-energy collision experi-
ments do not resemble thermal distributions, the SHM has been
extended in Ref. [10] by boosting (event by event) the “fireball”
along the beam axis so that the rapidity distributions of pions
become compatible with the BRAHMS measurements [56].
Also, the problem that the SHM tends to overpopulate the
low-pT part of the spectrum compared with the experimental
distributions was solved in the ESHM by assuming that the
created clusters’ transverse momentum is normally distributed
with the width fitted together with the system volume V to the
PHENIX data [57] in p + p collisions and in 11 different

FIG. 8. (Color online) Same as Fig. 7 for M = 0–4 GeV.

centrality classes in the case of Au+Au collisions. For further
details we refer the reader to Ref. [10].

We find in Fig. 6 that the HSD and the ESHM give
approximately the same results on the level of 30% for the
dilepton invariant mass spectra. This might be surprising since
the HSD includes not only the direct and Dalitz decays of
hadrons but also meson-meson and meson-baryon channels
for dileptons. Indeed, the enhancement of the HSD result
from 0.55 to 0.75 GeV can be traced back to pion-pion
annihilation which, however, gives only a small contribution
at the top RHIC energy. Our actual PHSD calculations show
some more dilepton yield in the ρ-mass regime as a result of the
broadened ρ spectral function employed in the calculations.
In the free-ρ scenario, the results from HSD and PHSD are
identical within statistics, since the partonic channels give only
a small contribution in this mass range. The conclusion that
the dilepton spectrum at masses below 1 GeV is dominated by
the hadronic sources is also supported by the studies in other
available models [58,59].

E. Predictions for STAR and comparison to preliminary data

The PHSD calculations allow us to match with the different
experimental conditions and thus to provide a theoretical
link between the different measurements. To this extent, we
have provided the differential data tables for our theoretical
predictions on our web site [61] so that any acceptance cuts
and experimental mass and transverse momentum resolutions
can be applied.

The STAR Collaboration at RHIC has recently measured
dileptons from Au + Au collisions at

√
sNN = 200 GeV with

the acceptance following cuts on single electron transverse
momenta peT , single electron pseudorapidities ηe, and the
dilepton pair rapidity y:

0.2 < peT < 5 GeV,
(2)

|ηe| < 1, |y| < 1.

Our predictions for the dilepton yield within these cuts are
shown in Figs. 7 and 8 for 0%–80% centrality and in Figs. 9
and 10 for 0%–10% centrality. One can observe generally a
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FIG. 9. (Color online) The PHSD results for the invariant mass
spectra of inclusive dileptons in Au + Au collisions at

√
sNN =

200 GeV for M = 0–1.2 GeV and 0%–80% centrality within the
cuts of the STAR experiment; see Eq. (2). The preliminary data from
the STAR Collaboration are adopted from Ref. [60].

good agreement with the preliminary data from the STAR
Collaboration [60] for 0%–80% centrality in the whole mass
regime. Surprisingly, our calculations are also roughly in line
with the low-mass dilepton spectrum from STAR [60] in the
case of central collisions, whereas the PHSD results severely
underestimate the PHENIX data for the cuts given in Eq. (1)
(cf. Fig. 3). The observed yield from STAR can be accounted
for by the known hadronic sources, i.e., the decays of the
π0, η, η′, ω, ρ, φ, and a1 mesons, of the & particle, and
the semileptonic decays of the D and D̄ mesons, where the
collisional broadening of the ρ meson is taken into account. At
first sight this observation might point toward an inconsistency
between the data sets from PHENIX and STAR, but we have
to stress that the actual experimental acceptance cuts are more
sophisticated than those given in Eqs. (1) and (2). This problem
will have to be investigated more closely by the experimental
collaborations. Furthermore, the upgrade of the PHENIX

FIG. 10. (Color online) Same as Fig. 9 for M = 0–4 GeV.

experiment with a hadron blind detector [62] should provide
decisive information on the origin of the low-mass dileptons
produced in the heavy-ion collisions at

√
s = 200 GeV.

