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Properties of the QGP
• What is its temperature?


‣ measure thermal photons 


• Does it restore chiral symmetry?

‣ modification of the vector mesons


• How does it affect heavy quarks?

‣ modification of the intermediate 

mass region


• All these questions can be 
answered by measuring dileptons 
(e+e− or µ+µ−)

‣ no strong final state interactions:


• leave collision system unperturbed


• emitted at all stages: need to 
disentangle contributions
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‣ modification of the vector mesons


• How does it affect heavy quarks?

‣ modification of the intermediate 

mass region


• All these questions can be 
answered by measuring dileptons 
(e+e− or µ+µ−)

‣ no strong final state interactions:


• leave collision system unperturbed


• emitted at all stages: need to 
disentangle contributions

Chiral symmetry restoration!
• continuum enhancement!
• modification of vector mesons

Modification of open charm!
Thermal radiation!
Exotic bound states

Quarkonia 
suppression 
(enhancement)

Possible modifications
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Dilepton Signals: pT vs. mass
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Dilepton Signals: pT vs. mass
• Low Mass Region: mee < 1.2 GeV/c2 


‣ Dalitz decays of pseudo-scalar mesons 


‣ Direct decays of vector mesons 


‣ In-medium decay of ρ mesons in the hadronic gas 
phase 
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• LMR: mee < 1.2 GeV/c2!
‣ LMR I (pT ≫ mee) 

quasi-real virtual photon region. Low mass 
pairs produced by higher order QED 
correction to the real photon emission!

‣ LMR II (pT < 1 GeV) 
Enhancement of dileptons discovered at 
SPS (CERES, NA60) 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Dilepton Signals: pT vs. mass
• Low Mass Region: mee < 1.2 GeV/c2 


‣ Dalitz decays of pseudo-scalar mesons 


‣ Direct decays of vector mesons 


‣ In-medium decay of ρ mesons in the hadronic gas 
phase 

• Intermediate Mass Region:1.2 < mee < 2.9 GeV/c2

‣ Correlated semi-leptonic decays of charm quark 

pairs


‣ Dileptons from the QGP

• High Mass Region: mee > 2.9 GeV/c2

‣ Dileptons from hard processes


• Drell-Yan process


• Correlated semi-leptonic decays of heavy 
quark pairs


• Charmonium 


• Upsilon


‣ HMR probe the initial stage 


• Little contribution from thermal radiation
3

• LMR: mee < 1.2 GeV/c2!
‣ LMR I (pT ≫ mee) 

quasi-real virtual photon region. Low mass 
pairs produced by higher order QED 
correction to the real photon emission!

‣ LMR II (pT < 1 GeV) 
Enhancement of dileptons discovered at 
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FIG. 13. (Color online) Ratio of signal to background for different ranges of pair-pT (left) and centrality classes (right).

in Fig. 12. This means that there is no room for correlated
background for mee > 0.55 GeV/c2. Here the contribution
that typically arises from back-to-back jets in the Au+Au data
is indeed expected to differ from p+p because of the observed
jet modifications [52].

We therefore separate the jet distribution into “near-side”
(jetnear: !φ < π/2) and “away-side” contributions (jetaway:
!φ > π/2) and we fit the like-sign correlated background
distribution to the sum of

Bcorr
±± = A × cross + B × jetnear + C × jetaway. (16)

Figures 14(c) and 14(d) show the like- and unlike-sign pair
distributions, the normalized mixed-event background, and the
distributions after subtraction. We note that the like-sign yield
is well described by the sum of combinatorial and correlated
background and that the contribution from “away-side-jet
pairs” is consistent with zero, i.e., C = 0, as the mixed-event
distribution was normalized to the real data in the IMR: the
“away-side-jet pairs” are therefore not shown. The unlike-sign
signal (S+−) is obtained by subtracting from the distribu-
tion of all pairs the mixed-event combinatorial background
(Bcomb

+− ) and the correlated background (Bcorr
+− ) normalized
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FIG. 14. (Color online) Raw dielectron spectra in p+p (left) and Au+Au (right) collisions. The top panels show like-sign pairs N±±
as measured in the experiment, the combinatorial background from mixed-events Bcomb

±± , the correlated pair background Bcorr
±± obtained by

subtracting the combinatorial background, and the individual contributions from cross and jet pairs to the correlated background (see text).
The bottom panels show the same distributions for unlike-sign pairs. The correlated like-sign background Bcorr

±± is normalized to the measured
like-sign pairs remaining after subtracting the combinatorial background N±± − Bcomb

±± and the same factors are applied to the unlike-sign
distribution Bcorr

+− .

034911-16

Combinatorial and Correlated Background
• Same-sign spectrum contains all 

background sources
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FIG. 14. (Color online) Raw dielectron spectra in p+p (left) and Au+Au (right) collisions. The top panels show like-sign pairs N±±
as measured in the experiment, the combinatorial background from mixed-events Bcomb

±± , the correlated pair background Bcorr
±± obtained by

subtracting the combinatorial background, and the individual contributions from cross and jet pairs to the correlated background (see text).
The bottom panels show the same distributions for unlike-sign pairs. The correlated like-sign background Bcorr

±± is normalized to the measured
like-sign pairs remaining after subtracting the combinatorial background N±± − Bcomb

±± and the same factors are applied to the unlike-sign
distribution Bcorr
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is well described by the sum of combinatorial and correlated
background and that the contribution from “away-side-jet
pairs” is consistent with zero, i.e., C = 0, as the mixed-event
distribution was normalized to the real data in the IMR: the
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FIG. 14. (Color online) Raw dielectron spectra in p+p (left) and Au+Au (right) collisions. The top panels show like-sign pairs N±±
as measured in the experiment, the combinatorial background from mixed-events Bcomb

±± , the correlated pair background Bcorr
±± obtained by

subtracting the combinatorial background, and the individual contributions from cross and jet pairs to the correlated background (see text).
The bottom panels show the same distributions for unlike-sign pairs. The correlated like-sign background Bcorr

±± is normalized to the measured
like-sign pairs remaining after subtracting the combinatorial background N±± − Bcomb

±± and the same factors are applied to the unlike-sign
distribution Bcorr
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is indeed expected to differ from p+p because of the observed
jet modifications [52].
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distributions, the normalized mixed-event background, and the
distributions after subtraction. We note that the like-sign yield
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background and that the contribution from “away-side-jet
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FIG. 14. (Color online) Raw dielectron spectra in p+p (left) and Au+Au (right) collisions. The top panels show like-sign pairs N±±
as measured in the experiment, the combinatorial background from mixed-events Bcomb

±± , the correlated pair background Bcorr
±± obtained by

subtracting the combinatorial background, and the individual contributions from cross and jet pairs to the correlated background (see text).
The bottom panels show the same distributions for unlike-sign pairs. The correlated like-sign background Bcorr

±± is normalized to the measured
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in Fig. 12. This means that there is no room for correlated
background for mee > 0.55 GeV/c2. Here the contribution
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FIG. 14. (Color online) Raw dielectron spectra in p+p (left) and Au+Au (right) collisions. The top panels show like-sign pairs N±±
as measured in the experiment, the combinatorial background from mixed-events Bcomb

±± , the correlated pair background Bcorr
±± obtained by

subtracting the combinatorial background, and the individual contributions from cross and jet pairs to the correlated background (see text).
The bottom panels show the same distributions for unlike-sign pairs. The correlated like-sign background Bcorr

±± is normalized to the measured
like-sign pairs remaining after subtracting the combinatorial background N±± − Bcomb

±± and the same factors are applied to the unlike-sign
distribution Bcorr
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in Fig. 12. This means that there is no room for correlated
background for mee > 0.55 GeV/c2. Here the contribution
that typically arises from back-to-back jets in the Au+Au data
is indeed expected to differ from p+p because of the observed
jet modifications [52].

We therefore separate the jet distribution into “near-side”
(jetnear: !φ < π/2) and “away-side” contributions (jetaway:
!φ > π/2) and we fit the like-sign correlated background
distribution to the sum of

Bcorr
±± = A × cross + B × jetnear + C × jetaway. (16)

Figures 14(c) and 14(d) show the like- and unlike-sign pair
distributions, the normalized mixed-event background, and the
distributions after subtraction. We note that the like-sign yield
is well described by the sum of combinatorial and correlated
background and that the contribution from “away-side-jet
pairs” is consistent with zero, i.e., C = 0, as the mixed-event
distribution was normalized to the real data in the IMR: the
“away-side-jet pairs” are therefore not shown. The unlike-sign
signal (S+−) is obtained by subtracting from the distribu-
tion of all pairs the mixed-event combinatorial background
(Bcomb

+− ) and the correlated background (Bcorr
+− ) normalized
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FIG. 14. (Color online) Raw dielectron spectra in p+p (left) and Au+Au (right) collisions. The top panels show like-sign pairs N±±
as measured in the experiment, the combinatorial background from mixed-events Bcomb

±± , the correlated pair background Bcorr
±± obtained by

subtracting the combinatorial background, and the individual contributions from cross and jet pairs to the correlated background (see text).
The bottom panels show the same distributions for unlike-sign pairs. The correlated like-sign background Bcorr

±± is normalized to the measured
like-sign pairs remaining after subtracting the combinatorial background N±± − Bcomb

±± and the same factors are applied to the unlike-sign
distribution Bcorr
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in Fig. 12. This means that there is no room for correlated
background for mee > 0.55 GeV/c2. Here the contribution
that typically arises from back-to-back jets in the Au+Au data
is indeed expected to differ from p+p because of the observed
jet modifications [52].

We therefore separate the jet distribution into “near-side”
(jetnear: !φ < π/2) and “away-side” contributions (jetaway:
!φ > π/2) and we fit the like-sign correlated background
distribution to the sum of

Bcorr
±± = A × cross + B × jetnear + C × jetaway. (16)

Figures 14(c) and 14(d) show the like- and unlike-sign pair
distributions, the normalized mixed-event background, and the
distributions after subtraction. We note that the like-sign yield
is well described by the sum of combinatorial and correlated
background and that the contribution from “away-side-jet
pairs” is consistent with zero, i.e., C = 0, as the mixed-event
distribution was normalized to the real data in the IMR: the
“away-side-jet pairs” are therefore not shown. The unlike-sign
signal (S+−) is obtained by subtracting from the distribu-
tion of all pairs the mixed-event combinatorial background
(Bcomb

+− ) and the correlated background (Bcorr
+− ) normalized
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FIG. 14. (Color online) Raw dielectron spectra in p+p (left) and Au+Au (right) collisions. The top panels show like-sign pairs N±±
as measured in the experiment, the combinatorial background from mixed-events Bcomb

±± , the correlated pair background Bcorr
±± obtained by

subtracting the combinatorial background, and the individual contributions from cross and jet pairs to the correlated background (see text).
The bottom panels show the same distributions for unlike-sign pairs. The correlated like-sign background Bcorr

±± is normalized to the measured
like-sign pairs remaining after subtracting the combinatorial background N±± − Bcomb

±± and the same factors are applied to the unlike-sign
distribution Bcorr
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in Fig. 12. This means that there is no room for correlated
background for mee > 0.55 GeV/c2. Here the contribution
that typically arises from back-to-back jets in the Au+Au data
is indeed expected to differ from p+p because of the observed
jet modifications [52].

We therefore separate the jet distribution into “near-side”
(jetnear: !φ < π/2) and “away-side” contributions (jetaway:
!φ > π/2) and we fit the like-sign correlated background
distribution to the sum of

Bcorr
±± = A × cross + B × jetnear + C × jetaway. (16)

Figures 14(c) and 14(d) show the like- and unlike-sign pair
distributions, the normalized mixed-event background, and the
distributions after subtraction. We note that the like-sign yield
is well described by the sum of combinatorial and correlated
background and that the contribution from “away-side-jet
pairs” is consistent with zero, i.e., C = 0, as the mixed-event
distribution was normalized to the real data in the IMR: the
“away-side-jet pairs” are therefore not shown. The unlike-sign
signal (S+−) is obtained by subtracting from the distribu-
tion of all pairs the mixed-event combinatorial background
(Bcomb

+− ) and the correlated background (Bcorr
+− ) normalized
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FIG. 14. (Color online) Raw dielectron spectra in p+p (left) and Au+Au (right) collisions. The top panels show like-sign pairs N±±
as measured in the experiment, the combinatorial background from mixed-events Bcomb

±± , the correlated pair background Bcorr
±± obtained by

subtracting the combinatorial background, and the individual contributions from cross and jet pairs to the correlated background (see text).
The bottom panels show the same distributions for unlike-sign pairs. The correlated like-sign background Bcorr

±± is normalized to the measured
like-sign pairs remaining after subtracting the combinatorial background N±± − Bcomb

±± and the same factors are applied to the unlike-sign
distribution Bcorr
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in Fig. 12. This means that there is no room for correlated
background for mee > 0.55 GeV/c2. Here the contribution
that typically arises from back-to-back jets in the Au+Au data
is indeed expected to differ from p+p because of the observed
jet modifications [52].

We therefore separate the jet distribution into “near-side”
(jetnear: !φ < π/2) and “away-side” contributions (jetaway:
!φ > π/2) and we fit the like-sign correlated background
distribution to the sum of

Bcorr
±± = A × cross + B × jetnear + C × jetaway. (16)

Figures 14(c) and 14(d) show the like- and unlike-sign pair
distributions, the normalized mixed-event background, and the
distributions after subtraction. We note that the like-sign yield
is well described by the sum of combinatorial and correlated
background and that the contribution from “away-side-jet
pairs” is consistent with zero, i.e., C = 0, as the mixed-event
distribution was normalized to the real data in the IMR: the
“away-side-jet pairs” are therefore not shown. The unlike-sign
signal (S+−) is obtained by subtracting from the distribu-
tion of all pairs the mixed-event combinatorial background
(Bcomb

+− ) and the correlated background (Bcorr
+− ) normalized
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FIG. 14. (Color online) Raw dielectron spectra in p+p (left) and Au+Au (right) collisions. The top panels show like-sign pairs N±±
as measured in the experiment, the combinatorial background from mixed-events Bcomb

±± , the correlated pair background Bcorr
±± obtained by

subtracting the combinatorial background, and the individual contributions from cross and jet pairs to the correlated background (see text).
The bottom panels show the same distributions for unlike-sign pairs. The correlated like-sign background Bcorr

±± is normalized to the measured
like-sign pairs remaining after subtracting the combinatorial background N±± − Bcomb

±± and the same factors are applied to the unlike-sign
distribution Bcorr
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in Fig. 12. This means that there is no room for correlated
background for mee > 0.55 GeV/c2. Here the contribution
that typically arises from back-to-back jets in the Au+Au data
is indeed expected to differ from p+p because of the observed
jet modifications [52].

