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Motivation	for	Dilepton Physics	at	STAR
Dileptons provide	an	excellent	
penetrating	probe	of	the	medium
• Leptons	have	low	interaction	cross	section	
with	QGP	medium	– they	carry	information	
to	the	final	state

• Dilepton pairs	are	created	throughout	the	
entire	lifetime	of	the	system
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Figure 1.2: Expected sources for dilepton production as a function of invariant mass in ultrarela-
tivistic heavy-ion collisions[16].

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

Until today, the measurement of dilepton spectra in URHIC’s has mainly been carried out at
the CERN-SpS by three collaborations: CERES/NA45 is dedicated to dielectron measurements in
the low-mass region [20, 21, 22, 23], HELIOS-3 [24] has measured dimuon spectra from threshold
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Low	Mass	Range	(LMR)	Mll <	1.1	GeV/c^2
• In-medium	modification	of	vector	mesons
• Link	to	chiral	symmetry	restoration
Intermediate	Mass	Range	(IMR)	1.1	<	Mll <	3.0	GeV/c^2
• Dominant	contribution	from	semi-leptonic correlated	charm	decays
• QGP	thermal	radiation	
High	Mass	Range	(HMR)		Mll >	3.0	GeV/c^2
• Primordial	emission,	Drell-Yan,	J/𝜓 and	Upsilon	
suppression



NA60	:	Low	Mass	Range	

NA60’s	dimuon measurement:
• Compare	𝜌 broadening/melting	
models

• Data	favors	Rapp/Wambach	
model	- 𝜌 broadening	through	
interactions	with	hadronic	
medium

• Link	to	chiral	symmetry	
restoration?
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NA60	:	Intermediate	Mass	Region
Measurment	of	inverse	slope	
parameter	(𝑇'(()	from	𝑚*
distribution
• 𝑇'(( =	205	± 12	MeV
• Indicative	of	thermal	radiation	from	
partonic medium	

• No	mass	dependence	visible	in	IMR

Challenge	to	disentangle	correlated	
charm	from	QGP	thermal	radiation
• STAR	upgrades	(Muon	Telescope	
Detector	&	Heavy	Flavor	Tracker)		will	
help	– more	later
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STAR	Dielectron Results	in	
Beam	Energy	Scan	Phase	I
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STAR	Dielectrons in	BES	I
• BES	I	beam	energies	:	 𝑠--� = 7.7,	11.5,	
14.5,	19.6,	27.0,	39.0,	and	62.4	GeV

• Insufficient	statistics	available	below	
19.6	GeV	for	dielectron analyses

• Probe	a	wide	range	of	initial	conditions
• Approximately	constant	total	baryon	
density in	the	 𝑠--� 	 range	from	19.6	to	
200	GeV
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Beam	Energy	Scan	Dielectrons:
2010	– 2011	Au+Au at

62.4,	39,	27,	and	19.6	GeV

How	does	LMR	excess	yield	evolve?
• Are	in-medium	modification	effects	visible	at	all	energies	down	
to	 𝑠--� =	19.6	GeV?

• Is	the	enhancement	consistent	with	model	predictions	at	
these	energies?



STAR	Dielectrons in	BES	I
Sustained	LMR	excess	from	top	
RHIC	energy	to	19.6	GeV

Robust	theoretical	description		
• In-medium	𝜌 broadening	+	QGP
• Expected	to	depend	on	total	baryon	
density
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STAR	Acceptance	Corrected	Excess	Spectra
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• Au+Au at	19.6	and	200	GeV
• Normalized	to	(dNch/dy)y=0		to	cancel	
out	volume	effects

• 17.3	GeV	(NA60)	and	19.6	GeV	
consistent

Acceptance-corrected	spectra	for	Au+Au at	27,	39,	
and	62.4,	and	200	GeV,	as	well	as	U+U	at	193	GeV

Acceptance-corrected	excess	mass	spectra	well	
described	by	broadened	𝜌 spectral	function	(SF)
Hohler &	Rapp:	“Is	ρ-meson	melting	compatible	with	chiral	restoration?”