We also observe a slight overestimation of the dilepton yield
from PHSD in 0%–10% central collisions at masses from 1.3
to 1.8 GeV, where the dominant contributions to the spectrum
are the radiation from the sQGP and the semileptonic decays
of the D and D̄ mesons. We speculate that the suppression of
dileptons from the D and D̄ mesons might be underestimated
in the PHSD calculations in central collisions. The upgrade
of the STAR detector [63] will be promising in independently
measuring the correlated D and D̄ meson contributions.

IV. SUMMARY

In this study, we have addressed dilepton production in
Au + Au collisions at

√
sNN = 200 GeV by employing the

parton-hadron-string dynamics (PHSD) off-shell transport
approach. This work is a continuation of our earlier studies
for heavy-ion collisions at the SIS energies of 1–2 A GeV
[27] and the SPS energies from 40 to 158 A GeV [11,14],
essentially within the same dynamical transport model. Within
the PHSD one solves generalized transport equations on the
basis of the off-shell Kadanoff-Baym equations for effective
Green’s functions in phase-space representation (beyond the
quasiparticle approximation) for quarks, antiquarks and gluons
as well as for the hadrons and their excited states. The
PHSD approach consistently describes the full evolution of a
relativistic heavy-ion collision, from the initial hard scatterings
and string formation, through the dynamical deconfinement
phase transition to the quark-gluon plasma (QGP) as well as
hadronization, to the subsequent interactions in the hadronic
phase. It was shown in previous studies that the PHSD
approach well describes the various hadron abundancies,
their longitudinal rapidity distributions, as well as transverse
momentum distributions from lower SPS to top RHIC en-
ergies [21,22]. Also, the collective flow v2(pt ) is roughly
in accordance with the experimental observations by the
PHOBOS, STAR, and PHENIX Collaborations at RHIC [22].
The latter findings allow us explore the dynamics of subleading
or rare probes within the dynamical environment of partons
and hadrons during the complex time evolution of a relativistic
heavy-ion collision.

The present study has been devoted particularly to the
calculation of dilepton radiation from partonic interactions
through the reactions qq̄ → γ ∗, qq̄ → γ ∗ + g, and qg →
γ ∗q (q̄g → γ ∗q̄) in the early stage of relativistic heavy-ion
collisions at the top RHIC energy. We recall that the differ-
ential cross sections for electromagnetic radiation have been
calculated with the same propagators as those incorporated in
the PHSD transport approach. By comparing our calculated
results to the data from the PHENIX Collaboration, we have
studied the relative importance of different dilepton production
mechanisms and addressed in particular the “PHENIX puzzle”
of a large enhancement of dileptons in the mass range from
0.15 to 0.6 GeV as compared to the emission of hadronic states.
Our studies have demonstrated that the observed excess in
the low-mass dilepton regime cannot be attributed to partonic
productions as expected earlier. Thus the PHENIX puzzle
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Parton-­‐Hadron	
  String-­‐Dynamics	
  
1.  Collisional	
  broadening	
  

of	
  vector	
  mesons	
  
2.  Radia3on	
  from	
  QGP	
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Dielectron	
  Produc3on	
  at	
  lower	
  √sNN	
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STAR	
  Preliminary	
  

STAR	
  Preliminary	
  

√sNN	
  =	
  27	
  GeV	
  cocktail	
  in	
  progress	
  

STAR	
  Preliminary	
  

STAR	
  Preliminary	
  



Systema3c	
  Uncertain3es	
  
p+p@200GeV	
  
•  Background	
  subtrac3on	
  	
  0	
  -­‐	
  27%	
  
•  hadron	
  contamina3on	
  	
  0	
  -­‐	
  32%	
  
•  efficiency	
  ~10%	
  
•  total	
  normaliza3on	
  ~11%	
  
•  cocktail	
  simula3on	
  14	
  -­‐	
  33%	
  
	
  

Au+Au@200GeV	
  

STAR Preliminary 

Au+Au@19.6GeV	
  
Tracking	
  efficiency	
  7%	
  
TOF	
  matching	
  5%	
  
Pair	
  uncertain3es	
  (summed)	
  17%	
  
cocktail	
  uncertain3es	
  12-­‐20%	
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