We therefore separate the jet distribution into “near-side”
(jetnear: !φ < π/2) and “away-side” contributions (jetaway:
!φ > π/2) and we fit the like-sign correlated background
distribution to the sum of

Bcorr
±± = A × cross + B × jetnear + C × jetaway. (16)

Figures 14(c) and 14(d) show the like- and unlike-sign pair
distributions, the normalized mixed-event background, and the
distributions after subtraction. We note that the like-sign yield
is well described by the sum of combinatorial and correlated
background and that the contribution from “away-side-jet
pairs” is consistent with zero, i.e., C = 0, as the mixed-event
distribution was normalized to the real data in the IMR: the
“away-side-jet pairs” are therefore not shown. The unlike-sign
signal (S+−) is obtained by subtracting from the distribu-
tion of all pairs the mixed-event combinatorial background
(Bcomb

+− ) and the correlated background (Bcorr
+− ) normalized
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FIG. 14. (Color online) Raw dielectron spectra in p+p (left) and Au+Au (right) collisions. The top panels show like-sign pairs N±±
as measured in the experiment, the combinatorial background from mixed-events Bcomb

±± , the correlated pair background Bcorr
±± obtained by

subtracting the combinatorial background, and the individual contributions from cross and jet pairs to the correlated background (see text).
The bottom panels show the same distributions for unlike-sign pairs. The correlated like-sign background Bcorr

±± is normalized to the measured
like-sign pairs remaining after subtracting the combinatorial background N±± − Bcomb

±± and the same factors are applied to the unlike-sign
distribution Bcorr

+− .
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Combinatorial and Correlated Background
• Same-sign spectrum contains all 

background sources
‣ need to corrected for different acceptance 

(acceptance difference from mixed events)
‣ statistics limited (stat. error increases ×√2)
‣ at LHC energies: b-mixing is a physics 

source to same-sign spectrum

• Combinatorial Background from mixed 
events normalized to 2√N++N−−

‣ statistics only limited by memory

• Correlated Background
‣ Cross pairs simulated with decay 

generator EXODUS
‣ Jet pairs simulated with PYTHIA

➡normalized to same-sign data and use 
same normalization for opposite-sign 
background 4
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p+p at √s = 200 GeV
• Data absolutely normalized
• Excellent agreement with cocktail


‣ Filtered in PHENIX acceptance


• Light hadron contributions 
subtracted

‣ Extract heavy quark cross sections

5

�cc = 518± 47(stat)± 135(syst)± 200(model)µb

�bb = 3.9± 2.4(stat)

+3
�2(syst)µb

PHENIX, PLB 670 (2009) 313
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• Data consistent with cocktail

‣ No significant cold nuclear matter effects

d+Au at √sNN = 200 GeV
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FIG. 3: Inclusive e+e� pair yield from minimum bias d+Au collisions as a function of mass. The data are compared to our
model of expected sources. The inset shows in detail the mass range up to 4.5 GeV/c2. In the lower panel, the ratio of data
to expected sources is shown with systematic uncertainties.

Drell-Yan mechanism.

The pseudoscalar mesons, ⇡0 and ⌘, and vector
mesons, !, �, J/ and the ⌥, are generated based
on measured di↵erential d+Au cross sections [32–37].
The contributions from mesons not directly measured
in d+Au (⌘0, ⇢, and  0) are determined relative to the
measured mesons (⌘, !, J/ , respectively) using par-
ticle ratios from p+p or jet fragmentation [22]. Decay
kinematics, branching ratios, electromagnetic transition
form factors, etc. are based on the most up-to-date
information from the Particle Data Group [38]. The
yield of e+e� pairs created through the Drell-Yan mecha-
nism was simulated using pythia2 For the normalization
we use a cross section of 34 ± 28 nb, which was deter-
mined by a simultaneous fit of the data at high mass to
Drell-Yan, charm, and bottom contributions using the
pythiasimulation. The systematic uncertainty in the
Drell-Yan cross section is propagated through the sub-
sequent heavy flavor cross section analysis. This uncer-
tainty has a negligible e↵ect (< 5%) on the final result

2 Drell-Yan pythia-6 [29], using parameters: MSEL=0,
MSTP(43)=3, MSTP(33)=1, MSTP(32)=1, MSUB(1)=1,
MSTP(52)=2, MSTP(54)=2, MSTP(56)=2, MSTP(51)=10041
(CTEQ6LL), MSTP(91)=1, PARP(91)=1.5, MSTP(33)=1,
MSTP(31)=1.38, MSTP(32)=4, CKIN(3)=0.5, CKIN(1)=0.5,
CKIN(2)=-1.0, CKIN(4)=-1.0, MSTP(71)=0

of the bottom cross section. As can be seen from Fig. 3,
the contribution from Drell-Yan is extremely small be-
low ⇡ 5 GeV/c2. It remains a minor contribution to the
dielectron pair spectrum below 10 GeV/c2.

The double di↵erential contribution from semi-leptonic
decays of heavy flavor are simulated using two di↵erent
p+p event generators, pythiaand mc@nlo. The cross
sections for cc̄ and bb̄ in the cocktail shown in Fig. 3 are
the ones extracted from this work, as discussed below.

The pythiaprogram generates heavy quark pairs by
calculating the leading order pQCD gluon fusion contri-
butions. We used pythiain forced cc̄ or bb̄ production
mode3 to match Ref. [22], and CTEQ5L as the input
parton distribution function.

The mc@nlopackage (v. 4.03) [30, 39] is an NLO sim-
ulation that generates hard scattering events to be passed
to Herwig(vers. 6.520) [40] for fragmentation into the
vacuum. Since the package is a two-step procedure con-
sisting of event generation and then fragmentation, care
is taken to pass the color flow of each parton configura-
tion from the generator to Herwig. In addition, since
flavor creation (i.e., qq ! QQ and gg ! QQ) processes

3 Heavy flavor pythia-6 [29], using parameters MSEL=4
(cc̄) or 5 (bb̄), MSTP(91)=1, PARP(91)=1.5, MSTP(33)=1,
PARP(31)=1.0, MSTP(32)=4, PMAS(4)=1.25, PMAS(5)=4.1”

http://dx.doi.org/10.1103/PhysRevC.91.014907
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FIG. 7: Double di↵erential e+e� pair yield from heavy flavor
decays fitted to simulated distributions from pythia. The
mass region highlighted by the gray band in Fig. 5 is excluded
from the fitting.

formed in the mass range 1.15 < me+e� < 2.4 GeV/c2

and 4.1 < me+e� < 14 GeV/c2, for both data and simu-
lations. In this normalization scheme, the fit parameters
Ncc̄ and Nbb̄ are equal to the average number cc̄ pairs
and of bb̄ pairs per inelastic d+Au event.
The fit results are shown in Fig. 7 and Fig. 8 using

the pythiaand mc@nlodistributions, respectively. The
resulting �2 per degree of freedom (NDF) is 147/81 for
pythiaand 162/81 for mc@nlo. This �2 is calculated
using statistical uncertainty on the data points only. If we
add the systematic uncertainties in quadrature with the
systematic uncertainties, the �2/NDF is 30/81 and 34/81
for pythiaand mc@nlo, respectively. These �2/NDF
represent extremes because the statistical uncertainty ig-
nores the uncorrelated systematic uncertainty while in-
cluding the total systematic uncertainty incorrectly in-
cludes correlated uncertainties. Because we do not know
the fraction of the correlated and uncorrelated systematic
uncertainty in the total quoted systematic uncertainty,
we conservatively assume that it is entirely correlated
and use the fit results from the corresponding case.
For the pythiasimulation we obtain the fit parame-

ters:

Ncc̄ = 0.069±0.006(stat)±0.021(syst) (10)

Nbb̄ = 0.00061±0.00011(stat)±0.00019(syst) (11)
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FIG. 8: Double di↵erential e+e� pair yield from heavy flavor
decays fitted to simulated distributions from mc@nlo. The
mass region highlighted by the gray band in Fig. 5 is excluded
from the fitting.

and for the mc@nlo

Ncc̄ = 0.172±0.017(stat)±0.060(syst) (12)

Nbb̄ = 0.00060±0.00014(stat)±0.00020(syst) (13)

The quoted systematic uncertainties were determined by
refitting the data points varied up, then down, by one
�syst.
Additional systematic uncertainties arise from the

models themselves. In the mc@nlocalculation model
uncertainties were evaluated by varying the renormaliza-
tion scale by a factor of 2 up and down; the uncertainties
are found to be 5% and 2.5% for charm and bottom re-
spectively. These are quadratically small compared to
those arising from the data uncertainties. For pythiano
separate evaluation of scale-dependence was done.
A second type of model-dependence in the cross sec-

tion arises from the dependence of the pair acceptance on
the quark-antiquark correlation from the QCD produc-
tion process, as discussed above. By comparing results
obtained with the di↵erent simulations we can see that
the model dependence of the bottom cross sections are
less than 2%. For charm production, on the other hand,
the extracted cross sections di↵er by 50% . The large dif-
ference in the model dependence of the extracted charm
and bottom cross sections results from the fact that the
bottom mass is much larger and thus the fraction of e+e�

• Data consistent with cocktail

‣ No significant cold nuclear matter effects

• Extract beauty from fit in mass & pT

‣ σbbNN = 3.4 ± 0.8 (stat) ± 1.1 (syst) 

± 0.11 (model) μb

d+Au at √sNN = 200 GeV
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FIG. 3: Inclusive e+e� pair yield from minimum bias d+Au collisions as a function of mass. The data are compared to our
model of expected sources. The inset shows in detail the mass range up to 4.5 GeV/c2. In the lower panel, the ratio of data
to expected sources is shown with systematic uncertainties.

Drell-Yan mechanism.

The pseudoscalar mesons, ⇡0 and ⌘, and vector
mesons, !, �, J/ and the ⌥, are generated based
on measured di↵erential d+Au cross sections [32–37].
The contributions from mesons not directly measured
in d+Au (⌘0, ⇢, and  0) are determined relative to the
measured mesons (⌘, !, J/ , respectively) using par-
ticle ratios from p+p or jet fragmentation [22]. Decay
kinematics, branching ratios, electromagnetic transition
form factors, etc. are based on the most up-to-date
information from the Particle Data Group [38]. The
yield of e+e� pairs created through the Drell-Yan mecha-
nism was simulated using pythia2 For the normalization
we use a cross section of 34 ± 28 nb, which was deter-
mined by a simultaneous fit of the data at high mass to
Drell-Yan, charm, and bottom contributions using the
pythiasimulation. The systematic uncertainty in the
Drell-Yan cross section is propagated through the sub-
sequent heavy flavor cross section analysis. This uncer-
tainty has a negligible e↵ect (< 5%) on the final result

2 Drell-Yan pythia-6 [29], using parameters: MSEL=0,
MSTP(43)=3, MSTP(33)=1, MSTP(32)=1, MSUB(1)=1,
MSTP(52)=2, MSTP(54)=2, MSTP(56)=2, MSTP(51)=10041
(CTEQ6LL), MSTP(91)=1, PARP(91)=1.5, MSTP(33)=1,
MSTP(31)=1.38, MSTP(32)=4, CKIN(3)=0.5, CKIN(1)=0.5,
CKIN(2)=-1.0, CKIN(4)=-1.0, MSTP(71)=0

of the bottom cross section. As can be seen from Fig. 3,
the contribution from Drell-Yan is extremely small be-
low ⇡ 5 GeV/c2. It remains a minor contribution to the
dielectron pair spectrum below 10 GeV/c2.

The double di↵erential contribution from semi-leptonic
decays of heavy flavor are simulated using two di↵erent
p+p event generators, pythiaand mc@nlo. The cross
sections for cc̄ and bb̄ in the cocktail shown in Fig. 3 are
the ones extracted from this work, as discussed below.

The pythiaprogram generates heavy quark pairs by
calculating the leading order pQCD gluon fusion contri-
butions. We used pythiain forced cc̄ or bb̄ production
mode3 to match Ref. [22], and CTEQ5L as the input
parton distribution function.

The mc@nlopackage (v. 4.03) [30, 39] is an NLO sim-
ulation that generates hard scattering events to be passed
to Herwig(vers. 6.520) [40] for fragmentation into the
vacuum. Since the package is a two-step procedure con-
sisting of event generation and then fragmentation, care
is taken to pass the color flow of each parton configura-
tion from the generator to Herwig. In addition, since
flavor creation (i.e., qq ! QQ and gg ! QQ) processes

3 Heavy flavor pythia-6 [29], using parameters MSEL=4
(cc̄) or 5 (bb̄), MSTP(91)=1, PARP(91)=1.5, MSTP(33)=1,
PARP(31)=1.0, MSTP(32)=4, PMAS(4)=1.25, PMAS(5)=4.1”

http://dx.doi.org/10.1103/PhysRevC.91.014907
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FIG. 7: Double di↵erential e+e� pair yield from heavy flavor
decays fitted to simulated distributions from pythia. The
mass region highlighted by the gray band in Fig. 5 is excluded
from the fitting.

formed in the mass range 1.15 < me+e� < 2.4 GeV/c2

and 4.1 < me+e� < 14 GeV/c2, for both data and simu-
lations. In this normalization scheme, the fit parameters
Ncc̄ and Nbb̄ are equal to the average number cc̄ pairs
and of bb̄ pairs per inelastic d+Au event.
The fit results are shown in Fig. 7 and Fig. 8 using

the pythiaand mc@nlodistributions, respectively. The
resulting �2 per degree of freedom (NDF) is 147/81 for
pythiaand 162/81 for mc@nlo. This �2 is calculated
using statistical uncertainty on the data points only. If we
add the systematic uncertainties in quadrature with the
systematic uncertainties, the �2/NDF is 30/81 and 34/81
for pythiaand mc@nlo, respectively. These �2/NDF
represent extremes because the statistical uncertainty ig-
nores the uncorrelated systematic uncertainty while in-
cluding the total systematic uncertainty incorrectly in-
cludes correlated uncertainties. Because we do not know
the fraction of the correlated and uncorrelated systematic
uncertainty in the total quoted systematic uncertainty,
we conservatively assume that it is entirely correlated
and use the fit results from the corresponding case.
For the pythiasimulation we obtain the fit parame-

ters:

Ncc̄ = 0.069±0.006(stat)±0.021(syst) (10)

Nbb̄ = 0.00061±0.00011(stat)±0.00019(syst) (11)
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FIG. 8: Double di↵erential e+e� pair yield from heavy flavor
decays fitted to simulated distributions from mc@nlo. The
mass region highlighted by the gray band in Fig. 5 is excluded
from the fitting.

and for the mc@nlo

Ncc̄ = 0.172±0.017(stat)±0.060(syst) (12)

Nbb̄ = 0.00060±0.00014(stat)±0.00020(syst) (13)

The quoted systematic uncertainties were determined by
refitting the data points varied up, then down, by one
�syst.
Additional systematic uncertainties arise from the

models themselves. In the mc@nlocalculation model
uncertainties were evaluated by varying the renormaliza-
tion scale by a factor of 2 up and down; the uncertainties
are found to be 5% and 2.5% for charm and bottom re-
spectively. These are quadratically small compared to
those arising from the data uncertainties. For pythiano
separate evaluation of scale-dependence was done.
A second type of model-dependence in the cross sec-

tion arises from the dependence of the pair acceptance on
the quark-antiquark correlation from the QCD produc-
tion process, as discussed above. By comparing results
obtained with the di↵erent simulations we can see that
the model dependence of the bottom cross sections are
less than 2%. For charm production, on the other hand,
the extracted cross sections di↵er by 50% . The large dif-
ference in the model dependence of the extracted charm
and bottom cross sections results from the fact that the
bottom mass is much larger and thus the fraction of e+e�

• Data consistent with cocktail

‣ No significant cold nuclear matter effects

• Extract beauty from fit in mass & pT

‣ σbbNN = 3.4 ± 0.8 (stat) ± 1.1 (syst) 

± 0.11 (model) μb

• Charm very model dependent!

‣ PYTHIA: σccNN = 385±34(stat)±119(syst) μb

‣ MC@NLO: σccNN = 958±96(stat)±335(syst) μb

d+Au at √sNN = 200 GeV
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FIG. 3: Inclusive e+e� pair yield from minimum bias d+Au collisions as a function of mass. The data are compared to our
model of expected sources. The inset shows in detail the mass range up to 4.5 GeV/c2. In the lower panel, the ratio of data
to expected sources is shown with systematic uncertainties.

Drell-Yan mechanism.