Link	to	Chiral	Symmetry	Restoration
Strong	Experimental	evidence	that	𝜌meson	“melts”
Input	for	Phenomenological	approach:
• Vector	meson	SF	from	phenomenological	model,	verified	against	
experimental	data

• T	dependence	of	condensate,	from	lattice	QCD

QCD	Sum	Rules	:	constrain	vector	/	axial	vector	SFs	individually	

Weinberg	sum	rules	:	difference	between	vector	&	axial	vector	SFs
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Fig. 3. Finite-temperature vector (black curve) and axial-vector (red curve) spectral functions. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 4. Regions of axial-vector spectral functions at T = 150 MeV when requiring
agreement with the QCDSR only at dA = 1% (dashed lines), and additionally with
WSR-1 at |dWSR1| ! 1% (dotted lines). The solid line corresponds to a minimal f
value from Eq. (27).

merges into the ρ while the excited states degenerate somewhat
earlier through chiral mixing. The ρ–a1 merging is largely dictated
by the WSRs, but the concrete shape close to chiral restoration is
more sensitive to the QCDSRs. Note that our analysis not only com-
plies with a “trivial” degeneracy at the restoration point, but rather
provides a systematic temperature evolution, starting from the vac-
uum, compatible with current best estimates for the T dependent
chiral order parameters and condensates (at T = 170 MeV, our
condensates are close to zero, undershooting the lQCD data for
the 2-quark condensate; our axial-vector spectral function at this
temperature is thus more of an illustration of the expected de-
generacy at higher T where ⟨q̄q⟩T ≃ 0). The in-medium a1 mass
shift is consistent with a leading T 4 behavior, in line with model-
independent constraints from the chiral Lagrangian. Our analysis
also suggests that the approach toward restoration “burns off” the
chiral mass splitting between the ρ and a1, while “bare” masses of
m0 ≃ 0.8 GeV essentially persist, similar to Ref. [7].

6. Conclusion

The objective of this work was to test whether in-medium vec-
tor spectral functions which describe dilepton data in heavy-ion
collisions are compatible with chiral symmetry restoration. To-

ward this end, we deployed QCD and Weinberg sum rules in a
combined analysis of vector and axial-vector spectral functions,
using lattice-QCD and the hadron resonance gas to estimate the
in-medium condensates and chiral order parameters, and chiral
mixing to treat the T dependence of excited states. We first found
that the QCDSR in the vector channel is satisfied with a small (or-
der 5%) amendment of vector dominance. We then introduced a
4-parameter ansatz for the in-medium a1 spectral function and
found that a smooth reduction of its mass (approaching the ρ
mass) and large increase in width (accompanied by a low-mass
shoulder) can satisfy the axial-vector QCDSR and 3 WSRs over the
entire temperature range from T = 0–170 MeV, ultimately merg-
ing with the vector channel. This establishes a direct connection
between dileptons and chiral restoration, and thus the answer to
the originally raised question is positive. Our findings remain to be
scrutinized by microscopic calculations of the a1 spectral function.
Work in this direction is ongoing.
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But,	still	need	microscopic	
calculations	of	a1(1260)	…	

(Massive	Yang-Mills)

Quantatively compatible	
with	(approach	to	)	chiral	

restoration	
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Table 1
Numerical values of key parameters figuring into Eq. (12). For hadron masses not
listed we take averages from the particle data group [25].

Parameter fπ f K fη fη′ mq mπ

Value (MeV) 92.4 113 124 107 7 139.6

Fig. 1. Temperature dependence of: (a) the quark condensate relative to its vacuum
value, compared to thermal lQCD data [1]; (b) axial-vector 4-quark condensates rel-
ative to their vacuum values, compared to the quark condensate.
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The Goldstone boson contribution can be inferred from current al-
gebra (with decay constants given in Table 1). The contributions
from baryons (B) and other mesons (M) can be derived from the
HRG partition function via ∂ ln Z/∂mq , which is nothing but the in-
medium condensate. They are determined by their σ -terms which
to lowest order are given by the (current) quark masses, mq , of the
light valence quarks in the hadron [29]. However, important con-
tributions arise from the hadron’s pion cloud [30,31]. We write