The pseudoscalar mesons, ⇡0 and ⌘, and vector
mesons, !, �, J/ and the ⌥, are generated based
on measured di↵erential d+Au cross sections [32–37].
The contributions from mesons not directly measured
in d+Au (⌘0, ⇢, and  0) are determined relative to the
measured mesons (⌘, !, J/ , respectively) using par-
ticle ratios from p+p or jet fragmentation [22]. Decay
kinematics, branching ratios, electromagnetic transition
form factors, etc. are based on the most up-to-date
information from the Particle Data Group [38]. The
yield of e+e� pairs created through the Drell-Yan mecha-
nism was simulated using pythia2 For the normalization
we use a cross section of 34 ± 28 nb, which was deter-
mined by a simultaneous fit of the data at high mass to
Drell-Yan, charm, and bottom contributions using the
pythiasimulation. The systematic uncertainty in the
Drell-Yan cross section is propagated through the sub-
sequent heavy flavor cross section analysis. This uncer-
tainty has a negligible e↵ect (< 5%) on the final result

2 Drell-Yan pythia-6 [29], using parameters: MSEL=0,
MSTP(43)=3, MSTP(33)=1, MSTP(32)=1, MSUB(1)=1,
MSTP(52)=2, MSTP(54)=2, MSTP(56)=2, MSTP(51)=10041
(CTEQ6LL), MSTP(91)=1, PARP(91)=1.5, MSTP(33)=1,
MSTP(31)=1.38, MSTP(32)=4, CKIN(3)=0.5, CKIN(1)=0.5,
CKIN(2)=-1.0, CKIN(4)=-1.0, MSTP(71)=0

of the bottom cross section. As can be seen from Fig. 3,
the contribution from Drell-Yan is extremely small be-
low ⇡ 5 GeV/c2. It remains a minor contribution to the
dielectron pair spectrum below 10 GeV/c2.

The double di↵erential contribution from semi-leptonic
decays of heavy flavor are simulated using two di↵erent
p+p event generators, pythiaand mc@nlo. The cross
sections for cc̄ and bb̄ in the cocktail shown in Fig. 3 are
the ones extracted from this work, as discussed below.

The pythiaprogram generates heavy quark pairs by
calculating the leading order pQCD gluon fusion contri-
butions. We used pythiain forced cc̄ or bb̄ production
mode3 to match Ref. [22], and CTEQ5L as the input
parton distribution function.

The mc@nlopackage (v. 4.03) [30, 39] is an NLO sim-
ulation that generates hard scattering events to be passed
to Herwig(vers. 6.520) [40] for fragmentation into the
vacuum. Since the package is a two-step procedure con-
sisting of event generation and then fragmentation, care
is taken to pass the color flow of each parton configura-
tion from the generator to Herwig. In addition, since
flavor creation (i.e., qq ! QQ and gg ! QQ) processes

3 Heavy flavor pythia-6 [29], using parameters MSEL=4
(cc̄) or 5 (bb̄), MSTP(91)=1, PARP(91)=1.5, MSTP(33)=1,
PARP(31)=1.0, MSTP(32)=4, PMAS(4)=1.25, PMAS(5)=4.1”

http://dx.doi.org/10.1103/PhysRevC.91.014907
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e-muon (mid-forward rapidity) correlations in d+Au and p+p collisions at 200 GeV. 
 
How to connect this mid-forward e-muon correlation to mid-rapidity dilepton 
physics, need further investigation. 
           
           
 

PHENIX: A. Dion 

Open Charm Correlations
• Electron-muon correlations


‣ Direct access to cc and bb

‣ No contribution from hadron decays


!

!

!

!

!

• Current measurement with 
rapidity gap


• Needs modelling to relate to 
midrapidity dielectron results
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FIG. 25. (Color online) Inclusive mass spectrum of e+e− pairs in
the PHENIX acceptance in p+p collisions compared to the expecta-
tions from the decays of light hadrons and correlated decays of charm,
bottom, and Drell-Yan. The contribution from hadron decays is in-
dependently normalized based on meson measurements in PHENIX.
The bottom panel shows the ratio of data to the cocktail of known
sources. The systematic uncertainties of the data are shown as boxes,
while the uncertainty on the cocktail is shown as band around 1.

charm cross section, measured in p+p, σcc̄ = 567 ± 57stat ±
224syst µb [48], has been scaled by Ncoll (given in Table I).
For each centrality class, the data and the cocktail are
absolutely normalized. Each data set is compared with two
corresponding cocktail lines, shown in solid and dotted curves.
The difference between the cocktails is due to uncertainty in
the cc̄ contribution (see discussion below).

Unlike the p+p mass spectrum, the Au+Au mass spectra
show enhancement above the cocktail, in particular for the
LMR (0.15–0.75 GeV/c2). There is little enhancement for pe-
ripheral (60–92%) data, but very strong enhancement for two
most central classes (0–10% and 10–20%). The enhancement
increases rapidly with increasing centrality.

In order to quantitatively describe this enhancement, more
information is needed about other components that can
potentially contribute to the LMR, namely the open heavy
flavor and internal conversion of real direct photons. We
discuss them in the next sections.

B. Open heavy flavor contribution

The dilepton yield in the IMR is dominated by semileptonic
decays of charm hadrons correlated through flavor conser-
vation. Small contributions also arise from bottom hadrons
and Drell-Yan. For p+p data we determine the heavy flavor
contribution by subtracting the hadronic cocktail from the
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FIG. 26. (Color online) Inclusive mass spectrum of e+e− pairs
in the PHENIX acceptance in minimum-bias Au+Au compared to
expectations from the decays of light hadrons and correlated decays
of charm, bottom, and Drell-Yan. The charm contribution expected
if the dynamic correlation of c and c̄ is removed is shown separately.
Statistical (bars) and systematic (boxes) uncertainties are shown
separately. The contribution from hadron decays is independently
normalized based on meson measurements in PHENIX. The bottom
panel shows the ratio of data to the cocktail of known sources. The
systematic uncertainties of the data are shown as boxes, while the
uncertainty on the cocktail is shown as band around 1.

dilepton data. We integrate the subtracted yield in the IMR,
extrapolate to zero e+e− pair mass to get the entire cross
section, correct for geometric acceptance, and convert to a
production cross section using known branching ratios of
semileptonic decays [54]. Details of the analysis of the charm
cross section are reported in [38].

We find a rapidity density of cc̄ pairs at midrapidity:

dσcc̄

dy

∣∣∣∣
y=0

= 118.1 ± 8.4stat ± 30.7syst ± 39.5modelµb.

This corresponds to a total charm cross section of
σcc̄ = 544 ± 39stat ± 142syst ± 200modelµb, consistent with
previous measurement of single electrons by PHENIX
(σcc̄ = 567 ± 57stat ± 224syst µb) [48] and with a
fixed-order-plus-next-to-leading-log (FONLL) pQCD
calculation (σcc̄ = 256+400

−146µb) [78].
In Au+Au the dynamic correlation of c and c̄, which

is essential to determine the mass spectral shape, could
be modified compared to p+p collisions. The observed
suppression and the elliptic flow of nonphotonic electrons
indicates that charm quarks interact with the medium [6],
which should change the correlations between the produced
cc̄ pairs. We also note that the pT distribution for electrons
generated by PYTHIA [55] is softer than the spectrum measured
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• Intermediate Mass Region: 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‣ Input: dσccNN/dy= 123±12±37µb

‣ PYTHIA

‣ Random cc correlation


• Single electron measurement: 
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‣ Charm flows


• Expected modifications in the pair 
invariant mass
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FIG. 29. (Color online) Dielectron yield per participating nucleon
pair (Npart/2) as function of Npart for two different mass ranges (a:
0.15 < mee < 0.75 GeV/c2, b: 0 < mee < 0.1 GeV/c2) compared to
the expected yield from the hadron decay model. The two lines give
the systematic uncertainty of the yield from cocktail and charmed
hadron decays. For the data statistical and systematic uncertainties
are shown separately.

10–20%. For more peripheral collisions the enhancement
diminishes. Only some small excess is visible for 20–40%
and 60–92% while no deviation is observed in 40–60% with
respect to the cocktail beyond systematic uncertainties.

To quantify the centrality dependence of the enhancement,
we have integrated the yield in two mass windows: below
0.1 GeV/c2 and 0.15 to 0.75 GeV/c2. Since the cocktail yield
in these regions arises mostly from hadrons (more than 90%
from π0 below 0.1 GeV/c2 and more than 99% from the sum
of light hadrons in 0.15 < mee < 0.75 GeV/c2) we compare
the measured yield to the rate of pion production. Pions were
found to scale approximately with Npart [79], therefore we
compare the measured yield in data to Npart.

The top panel of Fig. 29 shows the centrality dependence
of the yield in the mass region 0.15–0.75 GeV/c2 divided
by the number of participating nucleon pairs (Npart/2). The
systematic uncertainty due to Npart (as indicated in Table I)
has been included in the overall systematic uncertainty. For
comparison the yield below 0.1 GeV/c2, which is dominated
by low-pT pion decays, is shown in the lower panel.

For both mass intervals the yield is compared to the yield
calculated from the hadron cocktail. Two solid curves on each
panel show the upper and lower limit of the expected yield from
the cocktail. The cocktail uncertainty includes the uncertainty
in the charm contribution discussed in the previous section. In
the lower mass range the yield agrees with expectations and
is proportional to the pion yield (bottom panel of Fig. 29). In

TABLE IX. The enhancement factor, defined as the ratio between
the measured yield and the expected yield for 0.15 < mee <

0.75 GeV/c2, for different centrality bins. The meaning of the errors
is defined in the text.

Centrality Enhancement (±stat ±syst ±model)

00–10% 7.6 ± 0.5 ± 1.3 ± 1.5
10–20% 3.2 ± 0.4 ± 0.7 ± 0.6
20–40% 1.4 ± 0.3 ± 0.4 ± 0.3
40–60% 0.8 ± 0.3 ± 0.4 ± 0.2
60–92% 1.5 ± 0.3 ± 0.5 ± 0.3
Min.Bias 4.7 ± 0.4 ± 1.5 ± 0.9

contrast, in the range from 0.15 to 0.75 GeV/c2 the observed
yield rises significantly above expectations.

The enhancement factor, defined as the ratio between the
measured yield and the expected yield for 0.15 < mee <
0.75 GeV/c2, is 4.7 ± 0.4stat ± 1.5syst ± 0.9model for Min.Bias
data. The first error is the statistical error, the second the
systematic uncertainty of the data, and the last error is an
estimate of the uncertainty in the cocktail, i.e., the expected
yield from hadronic sources. For the various centrality bins the
enhancement factor is reported in Table IX.

The increase is qualitatively consistent with the conjecture
that an in-medium enhancement of the dielectron continuum
yield arises from scattering processes like ππ or qq̄ annihila-
tion. In this case the enhancement would scale proportional
to N2

part, differing from the hadronic cocktail that scales
proportional to Npart.

D. pT dependence of the mass spectra

Figure 30 compares e+e− invariant mass spectra measured
in p+p and in Min.Bias Au+Au collisions to the corre-
sponding expectations from the cocktail of hadron decays and
open charm, in different ranges of pT . Data and cocktail are
absolutely normalized.

The solid curves show the cocktail calculations. In the low
mass, the π0 Dalitz is the dominant source of the electron
pairs. The mass spectrum falls rapidly like 1/mee and then
bends downward at m ≈ 0.1 GeV/c2 due to the cutoff of the
π0 Dalitz decays, followed by an upward bend at mee ≈ mπ0 =
0.135 GeV/c2, whereπ0 contribution cease to exist. For mee >
mπ , the η Dalitz decay (η → e+e−γ ) is the dominant hadronic
source of e+e− pairs, followed by the ω Dalitz decay (ω →
e+e−π0), with small contributions from other sources such
as η′ and φ. The peaks approximately at 0.8 GeV/c2 and
1.0 GeV/c2 are due to dielectron decays of the ω and the φ
mesons, respectively. The detector acceptance and resolution
effects broaden and smear the mass spectrum. These detector
effects are included in the cocktail calculation.

The p+p data are consistent with expectations from the
cocktail over the full mass range in the low-pT bin. In
the highest-pT bins, however, the data are enhanced with
respect to the cocktail. The deviations are, however, small in
contrast to the Au+Au data that show a large enhancement
in the LMR above m0

π , which is concentrated at low pT .
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FIG. 29. (Color online) Dielectron yield per participating nucleon
pair (Npart/2) as function of Npart for two different mass ranges (a:
0.15 < mee < 0.75 GeV/c2, b: 0 < mee < 0.1 GeV/c2) compared to
the expected yield from the hadron decay model. The two lines give
the systematic uncertainty of the yield from cocktail and charmed
hadron decays. For the data statistical and systematic uncertainties
are shown separately.

10–20%. For more peripheral collisions the enhancement
diminishes. Only some small excess is visible for 20–40%
and 60–92% while no deviation is observed in 40–60% with
respect to the cocktail beyond systematic uncertainties.

To quantify the centrality dependence of the enhancement,
we have integrated the yield in two mass windows: below
0.1 GeV/c2 and 0.15 to 0.75 GeV/c2. Since the cocktail yield
in these regions arises mostly from hadrons (more than 90%
from π0 below 0.1 GeV/c2 and more than 99% from the sum
of light hadrons in 0.15 < mee < 0.75 GeV/c2) we compare
the measured yield to the rate of pion production. Pions were
found to scale approximately with Npart [79], therefore we
compare the measured yield in data to Npart.

The top panel of Fig. 29 shows the centrality dependence
of the yield in the mass region 0.15–0.75 GeV/c2 divided
by the number of participating nucleon pairs (Npart/2). The
systematic uncertainty due to Npart (as indicated in Table I)
has been included in the overall systematic uncertainty. For
comparison the yield below 0.1 GeV/c2, which is dominated
by low-pT pion decays, is shown in the lower panel.

For both mass intervals the yield is compared to the yield
calculated from the hadron cocktail. Two solid curves on each
panel show the upper and lower limit of the expected yield from
the cocktail. The cocktail uncertainty includes the uncertainty
in the charm contribution discussed in the previous section. In
the lower mass range the yield agrees with expectations and
is proportional to the pion yield (bottom panel of Fig. 29). In

TABLE IX. The enhancement factor, defined as the ratio between
the measured yield and the expected yield for 0.15 < mee <

0.75 GeV/c2, for different centrality bins. The meaning of the errors
is defined in the text.

Centrality Enhancement (±stat ±syst ±model)

00–10% 7.6 ± 0.5 ± 1.3 ± 1.5
10–20% 3.2 ± 0.4 ± 0.7 ± 0.6
20–40% 1.4 ± 0.3 ± 0.4 ± 0.3
40–60% 0.8 ± 0.3 ± 0.4 ± 0.2
60–92% 1.5 ± 0.3 ± 0.5 ± 0.3
Min.Bias 4.7 ± 0.4 ± 1.5 ± 0.9

contrast, in the range from 0.15 to 0.75 GeV/c2 the observed
yield rises significantly above expectations.

The enhancement factor, defined as the ratio between the
measured yield and the expected yield for 0.15 < mee <
0.75 GeV/c2, is 4.7 ± 0.4stat ± 1.5syst ± 0.9model for Min.Bias
data. The first error is the statistical error, the second the
systematic uncertainty of the data, and the last error is an
estimate of the uncertainty in the cocktail, i.e., the expected
yield from hadronic sources. For the various centrality bins the
enhancement factor is reported in Table IX.

The increase is qualitatively consistent with the conjecture
that an in-medium enhancement of the dielectron continuum
yield arises from scattering processes like ππ or qq̄ annihila-
tion. In this case the enhancement would scale proportional
to N2

part, differing from the hadronic cocktail that scales
proportional to Npart.

D. pT dependence of the mass spectra

Figure 30 compares e+e− invariant mass spectra measured
in p+p and in Min.Bias Au+Au collisions to the corre-
sponding expectations from the cocktail of hadron decays and
open charm, in different ranges of pT . Data and cocktail are
absolutely normalized.

The solid curves show the cocktail calculations. In the low
mass, the π0 Dalitz is the dominant source of the electron
pairs. The mass spectrum falls rapidly like 1/mee and then
bends downward at m ≈ 0.1 GeV/c2 due to the cutoff of the
π0 Dalitz decays, followed by an upward bend at mee ≈ mπ0 =
0.135 GeV/c2, whereπ0 contribution cease to exist. For mee >
mπ , the η Dalitz decay (η → e+e−γ ) is the dominant hadronic
source of e+e− pairs, followed by the ω Dalitz decay (ω →
e+e−π0), with small contributions from other sources such
as η′ and φ. The peaks approximately at 0.8 GeV/c2 and
1.0 GeV/c2 are due to dielectron decays of the ω and the φ
mesons, respectively. The detector acceptance and resolution
effects broaden and smear the mass spectrum. These detector
effects are included in the cocktail calculation.

The p+p data are consistent with expectations from the
cocktail over the full mass range in the low-pT bin. In
the highest-pT bins, however, the data are enhanced with
respect to the cocktail. The deviations are, however, small in
contrast to the Au+Au data that show a large enhancement
in the LMR above m0

π , which is concentrated at low pT .
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FIG. 29. (Color online) Dielectron yield per participating nucleon
pair (Npart/2) as function of Npart for two different mass ranges (a:
0.15 < mee < 0.75 GeV/c2, b: 0 < mee < 0.1 GeV/c2) compared to
the expected yield from the hadron decay model. The two lines give
the systematic uncertainty of the yield from cocktail and charmed
hadron decays. For the data statistical and systematic uncertainties
are shown separately.

10–20%. For more peripheral collisions the enhancement
diminishes. Only some small excess is visible for 20–40%
and 60–92% while no deviation is observed in 40–60% with
respect to the cocktail beyond systematic uncertainties.

To quantify the centrality dependence of the enhancement,
we have integrated the yield in two mass windows: below
0.1 GeV/c2 and 0.15 to 0.75 GeV/c2. Since the cocktail yield
in these regions arises mostly from hadrons (more than 90%
from π0 below 0.1 GeV/c2 and more than 99% from the sum
of light hadrons in 0.15 < mee < 0.75 GeV/c2) we compare
the measured yield to the rate of pion production. Pions were
found to scale approximately with Npart [79], therefore we
compare the measured yield in data to Npart.

The top panel of Fig. 29 shows the centrality dependence
of the yield in the mass region 0.15–0.75 GeV/c2 divided
by the number of participating nucleon pairs (Npart/2). The
systematic uncertainty due to Npart (as indicated in Table I)
has been included in the overall systematic uncertainty. For
comparison the yield below 0.1 GeV/c2, which is dominated
by low-pT pion decays, is shown in the lower panel.

For both mass intervals the yield is compared to the yield
calculated from the hadron cocktail. Two solid curves on each
panel show the upper and lower limit of the expected yield from
the cocktail. The cocktail uncertainty includes the uncertainty
in the charm contribution discussed in the previous section. In
the lower mass range the yield agrees with expectations and
is proportional to the pion yield (bottom panel of Fig. 29). In

TABLE IX. The enhancement factor, defined as the ratio between
the measured yield and the expected yield for 0.15 < mee <

0.75 GeV/c2, for different centrality bins. The meaning of the errors
is defined in the text.

Centrality Enhancement (±stat ±syst ±model)

00–10% 7.6 ± 0.5 ± 1.3 ± 1.5
10–20% 3.2 ± 0.4 ± 0.7 ± 0.6
20–40% 1.4 ± 0.3 ± 0.4 ± 0.3
40–60% 0.8 ± 0.3 ± 0.4 ± 0.2
60–92% 1.5 ± 0.3 ± 0.5 ± 0.3
Min.Bias 4.7 ± 0.4 ± 1.5 ± 0.9

contrast, in the range from 0.15 to 0.75 GeV/c2 the observed
yield rises significantly above expectations.

The enhancement factor, defined as the ratio between the
measured yield and the expected yield for 0.15 < mee <
0.75 GeV/c2, is 4.7 ± 0.4stat ± 1.5syst ± 0.9model for Min.Bias
data. The first error is the statistical error, the second the
systematic uncertainty of the data, and the last error is an
estimate of the uncertainty in the cocktail, i.e., the expected
yield from hadronic sources. For the various centrality bins the
enhancement factor is reported in Table IX.

The increase is qualitatively consistent with the conjecture
that an in-medium enhancement of the dielectron continuum
yield arises from scattering processes like ππ or qq̄ annihila-
tion. In this case the enhancement would scale proportional
to N2

part, differing from the hadronic cocktail that scales
proportional to Npart.

D. pT dependence of the mass spectra

Figure 30 compares e+e− invariant mass spectra measured
in p+p and in Min.Bias Au+Au collisions to the corre-
sponding expectations from the cocktail of hadron decays and
open charm, in different ranges of pT . Data and cocktail are
absolutely normalized.

The solid curves show the cocktail calculations. In the low
mass, the π0 Dalitz is the dominant source of the electron
pairs. The mass spectrum falls rapidly like 1/mee and then
bends downward at m ≈ 0.1 GeV/c2 due to the cutoff of the
π0 Dalitz decays, followed by an upward bend at mee ≈ mπ0 =
0.135 GeV/c2, whereπ0 contribution cease to exist. For mee >
mπ , the η Dalitz decay (η → e+e−γ ) is the dominant hadronic
source of e+e− pairs, followed by the ω Dalitz decay (ω →
e+e−π0), with small contributions from other sources such
as η′ and φ. The peaks approximately at 0.8 GeV/c2 and
1.0 GeV/c2 are due to dielectron decays of the ω and the φ
mesons, respectively. The detector acceptance and resolution
effects broaden and smear the mass spectrum. These detector
effects are included in the cocktail calculation.

The p+p data are consistent with expectations from the
cocktail over the full mass range in the low-pT bin. In
the highest-pT bins, however, the data are enhanced with
respect to the cocktail. The deviations are, however, small in
contrast to the Au+Au data that show a large enhancement
in the LMR above m0

π , which is concentrated at low pT .
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Low Mass Dileptons from STAR
• STAR observes smaller 

enhancement than PHENIX

‣ In better agreement with models that 

involve broadening of ρ spectral 
function


‣ Caveat: 1.4x larger charm cross 
sections used in cocktail: 
dσ/dy= 171±26 µb


‣ Slower increase with centrality: 
Yield/Npart ~ Npart0.54±0.18
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(Nbin) to obtain the contribution in the Auþ Au collisions.
The systematic uncertainty on the cocktail is dominated by
the experimental uncertainties on the measured particle
yields and spectra. In particular, the large uncertainty in the
cocktail in the mass region of 0.15–1 GeV=c2 is mainly
attributed to the unmeasured low-pT η mesons and the
input charm cross section.
In Fig. 2(a), a comparison is shown between the hadronic

cocktail simulations and the efficiency corrected dielectron
yield in 200 GeV minimum bias Auþ Au collisions, in the
STAR acceptance range of pe

T > 0.2 GeV=c, jηej < 1, and
jyeej < 1. The hadronic cocktail simulations exclude con-
tributions from the ρ meson to avoid double counting when
compared to models. The ratios of our measured data
to the cocktail are shown in panel (b) of Fig. 2. Panel (c) in
Fig. 2 shows an expanded view of the excess mass
region with the cocktail subtracted. An enhancement of

1.77"0.11ðstatÞ"0.24ðsystÞ"0.33ðcocktailÞ is observed
when compared to the hadronic cocktail without the ρ
contribution in the mass region of 0.30–0.76 GeV=c2. This
enhancement factor, determined within the STAR accep-
tance, is significantly lower than what has been reported by
PHENIX [12]. We have compared the STAR and PHENIX
cocktail simulations and applied PHENIX azimuthal accep-
tance. We found that neither differences in the acceptance
nor the cocktail simulations can explain the difference in
the enhancement factor measured by the two experiments.
Also included in Figs. 2(b) and 2(c) are two theoretical

model calculations within the STAR acceptance: model I,
by Rapp et al., is an effective many-body calculation
[3,13,31]; model II, by Linnyk et al., is a microscopic
transport model—parton-hadron-string dynamics (PHSD)
[16,32,33]. Both models have successfully described the
dimuon enhancement observed by NA60 with a broadened
ρ spectral function due to in-medium hadronic interactions.
The models, however, failed to reproduce the dielectron
enhancement reported by PHENIX [12,32]. Compared to
our data in the mass region below 1 GeV=c2, both models
describe the observed dielectron excess reasonably well
within uncertainties. Other theoretical model calculations
can also reproduce the dielectron excess at low mass
in our measurement [34,35]. Our measurements disfavor
a pure vacuum ρ spectrum for the excess dielectrons
(χ2=NDF ¼ 26=8, where NDF is the number of degrees
of freedom, in 0.3–1 GeV=c2) .
We integrated the dielectron yields in three mass regions:

0.30–0.76 (ρ-like), 0.76–0.80 (ω-like) and 0.98–1.05 (ϕ-
like) GeV=c2, and present the centrality and pT dependence
of the ratios of data to cocktail within the STAR acceptance
in Figs. 3(a) and 3(b). The cocktail calculation can repro-
duce the dielectron yields in the ω-like and the ϕ-like
regions. The ratios to cocktail in the ρ-like region show a
weak dependence on the number of participating nucleons
(Npart) and pT . Both models show excesses comparable
to the data in the centrality and pT regions investigated.
Figure 3(c) shows the integrated yields scaled by Npart for
the ρ-like with cocktail subtracted, the ω=ϕ-like without
subtraction as a function ofNpart. The ω=ϕ-like yields show
a Npart scaling. The dashed curve depicts a power-law fit
(∝ Na

part) to the Npart scaled ρ-like dielectron excess with
cocktail subtracted, and the fit result shows a¼0.54"0.18
(statþ uncorrelated syst), indicating that dielectrons in the
ρ-like region are sensitive to the QCD medium dynamics,
as expected from ρ medium modifications in theoretical
calculations [31,36].
Figure 4 shows a comparison of the invariant mass

spectra between 0%–80% minimum bias and 0%–10%
most central Auþ Au collisions. Both spectra were scaled
by Npart in Fig. 4(a), and the ratios of the two scaled spectra
are presented in Fig. 4(b). Horizontal bands on the right
side depict the Npart and Nbin scaling. We note the
following. (i) The dielectron production starts with the
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FIG. 2 (color online). (a) eþe− invariant mass spectrum fromffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV Auþ Au minimum bias (0%–80%) collisions
compared to a hadronic cocktail simulation. The vertical bars on
data points depict the statistical uncertainties, while the systematic
uncertainties are shown as gray boxes (smaller than the marker).
(b) Ratios to cocktail for data and model calculations [31,32].
Green bands depict systematic uncertainties on the cocktail.
(c) Mass spectrum of the excess (data minus cocktail) in the
low-mass region compared to model calculations. Green brackets
depict the total systematic uncertainties including those from
cocktails. Systematic errors are highly correlated across all data
points.
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A: ρ-like (0.3–0.76 GeV/c2)

B: ω-like (0.76–0.8 GeV/c2)

C: φ-like (0.98–1.05 GeV/c2)

STAR

Npart scaling in the π0 and η dominant region and then rises
towards the Nbin scaling at ∼0.7 GeV=c2. This can be
explained by the hadronic medium ρ contribution, which
is expected to increase faster than Npart [31,36], and the
contribution from correlated charm which, if not modified,

should follow the Nbin dependence. Possible charm decor-
relation has negligible impact in this mass region. (ii) In the
mass region of 1–3 GeV=c2, the ratio between the central
and minimum bias spectra shows a moderate deviation
from the Nbin scaling (1.8σ deviation for the data point at
1.8–2.8 GeV=c2). We have used two extreme scenarios to
model the charm decay dielectron pairs: The dashed line in
Fig. 4(a) depicts the PYTHIA calculation with charm corre-
lations preserved; the dotted-dashed line assumes a fully
randomized azimuthal correlation between charmed hadron
pairs, and the pT suppression factor on the single electron
spectrum from RHIC measurements is also included [37].
The difference in themass region 1–3 GeV=c2, if confirmed
with better precision, would constrain the magnitude of
the de-correlating effect on charm pairs while traversing
the QCD medium and/or possible other dielectron sources
(e.g., QGP thermal radiation) in this mass region from
central Auþ Au collisions.
In summary, we present STAR measurements of dielec-

tron production inAuþ Aucollisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV.
The dielectron yields in the ω and ϕ mass regions are well
described by the hadronic cocktail model while yields at
higher mass, 1–3 GeV=c2, can be understood as mostly
fromdecay leptons of charmpairs. In the0.30–0.76 GeV=c2

region, however, there exists a clear excess over the hadronic
cocktail that cannot be explained by a pure vacuum ρ. This
enhancement is significantly lower than what has been
reported by PHENIX. Compared to the yields in the ω
and ϕ regions, the excess yields in the ρ region exhibit
stronger growth with more central collisions. Theoretical
model calculations that include a broadened ρ spectral
function from interactions with the hadronic medium can
describe the STAR measured dielectron excess at the low
mass region.
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Low Mass Dileptons: BES
• STAR measured low mass 

dileptons at five different √sNN

‣ no strong energy dependence of 

enhancement

‣ total baryon density comparable at 

20 and 200 GeV

• increases only at even lower √sNN
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Fig. 1. Measured invariant mass and LMR pT dielectron spectra for BES Phase-I compared to cocktail simulations 
and model calculations [15,7]. (Left) In addition to the total cocktail (grey), the single vector meson contributions are 
depicted for 19 GeV. For 39 GeV, the two model contributions from hadronic gas and QGP phase are shown next to the 
total expected yield from cocktail and model (orange). Also, contributions from photon conversions are not removed from 
the data at 19 GeV. (Right) Solid lines compare the pT -dependence of LMR yields to the expectations from cocktail and 
model. Dashed and dotted lines represent the different contributions to the total yield. The error bars on the pT -dependent 
data are statistical only. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.)

distributions are simulated flat in η ∈ [−1, 1] and φ ∈ [0, 2π ], respectively. Transverse momen-
tum distributions are obtained from Tsallis-Blast-Wave fits to the latest STAR BES Phase-I data 
using meson-to-pion ratios from SPS with the according STAR π invariant yields [12,13]. For 
the Dalitz decay channels of π0, η and ω, the Kroll–Wada formalism is employed with the corre-
sponding form factors taken from PDG [14]. Our cocktail simulations also include contributions 
from correlated charmed decays of D- and Λc-mesons simulated via PYTHIA with estimated 
nucleon–nucleon cross sections and scaled to Au+Au using the average number of binary colli-
sions at the respective energy. The decay channels taken into account along with a representative 
cocktail at 19.6 GeV are shown in Fig. 1.

3. Results

Fig. 1 (left), depicts the invariant mass spectra of all STAR dielectron measurements enabling 
a systematic study of dielectron production for the wide energy range from 19.6 to 200 GeV. 
Cocktail simulations generally show good agreement with the data. Only in the LMR, all spec-
tra exhibit a consistent excess over the cocktail. Note that contributions from direct ρ decays 
after freeze-out are not included in the cocktails as they do not account for the magnitude of 
the enhancement [16]. Instead, the in-medium model calculations treat the full evolution of the 

JID:NUPHA AID:20222 /FLA [m1+; v 1.196; Prn:2/10/2014; 16:07] P.5 (1-6)

P. Huck / Nuclear Physics A ••• (••••) •••–••• 5

Fig. 2. Measured BES Phase-I LMR excess normalized to the respective dN/dy|π . The grey box represents the average 
excess from BES Phase-I projected into the BES Phase-II regime with the size of the uncertainty taken from 200 GeV. 
The magenta line depicts the expected trend of the LMR excess in the BES Phase-II regime as suggested by the according 
quantity in PHSD calculations.

ρ-meson and hence need to be added on top of the cocktail. The comparison of model calcula-
tions to the invariant mass dependence of dielectron LMR yields supports the conclusion that, 
within systematic uncertainties, in-medium modifications of the ρ spectral function consistently 
describe the LMR enhancement from SPS to top RHIC energies [15]. This can especially be seen 
in the fact that, in the LMR, electromagnetic radiation from the hadronic gas clearly dominates 
over contributions from the QGP as indicated by the model calculations. In Fig. 1 (right), STAR’s 
measurements are now extended to the pT dependence of dielectron production in the LMR cov-
ering the full phase space available to dielectrons. In line with the invariant mass dependence, 
we observe consistency with the in-medium broadened spectral function scenario at all energies. 
This further supports the conclusion of it being the correct description for the LMR excess at 
BES Phase-I energies.

The quality of the STAR data also allows for the systematic measurement of LMR enhance-
ment factors and excess yields with respect to their energy dependence in the BES Phase-I 
regime. Due to the seeming CP invariance of the strong interaction, in-medium modifications 
to the ρ spectral function are expected to depend on total instead of net baryon density. For en-
ergies in BES Phase-I, the total baryon density is approximately constant which means that an 
energy-dependent enhancement might be directly related to temperature and system evolution. 
However, in Fig. 2 we do not observe a strong energy dependence in BES Phase-I.

4. Summary and outlook

STAR’s BES program provides a unique opportunity to address long-standing questions re-
garding the consequences of in-medium modifications to dielectron spectra. The measurements 
provide the first comprehensive dataset to serve the better understanding of the LMR enhance-
ment regarding its Mee, pT and energy dependence. We observe that the LMR excess at all BES 
Phase-I energies is consistently in agreement with in-medium modifications to the ρ spectral 
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FIG. 4. (color online) The acceptance-corrected excess dielec-
tron mass spectra, normalized to the charged particle multi-
plicity at mid-rapidity, in Au+Au collisions at

√
sNN = 19.6

(solid circles) and 200 GeV (diamonds). Comparison to the
NA60 data [8, 37] for In+In collisions at

√
sNN = 17.3 GeV

(open circles) is also shown. Bars are statistical uncertain-
ties, and systematic uncertainties are shown as grey boxes. A
model calculation (solid curve) [11, 32] with a broadened ρ
spectral function in hadron gas (HG) and QGP thermal ra-
diation is compared with the excess in Au+Au collisions at√
sNN = 19.6 GeV. The normalization uncertainty from the

STAR measured dN/dy is about 10%, which is not shown in
the figure.

17.3 GeV in the LMR and IMR, but within 2σ uncer-
tainty. Further measurements with better precision are
needed to obtain the average temperature of the hot,
dense medium created.

Figure 4 shows that the excess dielectron yield in the
LMR at

√
sNN = 19.6 GeV has a magnitude similar

to the excess dimuon yield at
√
sNN = 17.3 GeV. To

quantitatively compare the excess in the LMR, the in-
tegrated excess yields of dielectrons in the mass region
0.4 < Mll < 0.75 GeV/c2 are shown in Fig. 5 for 0-80%
Au+Au collisions at

√
sNN = 19.6 and 200 GeV. The re-

sults in finer centralities 0-10%, 10-40%, and 40-80% are
also shown for

√
sNN = 200 GeV collisions. The excess

yield has a centrality dependence and increases from pe-
ripheral to central collisions at

√
sNN = 200 GeV. Com-

paring to the results from In+In collisions at
√
sNN =

17.3 GeV, the excess yield at
√
sNN = 19.6 GeV is consis-

tent within the uncertainties while the excess at
√
sNN =

200 GeV is higher in central collisions. This indicates
that the lifetime of the medium created in central colli-
sions at

√
sNN = 200 GeV is longer than those in pe-

ripheral collisions and at
√
sNN = 17.3 GeV, which en-

hances the dilepton production from thermal radiation.
The same model calculations [11, 32] that consistently
describe the dilepton excesses in the

√
sNN = 17.3, 19.6,

and 200 GeV A+A data give lifetimes of 6.8± 1.0 fm/c,
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FIG. 5. (color online) Integrated yields of the normalized
dilepton excesses for 0.4 < Mll < 0.75 GeV/c2 as a function
of dNch/dy. The solid circle and diamond represent the re-
sults in 0-80% Au+Au collisions at

√
sNN = 19.6 and 200

GeV, respectively. The squares are the results for 40-80%,
10-40%, and 0-10% Au+Au at

√
sNN = 200 GeV. The open

circle represents the dimuon result from the NA60 measure-
ment with dNch/dη > 30. Bars are statistical uncertainties,
and systematic uncertainties are shown as grey boxes. The
theoretical lifetimes for

√
sNN = 200 GeV Au+Au as a func-

tion of dNch/dy in the model calculations [19] are shown as
a dashed curve. The lifetimes for

√
sNN = 17.3 GeV In+In

and
√
sNN = 19.6 GeV Au+Au in the same model calcula-

tions [19] are shown as the two horizontal bars. The dNch/dy
values for the horizontal bars are shifted for clarity.

7.7 ± 1.5 fm/c, and 10.5 ± 2.1 fm/c for the 17.3 GeV
In+In, 19.6 GeV Au+Au, and 200 GeV Au+Au data as
shown in Fig. 5 [19]. In addition, the lifetime has a strong
centrality dependence in

√
sNN = 200 GeV Au+Au col-

lisions in the calculations, as indicated by the dashed
curve in Fig. 5. With the total baryon density nearly
a constant and the emission rate dominant in the crit-
ical temperature region at

√
sNN = 17.3-200 GeV, the

normalized excess dilepton yields in the low mass region
from the measurements are proportional to the calculated
lifetimes of the medium.

IV. SUMMARY

In summary, the dielectron mass spectrum is measured
in Au+Au collisions at

√
sNN = 19.6 GeV by the STAR

experiment at RHIC. Compared with known hadronic
sources, a significant excess is observed, which can be
consistently described in all beam energies by a model
calculation in which a broadened ρ spectral function sce-
nario at low temperature and chiral symmetry restora-
tion are included. Furthermore, the excess dielectron
mass spectra, corrected for the STAR detector accep-
tance, are reported for the first time in Au+Au collisions

Low Mass Dileptons: BES
• Enhancement compared at 19.6 

and 200 GeV

‣ Fully acceptance corrected


• Spectrum at low energy 
consistent with NA60 result


• In contrast to NA60

‣ did not separate prompt from non-

prompt charm decay experimentally

‣ subtracted charm and Drell-Yan with 

PYTHIA


• Indication of energy and centrality 
dependence of low mass 
enhancement

‣ very similar total baryon density

‣ sign of longer medium lifetime
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FIG. 4. (color online) The acceptance-corrected excess dielec-
tron mass spectra, normalized to the charged particle multi-
plicity at mid-rapidity, in Au+Au collisions at

√
sNN = 19.6

(solid circles) and 200 GeV (diamonds). Comparison to the
NA60 data [8, 37] for In+In collisions at

√
sNN = 17.3 GeV

(open circles) is also shown. Bars are statistical uncertain-
ties, and systematic uncertainties are shown as grey boxes. A
model calculation (solid curve) [11, 32] with a broadened ρ
spectral function in hadron gas (HG) and QGP thermal ra-
diation is compared with the excess in Au+Au collisions at√
sNN = 19.6 GeV. The normalization uncertainty from the

STAR measured dN/dy is about 10%, which is not shown in
the figure.

17.3 GeV in the LMR and IMR, but within 2σ uncer-
tainty. Further measurements with better precision are
needed to obtain the average temperature of the hot,
dense medium created.

Figure 4 shows that the excess dielectron yield in the
LMR at

√
sNN = 19.6 GeV has a magnitude similar

to the excess dimuon yield at
√
sNN = 17.3 GeV. To

quantitatively compare the excess in the LMR, the in-
tegrated excess yields of dielectrons in the mass region
0.4 < Mll < 0.75 GeV/c2 are shown in Fig. 5 for 0-80%
Au+Au collisions at

√
sNN = 19.6 and 200 GeV. The re-

sults in finer centralities 0-10%, 10-40%, and 40-80% are
also shown for

√
sNN = 200 GeV collisions. The excess

yield has a centrality dependence and increases from pe-
ripheral to central collisions at

√
sNN = 200 GeV. Com-

paring to the results from In+In collisions at
√
sNN =

17.3 GeV, the excess yield at
√
sNN = 19.6 GeV is consis-

tent within the uncertainties while the excess at
√
sNN =

200 GeV is higher in central collisions. This indicates
that the lifetime of the medium created in central colli-
sions at

√
sNN = 200 GeV is longer than those in pe-

ripheral collisions and at
√
sNN = 17.3 GeV, which en-

hances the dilepton production from thermal radiation.
The same model calculations [11, 32] that consistently
describe the dilepton excesses in the

√
sNN = 17.3, 19.6,

and 200 GeV A+A data give lifetimes of 6.8± 1.0 fm/c,
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dilepton excesses for 0.4 < Mll < 0.75 GeV/c2 as a function
of dNch/dy. The solid circle and diamond represent the re-
sults in 0-80% Au+Au collisions at

√
sNN = 19.6 and 200

GeV, respectively. The squares are the results for 40-80%,
10-40%, and 0-10% Au+Au at

√
sNN = 200 GeV. The open

circle represents the dimuon result from the NA60 measure-
ment with dNch/dη > 30. Bars are statistical uncertainties,
and systematic uncertainties are shown as grey boxes. The
theoretical lifetimes for

√
sNN = 200 GeV Au+Au as a func-

tion of dNch/dy in the model calculations [19] are shown as
a dashed curve. The lifetimes for

√
sNN = 17.3 GeV In+In

and
√
sNN = 19.6 GeV Au+Au in the same model calcula-

tions [19] are shown as the two horizontal bars. The dNch/dy
values for the horizontal bars are shifted for clarity.

7.7 ± 1.5 fm/c, and 10.5 ± 2.1 fm/c for the 17.3 GeV
In+In, 19.6 GeV Au+Au, and 200 GeV Au+Au data as
shown in Fig. 5 [19]. In addition, the lifetime has a strong
centrality dependence in

√
sNN = 200 GeV Au+Au col-

lisions in the calculations, as indicated by the dashed
curve in Fig. 5. With the total baryon density nearly
a constant and the emission rate dominant in the crit-
ical temperature region at

√
sNN = 17.3-200 GeV, the

normalized excess dilepton yields in the low mass region
from the measurements are proportional to the calculated
lifetimes of the medium.

IV. SUMMARY

In summary, the dielectron mass spectrum is measured
in Au+Au collisions at

√
sNN = 19.6 GeV by the STAR

experiment at RHIC. Compared with known hadronic
sources, a significant excess is observed, which can be
consistently described in all beam energies by a model
calculation in which a broadened ρ spectral function sce-
nario at low temperature and chiral symmetry restora-
tion are included. Furthermore, the excess dielectron
mass spectra, corrected for the STAR detector accep-
tance, are reported for the first time in Au+Au collisions
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FIG. 11. (Color online) The dielectron v2 in the ⇡0 Dalitz decay region (star symbol) as a function of pT in di↵erent centralities
from Au+Au collisions at

p
sNN = 200 GeV. Also shown are the charged (square) [47], neutral (triangle) [38] pion v2, and

the expected dielectron v2 (dashed curve) from ⇡

0 Dalitz decay. The bars and bands represent statistical and systematic
uncertainties, respectively.

0 2 4 6

2
v

0

0.2

0.4
0π 

2<0.14 GeV/ceeM

a)

1 2

0.1

0.15

0.5 1 1.5 2 2.5

2<0.3 GeV/cee0.14<M

)-e+measured(e

b)

(GeV/c)
T

p
0.5 1 1.5 2 2.5

2<0.7 GeV/cee0.5<M

)-e+simulation(e

c)

0.5 1 1.5 2 2.5

2
v

0

0.5

2<0.8 GeV/cee0.76<M

d)

0.5 1 1.5 2 2.5

φ

2<1.06 GeV/cee0.98<M

e)

(GeV/c)
T

p
0.5 1 1.5 2 2.5

f)

2<2.9 GeV/cee1.1<M

FIG. 12. (Color online) Panels (a-f): The dielectron v2 as a function of pT in minimum-bias Au+Au collisions at
p
sNN = 200

GeV for six di↵erent mass regions: ⇡

0, ⌘, charm + ⇢

0, !, �, and charm+QGP thermal radiation. Also shown are the neutral
pion [38] v2 and the � meson v2 [40] measured through the decay channel � ! K

+
K

�. The expected dielectron v2 (dashed
curves) from ⇡

0, ⌘, ! and � decays in the relevant mass regions are shown in panels (a-e) while that from cc̄ contributions is
shown in panel (f). The bars and bands represent statistical and systematic uncertainties, respectively.

tion for |y
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� |< 1 for minimum-bias Au+Au collisions
at

p
sNN = 200 GeV. Also shown are the corresponding

dielectron v

2

simulated from ⇡

0, ⌘, !, and � decays and
the cc̄ contribution.

For M
ee

< 1.1 GeV/c2, the v

2

from simulated ⇡

0, ⌘, !
and � decays is consistent with the measured dielectron

v

2

within experimental uncertainties. For the measured
range 1.1 < M

ee

< 2.9 GeV/c2, the estimated v

2

mag-
nitude from the simulated cc̄ contribution is consistent
with the measurement.

We also observe the measured dielectron integral v
2

as
a function of M

ee

to be comparable to the hadron v

2

at

Azimuthal Anisotropy

• Dielectron v2 consistent with cocktail

• More data needed to extract v2 of 

low mass enhancement
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Virtual Photons
• Any source of real γ can emit γ* with very low mass

• If the Q2 (= m2) of virtual photon is sufficiently small, the source strength 

should be the same

• The ratio of real photon and quasi-real photon can be calculated by QED

➡Real photon yield can be measured from virtual photon yield, which  

is observed as low mass e+e− pairs
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• Case of Hadrons:

!
!

‣ obviously S = 0 at Mee > Mhadron


• Case of γ*:

‣ if pT2 ≫ Mee2: S = 1


• Possible to separate hadron decay 
components from real signal in the 
proper mass window
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Kroll-Wada equation:



Fitting the direct γ* fraction
• r = direct γ*/inclusive γ*  

determined by fitting the following function for each pT bin

15

f
data

(Mee) = (1� r) · f
cocktail

(Mee) + r · f
direct

(Mee)

• fdirect given by Kroll-Wada formula with 
S = 1


• fcocktail given by cocktail components


• Normalized to data for m < 30 MeV/c2

!

• Fit in 120−300 MeV/c2  
(insensitive to π0 yield)


•  Assuming direct γ* mass shape: 
χ2/NDF = 12.2/6

PHENIX, PRL 104 (2010) 132301 

PHENIX, PRC 81 (2010) 034911

http://inspirehep.net/record/784417
http://inspirehep.net/record/838580


Thermal Photons
• Direct photon measurements


‣ real (pT > 4GeV)

‣ virtual (1 < pT < 4 GeV & 

mee < 300 MeV) 

!

• p+p: good agreement with NLO 
pQCD down to pT = 1 GeV/c


• Au+Au = pQCD + exponential

‣ Tave = 221 ± 19 (stat) ± 19 (syst) MeV


• In agreement with hydrodynamic 
models:

‣ Assume formation of a hot QGP with: 

300 MeV < Tinit < 600 MeV 
0.6 fm/c < τ0 < 0.15 fm/c

16

well above the critical temperature of  170 MeV 
predicted by lattice QCD

exponential + TAA scaled p+p

PHENIX, PRL 104 (2010) 132301 

PHENIX, PRC 81 (2010) 034911

http://inspirehep.net/record/784417
http://inspirehep.net/record/838580


Internal vs. External Conversions
• Identify real photons via conversion pairs
• Tag photons from π0 decays


‣ look for an em. shower in the calorimeter 
and reconstruct γγ mass


‣ conversion probability cancels
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FIG. 5. Ratio R� for the combined 2007 and 2010 data sets
in centrality bins 0%–20%, 20%–40%, 40%–60% and 60%–
92%. Statistical uncertainties plotted as vertical lines are
dominated by the ⇡0 yield extraction. All other systematic
uncertainties are added in quadrature and shown as filled
boxes. On panels (a) and (b) we also show earlier results
from Ref. [2], obtained by extrapolating virtual photons mass
to zero.

binary collisions for minimum bias collisions, as calcu-
lated from a Glauber Monte Carlo simulation [33]. Be-
low pT = 3 GeV/c an enhancement above the expected
prompt production (p+p) is observed. The enhancement
has a significantly smaller inverse slope than the Ncoll

scaled p+pcontribution. Investigating the centrality de-
pendence in more detail (Figure 7) we observe similar
behavior. The solid curves are again the p+pfit scaled by
the respective number of binary collisions, and they devi-
ate significantly from the measured yields below 3 GeV/c.

TABLE II. The number of nucleon participants N
part

, num-
ber of binary nucleon-nucleon collisions, and constituent-
quark participants N

qp

. Also shown are the values of local
inverse slopes in the pT range 0.6 to 2 GeV/c, cf. Fig. 8.

Centrality N
part

N
coll

N
qp

T
eff

(MeV/c)

0%–20% 279.9 ± 5.7 779.0 ± 75.2 735.2 ± 16.2 239 ± 25 ± 7

20%–40% 140.4 ± 7.0 296.8 ± 31.1 333.2 ± 12.2 260 ± 33 ± 8

40%–60% 59.9 ± 5.0 90.6 ± 11.8 126.5 ± 6.8 225 ± 28 ± 6

60%–92% 17.6 ± 4.2 14.5 ± 4.0 30.2 ± 7.1 238 ± 50 ± 6

Finally the direct photon contribution from prompt
processes (as estimated by the Ncoll scaled p+p direct
photon yield, shown by the curve in Figure 7) is sub-

c = 3.45±0.08. Note that the systematic uncertainties are highly
correlated. Also, the lowest actual data point in the fit is at pT
=1GeV/c.
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FIG. 6. Direct photon pT spectra for minimum bias
Au+Au from this measurement (solid symbols) and Au+Au
and p+pcollisions (open symbols). Open circles and triangles:
low pT spectrum obtained with virtual photons in p+pand
Au+Au [2]. Open squares and triangles: spectrum with real
photons, measured in the EMCal in p+p. Open squares
are 2003 data [30], open triangles are 2006 data [31].Open
stars: spectrum with real photons, measured in the EMCal
in Au+Au in 2004 [32]. The dashed line is a fit to the com-
bined set of p+pdata, extrapolated below 1GeV/c, and the
solid line the p+pfit scaled with the number of collisions in
minimum bias Au+Au. Bands around lines denote 1� uncer-
tainty intervals in the parametrizations of the p+pdata and
the uncertainty in N

coll

, added in quadrature.

tracted to isolate the radiation unique to heavy ion col-
lisions. The results are depicted in Figure 8. While the
origin of this additional radiation cannot be directly es-
tablished (it could be for instance thermal and/or initial
state radiation, or the dominant source could even be
pT dependent), it is customary to fit this region with an
exponential and characterize the shape with the inverse
slope. Accordingly, shown on each panel is a fit to an
exponential function in the range 0.6 < pT < 2 GeV/c.
The inverse slopes are approximately 240MeV/c inde-
pendent of centrality, see Table II. In contrast, the yield
clearly increases with centrality. We have quantified this
by integrating the photon yield above a threshold pmin

T ,
also, we varied the threshold from 0.4 to 1.4 GeV/c to
show that the centrality dependence is not coming from
a change of shape at low pT (see Figure 9).

The yield increases with a power-law function N↵
part;

this is illustrated by the linear rise of the yield with Npart

in the logarithmic representation shown on Figure 9 to-
gether with fits to AN↵

part. The fit parameters are shown

Internal vs. External Conversions
• Identify real photons via conversion pairs
• Tag photons from π0 decays


‣ look for an em. shower in the calorimeter 
and reconstruct γγ mass


‣ conversion probability cancels

• Matches result of internal conversions

‣ validates internal conversion method and 

extrapolation to m = 0
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FIG. 9. Integrated thermal photon yields as a function of
N

part

for di↵erent lower pT integration limits. The dashed
lines are independent fits to a power-law.

the shape of the spectra with centrality, very similar to
our data. A hydrodynamic model [37] shows a power
law increase of the yield with a power ↵ in the range
from 1.67 to 1.9, increasing monotonically as the lower
integration threshold increases from 0.4 to 1.4 GeV/c.
Photon production in a glasma phase [22] was predicted
to scale with N↵

part with 1.47 < ↵ < 2.2. Other new pro-
duction mechanisms, proposed to address the large v2,
have distinctly di↵erent centrality dependence. The yield
from enhanced thermal photon emission in the strong
magnetic field is expected to decrease with centrality, as
the strength of the field weakens with decreasing impact
parameter [19]. The thermal photon yield should thus
increase more slowly than expected from standard pro-
cesses, but a quantitative estimate is not yet available.

V. SUMMARY AND CONCLUSIONS

We have isolated the low momentum direct photon
yield emitted in Au+Au collisions. The shape of the pT
spectra does not depend strongly on centrality, with an
average inverse slope of 240 MeV/c in the range from 0.6
to 2 GeV/c. The yield increases with centrality as N↵

part

with ↵ ⇠ 1.5. In conclusion, these results will help distin-
guish between di↵erent photon-production mechanisms
and will constrain models of the space-time evolution of
heavy-ion collisions.
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FIG. 5. Ratio R� for the combined 2007 and 2010 data sets
in centrality bins 0%–20%, 20%–40%, 40%–60% and 60%–
92%. Statistical uncertainties plotted as vertical lines are
dominated by the ⇡0 yield extraction. All other systematic
uncertainties are added in quadrature and shown as filled
boxes. On panels (a) and (b) we also show earlier results
from Ref. [2], obtained by extrapolating virtual photons mass
to zero.

binary collisions for minimum bias collisions, as calcu-
lated from a Glauber Monte Carlo simulation [33]. Be-
low pT = 3 GeV/c an enhancement above the expected
prompt production (p+p) is observed. The enhancement
has a significantly smaller inverse slope than the Ncoll

scaled p+pcontribution. Investigating the centrality de-
pendence in more detail (Figure 7) we observe similar
behavior. The solid curves are again the p+pfit scaled by
the respective number of binary collisions, and they devi-
ate significantly from the measured yields below 3 GeV/c.

TABLE II. The number of nucleon participants N
part

, num-
ber of binary nucleon-nucleon collisions, and constituent-
quark participants N

qp

. Also shown are the values of local
inverse slopes in the pT range 0.6 to 2 GeV/c, cf. Fig. 8.

Centrality N
part

N
coll

N
qp

T
eff

(MeV/c)

0%–20% 279.9 ± 5.7 779.0 ± 75.2 735.2 ± 16.2 239 ± 25 ± 7

20%–40% 140.4 ± 7.0 296.8 ± 31.1 333.2 ± 12.2 260 ± 33 ± 8

40%–60% 59.9 ± 5.0 90.6 ± 11.8 126.5 ± 6.8 225 ± 28 ± 6

60%–92% 17.6 ± 4.2 14.5 ± 4.0 30.2 ± 7.1 238 ± 50 ± 6

Finally the direct photon contribution from prompt
processes (as estimated by the Ncoll scaled p+p direct
photon yield, shown by the curve in Figure 7) is sub-

c = 3.45±0.08. Note that the systematic uncertainties are highly
correlated. Also, the lowest actual data point in the fit is at pT
=1GeV/c.
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FIG. 6. Direct photon pT spectra for minimum bias
Au+Au from this measurement (solid symbols) and Au+Au
and p+pcollisions (open symbols). Open circles and triangles:
low pT spectrum obtained with virtual photons in p+pand
Au+Au [2]. Open squares and triangles: spectrum with real
photons, measured in the EMCal in p+p. Open squares
are 2003 data [30], open triangles are 2006 data [31].Open
stars: spectrum with real photons, measured in the EMCal
in Au+Au in 2004 [32]. The dashed line is a fit to the com-
bined set of p+pdata, extrapolated below 1GeV/c, and the
solid line the p+pfit scaled with the number of collisions in
minimum bias Au+Au. Bands around lines denote 1� uncer-
tainty intervals in the parametrizations of the p+pdata and
the uncertainty in N

coll

, added in quadrature.

tracted to isolate the radiation unique to heavy ion col-
lisions. The results are depicted in Figure 8. While the
origin of this additional radiation cannot be directly es-
tablished (it could be for instance thermal and/or initial
state radiation, or the dominant source could even be
pT dependent), it is customary to fit this region with an
exponential and characterize the shape with the inverse
slope. Accordingly, shown on each panel is a fit to an
exponential function in the range 0.6 < pT < 2 GeV/c.
The inverse slopes are approximately 240MeV/c inde-
pendent of centrality, see Table II. In contrast, the yield
clearly increases with centrality. We have quantified this
by integrating the photon yield above a threshold pmin

T ,
also, we varied the threshold from 0.4 to 1.4 GeV/c to
show that the centrality dependence is not coming from
a change of shape at low pT (see Figure 9).

The yield increases with a power-law function N↵
part;

this is illustrated by the linear rise of the yield with Npart

in the logarithmic representation shown on Figure 9 to-
gether with fits to AN↵

part. The fit parameters are shown

Internal vs. External Conversions
• Identify real photons via conversion pairs
• Tag photons from π0 decays


‣ look for an em. shower in the calorimeter 
and reconstruct γγ mass


‣ conversion probability cancels

• Matches result of internal conversions

‣ validates internal conversion method and 

extrapolation to m = 0

• Excess scales with ~Npart1.5

‣ not an artefact of low pT points
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Low momentum direct photons (experiment)

(a) PRL 104, 132301 (2010)
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Thermal Photon v2

• Elliptic flow of direct photons at 
low pT similar to π0 flow

‣ direct photons emitted from the late 

stage

‣ hard to combine with large rates 

which suggest early emission from 
the hot phase

18
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Thermal Photon v3

• Direct photons show also a v3 similar to π0

• Expect direct photon v3 from fluctuations in the initial geometry


‣ viscosity should reduce v3

19
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Thermal photons at the LHC?
• ALICE measured real photons via 

conversion pairs


• Observed excess above hadron decays


• However: needs comparison to pp!

‣ crucial for the quantifying enhancement


• Large background from π0 decays

‣ Can be avoided by measuring virtual γ


• Large uncertainty due to material budget

‣ Can be avoided by tagging method


• Similar flow as at RHIC

20

Direct Photon v2 0-40% and Conclusions II

ALI-PREL-43588

Significant direct photon v2 for
pT < 3GeV/c measured

Magnitude of v2 comparable to
hadrons

Result points to late production
times of direct photons after flow
is established

Large inverse slope parameter of
low pT direct photon spectrum
favours earlier production times

Spectrum might be softer after
blue-shift corrections

Similar direct photon v2 results
seen by PHENIX

Martin Wilde Part II: Direct Photon v2 05-23-13 p.32



Direct Photons in p+p
!

• Preliminary measurement of direct 
photon fraction in p+p at 7 TeV

‣ via low mass dielectrons

‣ observe hint of small signal


!

!

!

!

!

!

• Extracted direct photon cross 
section consistent with NLO 
pQCD

21

Direct photon pT spectrum in pp collisions
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F. Bock, Talk today 15.00
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level

I pQCD NLO calculations consistent with direct photon production
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Direct photon ratio in comparison
to photon conversion results
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Low Mass Dileptons in ALICE

• Dielectron spectra in p+p and p+Pb consistent with hadron cocktail

• Big uncertainty on open charm cross section

22

Mass continuum in p–Pb collisions

T. Bröker, Poster G-06
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Hadronic cocktail

I Tsallis parametrization for ⇡0

and ⌘

I Other mesons: m
T

scaling

I cc̄ and bb̄ dynamics from
PYTHIA

I cc̄ and bb̄ cross sections
measured in pp and scaled by
N

coll

I Systematic uncertainty
determined by systematic
uncertainty of input spectra

I Hadronic cocktail is consistent with dielectron data over mass range
0 < mee < 3.5 GeV/c2
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Mass continuum in pp collisions
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Hadronic cocktail

I Tsallis parametrization of
⇡0, ⌘,� and J/ 

I Other mesons: m
T

scaling

I cc̄ dynamics from PYTHIA

I cc̄ normalized to measured
cross section

I Systematic uncertainty
determined by systematic
uncertainty of input
spectra

I Hadronic cocktail is consistent with data for pT-integrated
dielectron spectrum
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Low Mass Dileptons in ALICE: Pb+Pb

23

Dielectron measurements in Pb–Pb collisions
A. Caliva & P. Reichelt, Poster G-22
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I Small S/B ratio requires a precise determination of the background
shape and normalization ! Work in progress

I Focus is on virtual photon production
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Dielectron measurements in Pb–Pb collisions
A. Caliva & P. Reichelt, Poster G-22
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• S/B ratio of few ‰ at low pT bin:

‣ accurate combinatorial background evaluation needed


• Focus on virtual photon production



Low Mass Dileptons in ALICE: Future
• TPC and ITS upgrades:


‣ allow high data rates

‣ reduce charm background with dca cut


• Dedicated low B-field run (B=0.2 T)

H. Appelshäuser, ECT* Dilepton workshop, Trento, May 24, 2013  
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2.5×109 events = “1 year” at 50 kHz

H. Appelshäuser, ECT* Dilepton workshop, Trento, May 24, 2013  
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Summary
• EM probes ideal “penetrating probes” of dense partonic matter created at RHIC 

and the LHC!

• Double differential measurement of dilepton emission rates can provide!
‣ Temperature of the matter

‣ Medium modification of EM spectral function


• PHENIX and STAR measured dilepton continuum in p+p, d+Au and Au+Au:!
‣ In p+p and d+Au: good agreement between data and hadronic cocktail


• measured charm and beauty cross section in IMR and HMR


‣ In Au+Au: low pT and low mass enhancement above hadronic cocktail

• PHENIX data not reproduced by theoretical models


• discrepancy to STAR measurement, which is well explained by models involving ρ broadening


‣ In Au+Au: very low-mass enhancement for pT>1 GeV/c

• interpreted as thermal photons with inverse slope of ~220 MeV (initial T = 300–600 MeV)


• strong elliptic flow in combination with large yields a challenge for theory


• At the LHC:!
‣ first performance studies from ALICE

‣ need ITS and TPC upgrades for precise measurements (+ low B-field)

25



Backup



From SPS to RHIC
• 2 scenarios @ SPS profit from high baryon density


‣ dropping ρ mass

‣ broadening of ρ


• What to expect at RHIC?

‣ increase of centre-of-mass per nucleon-nucleon pair from 17 to 200 GeV


!

!

!

!

!

!

!

• Baryon density: almost the same at SPS & RHIC (although the NET baryon 
density is not!)

27

SPS (Pb+Pb) RHIC (Au+Au)
dN(p)/dy 6.2 20.1

produced baryons (p, p, n, n) 24.8 80.4
p - p 33.5 8.6

particpating nucleons (p - p)A/Z 85 21.4
total baryon number 110 102

_
_ _

_
_



Momentum Dependence

• p+p in agreement with cocktail

• Au+Au low mass enhancement concentrated at low pT

28

PHENIX, PRC 81 (2010) 034911

http://inspirehep.net/record/838580


Momentum Dependence: PHENIX vs. STAR

• PHENIX: Au+Au low mass enhancement concentrated at low pT

29
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FIG. 37. (Color online) pT spectra of e+e− pairs in p+p (left) and Au+Au (right) collisions for different mass bins, which are fully
acceptance corrected. Au+Au spectra are divided by Npart/2. The solid curves show the expectations from the sum of the hadronic decay
cocktail and the contribution from charmed mesons. The dashed curves show the sum of the cocktail and charmed meson contributions plus
the contribution from direct photons calculated by converting the photon yield from Fig. 34 to the e+e− pair yield using Eqs. (31) and (B14).

difference increases for the higher mass bins, leading to spectra
lower by ∼10%, 20%, and 30% for the mass bins 0.3 < mee <
0.5 GeV/c2, 0.5 < mee < 0.75 GeV/c2, and 0.81 < mee <
0.99 GeV/c2, respectively, when the random cc̄ correlation is
used.

First we concentrate on the comparison between data
and the sum of cocktail and charm. In the low-pT region
(pT < 1 GeV/c) all the p+p spectra are consistent with the
expectations from the cocktail alone for every mass window.
In the high-pT region, however, the p+p data show a small
excess above the cocktail. The Au+Au data are in agreement
with the cocktail in the mass region mee < 0.1 GeV/c2. In
higher-mass bins the Au+Au data show a large excess both at
low and at high pT .

As discussed in subsection V E, we have extracted the
direct photon yield from the dileptons spectrum in the mass
range of 0.1 < mee < 0.3 GeV/c2. The excess in this mass
range is consistent with internal conversion of direct photons.
As shown in Fig. 32 the direct photon component, which
appears as a constant R, extends to the mee > 0.3 GeV/c2.
Therefore, there should be sizable contribution from direct
photons in the dilepton spectra for mee > 0.3 GeV/c2. The
relation between real direct photons and virtual photons is
presented in Appendix B. Here we use a constant factor
S(mee, q) = 1 to extend the direct photon component to higher
mass (mee > 0.3 GeV/c2). The dashed curves in Fig. 37 show

the sum of the cocktail, charm and direct photon contributions
to the dilepton spectra for pT > 1 GeV/c.

The dashed curves describe the data well for all mass
bins both in the Au+Au and the p+p data. This indicates
that the excess above the cocktail and charm at high pT

(pT > 1 GeV/c) is consistent with the contribution from direct
photons. It is surprising that the agreement holds even for
mee > 0.5 GeV/c2, where significant modifications of the
spectral function may be expected due to the presence of
the vector mesons. However, the data have large statistical
errors for mee > 0.5 GeV/c2 and additional enhancement
over the direct photon contribution is not excluded. The data
at high pT are also consistent with the cocktail alone for
mee > 0.5 GeV/c2.

In the Au+Au data, the enhancement over the cocktail is
approximately a constant factor for pT > 1 GeV/c. It grows
toward low pT . All the Au+Au pT spectra for every mass
bin above 0.3 GeV/c2 seem to indicate that the enhancement
with respect to the cocktail below 1 GeV/c is significantly
larger than above 1 GeV/c. For pT > 1 GeV/c, the data have
a slope similar to the cocktail, as shown by solid curves. For
pT < 1 GeV/c, the slope of the data is much steeper than the
cocktail.

In order to study this change of the slope in the Au+Au data
more quantitatively, we subtract the cocktail plus charm from
the data and examine the shape of the excess. The pT spectra
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FIG. 37. (Color online) pT spectra of e+e− pairs in p+p (left) and Au+Au (right) collisions for different mass bins, which are fully
acceptance corrected. Au+Au spectra are divided by Npart/2. The solid curves show the expectations from the sum of the hadronic decay
cocktail and the contribution from charmed mesons. The dashed curves show the sum of the cocktail and charmed meson contributions plus
the contribution from direct photons calculated by converting the photon yield from Fig. 34 to the e+e− pair yield using Eqs. (31) and (B14).

difference increases for the higher mass bins, leading to spectra
lower by ∼10%, 20%, and 30% for the mass bins 0.3 < mee <
0.5 GeV/c2, 0.5 < mee < 0.75 GeV/c2, and 0.81 < mee <
0.99 GeV/c2, respectively, when the random cc̄ correlation is
used.

First we concentrate on the comparison between data
and the sum of cocktail and charm. In the low-pT region
(pT < 1 GeV/c) all the p+p spectra are consistent with the
expectations from the cocktail alone for every mass window.
In the high-pT region, however, the p+p data show a small
excess above the cocktail. The Au+Au data are in agreement
with the cocktail in the mass region mee < 0.1 GeV/c2. In
higher-mass bins the Au+Au data show a large excess both at
low and at high pT .

As discussed in subsection V E, we have extracted the
direct photon yield from the dileptons spectrum in the mass
range of 0.1 < mee < 0.3 GeV/c2. The excess in this mass
range is consistent with internal conversion of direct photons.
As shown in Fig. 32 the direct photon component, which
appears as a constant R, extends to the mee > 0.3 GeV/c2.
Therefore, there should be sizable contribution from direct
photons in the dilepton spectra for mee > 0.3 GeV/c2. The
relation between real direct photons and virtual photons is
presented in Appendix B. Here we use a constant factor
S(mee, q) = 1 to extend the direct photon component to higher
mass (mee > 0.3 GeV/c2). The dashed curves in Fig. 37 show

the sum of the cocktail, charm and direct photon contributions
to the dilepton spectra for pT > 1 GeV/c.

The dashed curves describe the data well for all mass
bins both in the Au+Au and the p+p data. This indicates
that the excess above the cocktail and charm at high pT

(pT > 1 GeV/c) is consistent with the contribution from direct
photons. It is surprising that the agreement holds even for
mee > 0.5 GeV/c2, where significant modifications of the
spectral function may be expected due to the presence of
the vector mesons. However, the data have large statistical
errors for mee > 0.5 GeV/c2 and additional enhancement
over the direct photon contribution is not excluded. The data
at high pT are also consistent with the cocktail alone for
mee > 0.5 GeV/c2.

In the Au+Au data, the enhancement over the cocktail is
approximately a constant factor for pT > 1 GeV/c. It grows
toward low pT . All the Au+Au pT spectra for every mass
bin above 0.3 GeV/c2 seem to indicate that the enhancement
with respect to the cocktail below 1 GeV/c is significantly
larger than above 1 GeV/c. For pT > 1 GeV/c, the data have
a slope similar to the cocktail, as shown by solid curves. For
pT < 1 GeV/c, the slope of the data is much steeper than the
cocktail.

In order to study this change of the slope in the Au+Au data
more quantitatively, we subtract the cocktail plus charm from
the data and examine the shape of the excess. The pT spectra
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Momentum Dependence: PHENIX vs. STAR

• PHENIX: Au+Au low mass enhancement concentrated at low pT
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FIG. 37. (Color online) pT spectra of e+e− pairs in p+p (left) and Au+Au (right) collisions for different mass bins, which are fully
acceptance corrected. Au+Au spectra are divided by Npart/2. The solid curves show the expectations from the sum of the hadronic decay
cocktail and the contribution from charmed mesons. The dashed curves show the sum of the cocktail and charmed meson contributions plus
the contribution from direct photons calculated by converting the photon yield from Fig. 34 to the e+e− pair yield using Eqs. (31) and (B14).

difference increases for the higher mass bins, leading to spectra
lower by ∼10%, 20%, and 30% for the mass bins 0.3 < mee <
0.5 GeV/c2, 0.5 < mee < 0.75 GeV/c2, and 0.81 < mee <
0.99 GeV/c2, respectively, when the random cc̄ correlation is
used.

First we concentrate on the comparison between data
and the sum of cocktail and charm. In the low-pT region
(pT < 1 GeV/c) all the p+p spectra are consistent with the
expectations from the cocktail alone for every mass window.
In the high-pT region, however, the p+p data show a small
excess above the cocktail. The Au+Au data are in agreement
with the cocktail in the mass region mee < 0.1 GeV/c2. In
higher-mass bins the Au+Au data show a large excess both at
low and at high pT .

As discussed in subsection V E, we have extracted the
direct photon yield from the dileptons spectrum in the mass
range of 0.1 < mee < 0.3 GeV/c2. The excess in this mass
range is consistent with internal conversion of direct photons.
As shown in Fig. 32 the direct photon component, which
appears as a constant R, extends to the mee > 0.3 GeV/c2.
Therefore, there should be sizable contribution from direct
photons in the dilepton spectra for mee > 0.3 GeV/c2. The
relation between real direct photons and virtual photons is
presented in Appendix B. Here we use a constant factor
S(mee, q) = 1 to extend the direct photon component to higher
mass (mee > 0.3 GeV/c2). The dashed curves in Fig. 37 show

the sum of the cocktail, charm and direct photon contributions
to the dilepton spectra for pT > 1 GeV/c.

The dashed curves describe the data well for all mass
bins both in the Au+Au and the p+p data. This indicates
that the excess above the cocktail and charm at high pT

(pT > 1 GeV/c) is consistent with the contribution from direct
photons. It is surprising that the agreement holds even for
mee > 0.5 GeV/c2, where significant modifications of the
spectral function may be expected due to the presence of
the vector mesons. However, the data have large statistical
errors for mee > 0.5 GeV/c2 and additional enhancement
over the direct photon contribution is not excluded. The data
at high pT are also consistent with the cocktail alone for
mee > 0.5 GeV/c2.

In the Au+Au data, the enhancement over the cocktail is
approximately a constant factor for pT > 1 GeV/c. It grows
toward low pT . All the Au+Au pT spectra for every mass
bin above 0.3 GeV/c2 seem to indicate that the enhancement
with respect to the cocktail below 1 GeV/c is significantly
larger than above 1 GeV/c. For pT > 1 GeV/c, the data have
a slope similar to the cocktail, as shown by solid curves. For
pT < 1 GeV/c, the slope of the data is much steeper than the
cocktail.

In order to study this change of the slope in the Au+Au data
more quantitatively, we subtract the cocktail plus charm from
the data and examine the shape of the excess. The pT spectra
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FIG. 37. (Color online) pT spectra of e+e− pairs in p+p (left) and Au+Au (right) collisions for different mass bins, which are fully
acceptance corrected. Au+Au spectra are divided by Npart/2. The solid curves show the expectations from the sum of the hadronic decay
cocktail and the contribution from charmed mesons. The dashed curves show the sum of the cocktail and charmed meson contributions plus
the contribution from direct photons calculated by converting the photon yield from Fig. 34 to the e+e− pair yield using Eqs. (31) and (B14).

difference increases for the higher mass bins, leading to spectra
lower by ∼10%, 20%, and 30% for the mass bins 0.3 < mee <
0.5 GeV/c2, 0.5 < mee < 0.75 GeV/c2, and 0.81 < mee <
0.99 GeV/c2, respectively, when the random cc̄ correlation is
used.

First we concentrate on the comparison between data
and the sum of cocktail and charm. In the low-pT region
(pT < 1 GeV/c) all the p+p spectra are consistent with the
expectations from the cocktail alone for every mass window.
In the high-pT region, however, the p+p data show a small
excess above the cocktail. The Au+Au data are in agreement
with the cocktail in the mass region mee < 0.1 GeV/c2. In
higher-mass bins the Au+Au data show a large excess both at
low and at high pT .

As discussed in subsection V E, we have extracted the
direct photon yield from the dileptons spectrum in the mass
range of 0.1 < mee < 0.3 GeV/c2. The excess in this mass
range is consistent with internal conversion of direct photons.
As shown in Fig. 32 the direct photon component, which
appears as a constant R, extends to the mee > 0.3 GeV/c2.
Therefore, there should be sizable contribution from direct
photons in the dilepton spectra for mee > 0.3 GeV/c2. The
relation between real direct photons and virtual photons is
presented in Appendix B. Here we use a constant factor
S(mee, q) = 1 to extend the direct photon component to higher
mass (mee > 0.3 GeV/c2). The dashed curves in Fig. 37 show

the sum of the cocktail, charm and direct photon contributions
to the dilepton spectra for pT > 1 GeV/c.

The dashed curves describe the data well for all mass
bins both in the Au+Au and the p+p data. This indicates
that the excess above the cocktail and charm at high pT

(pT > 1 GeV/c) is consistent with the contribution from direct
photons. It is surprising that the agreement holds even for
mee > 0.5 GeV/c2, where significant modifications of the
spectral function may be expected due to the presence of
the vector mesons. However, the data have large statistical
errors for mee > 0.5 GeV/c2 and additional enhancement
over the direct photon contribution is not excluded. The data
at high pT are also consistent with the cocktail alone for
mee > 0.5 GeV/c2.

In the Au+Au data, the enhancement over the cocktail is
approximately a constant factor for pT > 1 GeV/c. It grows
toward low pT . All the Au+Au pT spectra for every mass
bin above 0.3 GeV/c2 seem to indicate that the enhancement
with respect to the cocktail below 1 GeV/c is significantly
larger than above 1 GeV/c. For pT > 1 GeV/c, the data have
a slope similar to the cocktail, as shown by solid curves. For
pT < 1 GeV/c, the slope of the data is much steeper than the
cocktail.

In order to study this change of the slope in the Au+Au data
more quantitatively, we subtract the cocktail plus charm from
the data and examine the shape of the excess. The pT spectra
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Momentum Dependence: PHENIX vs. STAR

• PHENIX: Au+Au low mass enhancement concentrated at low pT

• STAR: no pT spectrum at √sNN = 200 GeV
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FIG. 37. (Color online) pT spectra of e+e− pairs in p+p (left) and Au+Au (right) collisions for different mass bins, which are fully
acceptance corrected. Au+Au spectra are divided by Npart/2. The solid curves show the expectations from the sum of the hadronic decay
cocktail and the contribution from charmed mesons. The dashed curves show the sum of the cocktail and charmed meson contributions plus
the contribution from direct photons calculated by converting the photon yield from Fig. 34 to the e+e− pair yield using Eqs. (31) and (B14).

difference increases for the higher mass bins, leading to spectra
lower by ∼10%, 20%, and 30% for the mass bins 0.3 < mee <
0.5 GeV/c2, 0.5 < mee < 0.75 GeV/c2, and 0.81 < mee <
0.99 GeV/c2, respectively, when the random cc̄ correlation is
used.

First we concentrate on the comparison between data
and the sum of cocktail and charm. In the low-pT region
(pT < 1 GeV/c) all the p+p spectra are consistent with the
expectations from the cocktail alone for every mass window.
In the high-pT region, however, the p+p data show a small
excess above the cocktail. The Au+Au data are in agreement
with the cocktail in the mass region mee < 0.1 GeV/c2. In
higher-mass bins the Au+Au data show a large excess both at
low and at high pT .

As discussed in subsection V E, we have extracted the
direct photon yield from the dileptons spectrum in the mass
range of 0.1 < mee < 0.3 GeV/c2. The excess in this mass
range is consistent with internal conversion of direct photons.
As shown in Fig. 32 the direct photon component, which
appears as a constant R, extends to the mee > 0.3 GeV/c2.
Therefore, there should be sizable contribution from direct
photons in the dilepton spectra for mee > 0.3 GeV/c2. The
relation between real direct photons and virtual photons is
presented in Appendix B. Here we use a constant factor
S(mee, q) = 1 to extend the direct photon component to higher
mass (mee > 0.3 GeV/c2). The dashed curves in Fig. 37 show

the sum of the cocktail, charm and direct photon contributions
to the dilepton spectra for pT > 1 GeV/c.

The dashed curves describe the data well for all mass
bins both in the Au+Au and the p+p data. This indicates
that the excess above the cocktail and charm at high pT

(pT > 1 GeV/c) is consistent with the contribution from direct
photons. It is surprising that the agreement holds even for
mee > 0.5 GeV/c2, where significant modifications of the
spectral function may be expected due to the presence of
the vector mesons. However, the data have large statistical
errors for mee > 0.5 GeV/c2 and additional enhancement
over the direct photon contribution is not excluded. The data
at high pT are also consistent with the cocktail alone for
mee > 0.5 GeV/c2.

In the Au+Au data, the enhancement over the cocktail is
approximately a constant factor for pT > 1 GeV/c. It grows
toward low pT . All the Au+Au pT spectra for every mass
bin above 0.3 GeV/c2 seem to indicate that the enhancement
with respect to the cocktail below 1 GeV/c is significantly
larger than above 1 GeV/c. For pT > 1 GeV/c, the data have
a slope similar to the cocktail, as shown by solid curves. For
pT < 1 GeV/c, the slope of the data is much steeper than the
cocktail.

In order to study this change of the slope in the Au+Au data
more quantitatively, we subtract the cocktail plus charm from
the data and examine the shape of the excess. The pT spectra
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FIG. 37. (Color online) pT spectra of e+e− pairs in p+p (left) and Au+Au (right) collisions for different mass bins, which are fully
acceptance corrected. Au+Au spectra are divided by Npart/2. The solid curves show the expectations from the sum of the hadronic decay
cocktail and the contribution from charmed mesons. The dashed curves show the sum of the cocktail and charmed meson contributions plus
the contribution from direct photons calculated by converting the photon yield from Fig. 34 to the e+e− pair yield using Eqs. (31) and (B14).

difference increases for the higher mass bins, leading to spectra
lower by ∼10%, 20%, and 30% for the mass bins 0.3 < mee <
0.5 GeV/c2, 0.5 < mee < 0.75 GeV/c2, and 0.81 < mee <
0.99 GeV/c2, respectively, when the random cc̄ correlation is
used.

First we concentrate on the comparison between data
and the sum of cocktail and charm. In the low-pT region
(pT < 1 GeV/c) all the p+p spectra are consistent with the
expectations from the cocktail alone for every mass window.
In the high-pT region, however, the p+p data show a small
excess above the cocktail. The Au+Au data are in agreement
with the cocktail in the mass region mee < 0.1 GeV/c2. In
higher-mass bins the Au+Au data show a large excess both at
low and at high pT .

As discussed in subsection V E, we have extracted the
direct photon yield from the dileptons spectrum in the mass
range of 0.1 < mee < 0.3 GeV/c2. The excess in this mass
range is consistent with internal conversion of direct photons.
As shown in Fig. 32 the direct photon component, which
appears as a constant R, extends to the mee > 0.3 GeV/c2.
Therefore, there should be sizable contribution from direct
photons in the dilepton spectra for mee > 0.3 GeV/c2. The
relation between real direct photons and virtual photons is
presented in Appendix B. Here we use a constant factor
S(mee, q) = 1 to extend the direct photon component to higher
mass (mee > 0.3 GeV/c2). The dashed curves in Fig. 37 show

the sum of the cocktail, charm and direct photon contributions
to the dilepton spectra for pT > 1 GeV/c.

The dashed curves describe the data well for all mass
bins both in the Au+Au and the p+p data. This indicates
that the excess above the cocktail and charm at high pT

(pT > 1 GeV/c) is consistent with the contribution from direct
photons. It is surprising that the agreement holds even for
mee > 0.5 GeV/c2, where significant modifications of the
spectral function may be expected due to the presence of
the vector mesons. However, the data have large statistical
errors for mee > 0.5 GeV/c2 and additional enhancement
over the direct photon contribution is not excluded. The data
at high pT are also consistent with the cocktail alone for
mee > 0.5 GeV/c2.

In the Au+Au data, the enhancement over the cocktail is
approximately a constant factor for pT > 1 GeV/c. It grows
toward low pT . All the Au+Au pT spectra for every mass
bin above 0.3 GeV/c2 seem to indicate that the enhancement
with respect to the cocktail below 1 GeV/c is significantly
larger than above 1 GeV/c. For pT > 1 GeV/c, the data have
a slope similar to the cocktail, as shown by solid curves. For
pT < 1 GeV/c, the slope of the data is much steeper than the
cocktail.

In order to study this change of the slope in the Au+Au data
more quantitatively, we subtract the cocktail plus charm from
the data and examine the shape of the excess. The pT spectra
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Fig. 1. Measured invariant mass and LMR pT dielectron spectra for BES Phase-I compared to cocktail simulations 
and model calculations [15,7]. (Left) In addition to the total cocktail (grey), the single vector meson contributions are 
depicted for 19 GeV. For 39 GeV, the two model contributions from hadronic gas and QGP phase are shown next to the 
total expected yield from cocktail and model (orange). Also, contributions from photon conversions are not removed from 
the data at 19 GeV. (Right) Solid lines compare the pT -dependence of LMR yields to the expectations from cocktail and 
model. Dashed and dotted lines represent the different contributions to the total yield. The error bars on the pT -dependent 
data are statistical only. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.)

distributions are simulated flat in η ∈ [−1, 1] and φ ∈ [0, 2π ], respectively. Transverse momen-
tum distributions are obtained from Tsallis-Blast-Wave fits to the latest STAR BES Phase-I data 
using meson-to-pion ratios from SPS with the according STAR π invariant yields [12,13]. For 
the Dalitz decay channels of π0, η and ω, the Kroll–Wada formalism is employed with the corre-
sponding form factors taken from PDG [14]. Our cocktail simulations also include contributions 
from correlated charmed decays of D- and Λc-mesons simulated via PYTHIA with estimated 
nucleon–nucleon cross sections and scaled to Au+Au using the average number of binary colli-
sions at the respective energy. The decay channels taken into account along with a representative 
cocktail at 19.6 GeV are shown in Fig. 1.

3. Results

Fig. 1 (left), depicts the invariant mass spectra of all STAR dielectron measurements enabling 
a systematic study of dielectron production for the wide energy range from 19.6 to 200 GeV. 
Cocktail simulations generally show good agreement with the data. Only in the LMR, all spec-
tra exhibit a consistent excess over the cocktail. Note that contributions from direct ρ decays 
after freeze-out are not included in the cocktails as they do not account for the magnitude of 
the enhancement [16]. Instead, the in-medium model calculations treat the full evolution of the 
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using meson-to-pion ratios from SPS with the according STAR π invariant yields [12,13]. For 
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a systematic study of dielectron production for the wide energy range from 19.6 to 200 GeV. 
Cocktail simulations generally show good agreement with the data. Only in the LMR, all spec-
tra exhibit a consistent excess over the cocktail. Note that contributions from direct ρ decays 
after freeze-out are not included in the cocktails as they do not account for the magnitude of 
the enhancement [16]. Instead, the in-medium model calculations treat the full evolution of the 
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Direct γ*/Inclusive γ*
• Base line (curves):


‣ NLO pQCD calculations with 
different theoretical scales done by 
W. Vogelsang


!

• p+p

‣ Consistent with NLO pQCD

‣ better agreement with small µ


!

• Au+Au

‣ Clear enhancement above NLO 

pQCD
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Direct γ*/Inclusive γ*
• Preliminary result by STAR
• Also sees enhancement above 

NLO pQCD at low pT
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Figure 2. Left panel shows the two-component function fit on Au+Au dielectron spectra for 0.1 < Mee < 0.3 GeV/c2 at 3 < pT < 4 GeV/c. Red
dashed line is fdir while blue dashed-dot line is fcocktail. The black solid line is the fit to the data for 0.1 < Mee < 0.3 GeV/c2. The black dashed
line is the extrapolation of the fit function outside the fit range. Right panel shows the ratio of direct photon to the inclusive photon compared with
the NLO pQCD prediction (see text). The error bars and the shaded bands represent the statistical and systematic uncertainties, respectively.

In Eq. 1, M is the mass of the virtual photon or the e+e� pair, ↵ is the fine structure constant, and S(M) describes
the di↵erence between real photon process and virtual photon process. In this analysis, this factor S(M) is assumed to
be 1 in the range Mee < 0.3 GeV/c2, pT > 1 GeV/c. Based on Eq. 1, the measurement of dielectron spectrum in the
low mass region will deduce the production of direct photons [14].

The direct photon yields are extracted by fitting the dielectron invariant mass spectra in the low mass region with
two components. One component is the contribution from hadron cocktail and the other one comes from direct pho-
ton internal conversion. In the fit function (1 � r) fcocktail + r fdir, r is the ratio of direct photon to inclusive photon.
The fcocktail is the normalized cocktail while the fdir is the normalized internal conversion from direct photon passing
STAR acceptance in di↵erent pT ranges. The left panel of Fig. 2 shows an example of the two-component fit. The un-
certainties shown in the figure are the quadrature sum of statistical and systematic uncertainties. The blue dashed-dot
line and red-dashed lines represent the normalized cocktail and internal conversion from direct photon, respectively.
The black solid line is the fit to the data at 0.1 < Mee < 0.3 GeV/c2. The black dashed line is the extrapolation
of the fit function outside the fit range. Right panel of Fig. 2 shows the ratio of direct photon to inclusive photon
compared with the NLO pQCD prediction. The curves represent TAAd�NLO

� (pT )/Ninclusive
� (pT ), showing the scale de-

pendence of the theory [15], in which TAA is the nuclear overlapping factor. The d�NLO
� (pT ) is the pT -di↵erential

invariant cross section of direct photon obtained from [16]. The Ninclusive
� (pT ) is the STAR measurement which is in

form of F/( 2↵
3⇡ )/(2⇡pT dpT dy), in which F is the normalization factor of fdir. The data show consistency with NLO

pQCD calculation within uncertainties at pT > 4 GeV/c. A clear enhancement in data compared to the calculation for
1 < pT < 4 GeV/c is observed.

Figure 3 shows the invariant yield of the direct photons in Au+Au collisions at 200 GeV. In the left panel, the open
circles are the direct photon invariant yields measured from STAR 200 GeV 0-80% Au+Au collisions. The uncertainty
is dominated by systematic uncertainty in the cocktail. The large systematic uncertainties in 1-2 GeV/c are due to the
lack of ⌘ measurement in the corresponding pT range. The ⌘ dN/dy and pT input for cocktail simulation in this range
are based on the extrapolation of the TBW model [17], while at pT > 2 GeV/c, it is constrained by the measurements.
The triangles are the invariant cross sections in p + p collisions at 200 GeV measured by PHENIX collaboration.
They are parameterized by a power-law function, as shown in dotted line. The parameterized distribution is then
scaled by the nuclear overlapping factor TAA = Nbin/42mb = 6.95mb�1 as shown in dashed line, and compared to
the Au+Au results. For 1 < pT < 4 GeV/c, the Au+Au results are clearly higher than the TAA scaled p + p results,
while at high pT the Au+Au yield is consistent with the scaled p+ p expectation. The right panel shows a comparison
between STAR Au+Au data and model calculations done by Ralf Rapp et al. [5, 18]. The curves “QGP” stands for the
contribution from QGP thermal radiation. The “⇢” and “hadron gas” represent contributions from in-medium ⇢ and
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Direct γ*/Inclusive γ*
• Preliminary result by STAR
• Also sees enhancement above 

NLO pQCD at low pT

• Below 2 GeV/c:

‣ smaller fraction than PHENIX?
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Figure 2. Left panel shows the two-component function fit on Au+Au dielectron spectra for 0.1 < Mee < 0.3 GeV/c2 at 3 < pT < 4 GeV/c. Red
dashed line is fdir while blue dashed-dot line is fcocktail. The black solid line is the fit to the data for 0.1 < Mee < 0.3 GeV/c2. The black dashed
line is the extrapolation of the fit function outside the fit range. Right panel shows the ratio of direct photon to the inclusive photon compared with
the NLO pQCD prediction (see text). The error bars and the shaded bands represent the statistical and systematic uncertainties, respectively.

In Eq. 1, M is the mass of the virtual photon or the e+e� pair, ↵ is the fine structure constant, and S(M) describes
the di↵erence between real photon process and virtual photon process. In this analysis, this factor S(M) is assumed to
be 1 in the range Mee < 0.3 GeV/c2, pT > 1 GeV/c. Based on Eq. 1, the measurement of dielectron spectrum in the
low mass region will deduce the production of direct photons [14].

The direct photon yields are extracted by fitting the dielectron invariant mass spectra in the low mass region with
two components. One component is the contribution from hadron cocktail and the other one comes from direct pho-
ton internal conversion. In the fit function (1 � r) fcocktail + r fdir, r is the ratio of direct photon to inclusive photon.
The fcocktail is the normalized cocktail while the fdir is the normalized internal conversion from direct photon passing
STAR acceptance in di↵erent pT ranges. The left panel of Fig. 2 shows an example of the two-component fit. The un-
certainties shown in the figure are the quadrature sum of statistical and systematic uncertainties. The blue dashed-dot
line and red-dashed lines represent the normalized cocktail and internal conversion from direct photon, respectively.
The black solid line is the fit to the data at 0.1 < Mee < 0.3 GeV/c2. The black dashed line is the extrapolation
of the fit function outside the fit range. Right panel of Fig. 2 shows the ratio of direct photon to inclusive photon
compared with the NLO pQCD prediction. The curves represent TAAd�NLO

� (pT )/Ninclusive
� (pT ), showing the scale de-

pendence of the theory [15], in which TAA is the nuclear overlapping factor. The d�NLO
� (pT ) is the pT -di↵erential

invariant cross section of direct photon obtained from [16]. The Ninclusive
� (pT ) is the STAR measurement which is in

form of F/( 2↵
3⇡ )/(2⇡pT dpT dy), in which F is the normalization factor of fdir. The data show consistency with NLO

pQCD calculation within uncertainties at pT > 4 GeV/c. A clear enhancement in data compared to the calculation for
1 < pT < 4 GeV/c is observed.

Figure 3 shows the invariant yield of the direct photons in Au+Au collisions at 200 GeV. In the left panel, the open
circles are the direct photon invariant yields measured from STAR 200 GeV 0-80% Au+Au collisions. The uncertainty
is dominated by systematic uncertainty in the cocktail. The large systematic uncertainties in 1-2 GeV/c are due to the
lack of ⌘ measurement in the corresponding pT range. The ⌘ dN/dy and pT input for cocktail simulation in this range
are based on the extrapolation of the TBW model [17], while at pT > 2 GeV/c, it is constrained by the measurements.
The triangles are the invariant cross sections in p + p collisions at 200 GeV measured by PHENIX collaboration.
They are parameterized by a power-law function, as shown in dotted line. The parameterized distribution is then
scaled by the nuclear overlapping factor TAA = Nbin/42mb = 6.95mb�1 as shown in dashed line, and compared to
the Au+Au results. For 1 < pT < 4 GeV/c, the Au+Au results are clearly higher than the TAA scaled p + p results,
while at high pT the Au+Au yield is consistent with the scaled p+ p expectation. The right panel shows a comparison
between STAR Au+Au data and model calculations done by Ralf Rapp et al. [5, 18]. The curves “QGP” stands for the
contribution from QGP thermal radiation. The “⇢” and “hadron gas” represent contributions from in-medium ⇢ and
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Direct Photons: Model Comparison
• From data: 

Au+Au = pQCD + exponential

‣ Tave = 221 ± 19 (stat) ± 19 (syst) MeV


• Comparison to hydrodynamical 
models:

‣ pT < 3 GeV/c thermal contribution 

dominates over pQCD.

‣ Assume formation of a hot QGP with: 

300 MeV < Tinit < 600 MeV 
0.6 fm/c < τ0 < 0.15 fm/c


‣ Models reproduce the data within a 
factor of two

32
Tc from lattice QCD ~ 170 MeV

Teff from fit ~ 220 MeV

PHENIX, PRC 81 (2010) 034911

http://inspirehep.net/record/838580


Temperature of the early QGP
• Photons emitted during all stages of the 

medium evolution

‣ measurement is always time integrated


• Low mass virtual photons:

‣ Emission dominated by the hadronic phase


• How to measure “early temperature” from 
the partonic phase?

‣ Intermediate mass (1–3GeV/c2) provides 

another window to measure thermal dileptons


• NA60 at the SPS measured “prompt 
excess” above open charm continuum of 
possibly thermal origin

‣ semileptonic charm decays = non-prompt


• At the LHC charm cross section 103 times 
higher than at the SPS!

‣ Such measurement requires good vertexing 

resolution for lepton pairs
33NA60, EPJ C 59 (2009) 607

Rapp,  
APP B42 (2011) 2823

http://inspirehep.net/record/799832


Hadronic Cocktail
• Parameterization of PHENIX π±, π0 data 

(π0 = (π+ + π−)/2)

!

!

• Other mesons: fit with mT scaling of π0 

pT → √(pT2 + mmeson2 − mπ2)  
fit the normalization constant


• All mesons mT scale!


• Hadronic cocktail was well tuned to 
individually measured yield of mesons 
in PHENIX for both p+p and Au+Au 
collisions


• Mass distributions from hadron decays 
are simulated by Monte Carlo: 
π0, η, η’, ω, φ, ρ, J/ψ, ψ’ 


• Effects on real data are implemented

34

E
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dp3
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Hadronic Cocktail
• Parameterization of PHENIX π±, π0 data 

(π0 = (π+ + π−)/2)

!

!

• Other mesons: fit with mT scaling of π0 

pT → √(pT2 + mmeson2 − mπ2)  
fit the normalization constant


• All mesons mT scale!


• Hadronic cocktail was well tuned to 
individually measured yield of mesons 
in PHENIX for both p+p and Au+Au 
collisions


• Mass distributions from hadron decays 
are simulated by Monte Carlo: 
π0, η, η’, ω, φ, ρ, J/ψ, ψ’ 


• Effects on real data are implemented

34

E
d3�

dp3
=

A�
exp(�apT � bp2T ) + pT /p0

�n