σh = σ bare
q + σ cloud

π ≡ σ0mq(Nq − Ns) (13)

where Nq (Ns) is the number of all (strange) valence quarks in h.
We adjust the proportionality constant to σ0 = 2.81, to recover the
recent value, σN = 59 MeV [32], of the nucleon and assume it to
be universal for all hadrons. This leads to fair agreement with es-
timates of σh for other ground-state baryons [32]. Note that the
decomposition of the σ terms into quark core and pion cloud ef-
fects parallels the medium effects of the ρ spectral function [33].

Our HRG results reproduce lQCD “data” [1] for T ! 140 MeV,
see Fig. 1(a). To improve the agreement at higher T without affect-
ing the low-T behavior, we introduced a term αT 10 on the RHS
of Eq. (12), with α = 1.597 · 107 GeV−10. The quark condensate
then vanishes slightly above T = 170 MeV, signaling the break-
down of our approach. Choosing a somewhat higher power in T
(with accordingly adjusted α) has no significant impact on our re-
sults, while a smaller power adversely affects the agreement with
lQCD data at low T .

3.2. Gluon condensate

For the gluon condensate, the contributions from pions and nu-
cleons have been evaluated in Refs. [34,22,24]. The HRG effect can
be inferred from the trace anomaly,

θ
µ
µ = −9

8
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π
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µν +
∑

q

mqq̄q, (14)

by calculating *⟨θµ
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h
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[
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〉
− 2mq*⟨q̄q⟩ − ms*⟨s̄s⟩

]
. (15)

The change in light-quark condensate is taken from Eq. (12). For
the strange-quark condensate, we assume its suppression from in-
dividual resonances to scale with the valence strange-quark con-
tent of each hadron h, paralleling the procedure of determining
the σ -term for each hadron. One has

ms*⟨s̄s⟩ =
∑

h

Ns

Nq − Ns

(
2mq*⟨q̄q⟩h

)
, (16)

where *⟨q̄q⟩h is from Eq. (12). The HRG suppression of the gluon
condensate reaches 13% at T = 170 MeV.

3.3. Four-quark condensates

For medium dependence of the vector and axial-vector 4-quark
condensates induced by Goldstone bosons, we adopt the results
from current algebra [22]. For the non-Goldstone bosons and
baryons, arguments based on the large-Nc limit [35,28] suggest a
factorization approximation, i.e., the medium effect linear in their
(scalar) density amounts to a factor of 2 times the reduction in
the quark condensate, with the same factorization parameter as in
vacuum (we have checked that an increase of the in-medium fac-
torization parameter by a factor of 2 has a negligible impact on
the OPEs and thus on the resulting spectral functions). The T de-
pendence of the vector and axial-vector 4-quark condensates then
takes the form

⟨OV ,A
4 ⟩T

⟨OV ,A
4 ⟩0

= 1 − (12/7,12/11)

mπ f 2
π

ϱπ
s − (9/14,9/22)
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s

−
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f 2
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π
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s −
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2σM

f 2
πm2

π
ϱM

s + βV ,A T 10. (17)

As for the quark condensate, we augmented the T dependence
by a term βV ,A T 10. Since thermal lQCD data are not available for
4-quark condensates, we adjusted βV ,A for each channel to render
them vanishing at the same temperature as the quark condensate,
resulting in βV = 3.05 · 107 GeV−10 and βA = 1.74 · 107 GeV−10.
The T dependence of the chiral breaking 4-quark condensate fol-
lows from the axial-vector ones via Eq. (9); relative to the quark
condensate, their initial fall-off is faster but slows down above
T ≃ 140 MeV, cf. Fig. 1(b).

3.4. Non-scalar condensates

Hadrons in the heat bath also induce non-scalar condensates.
For our QCDSR analysis the relevant ones are of dimension-4
twist-2 ⟨Od=4,τ=2⟩T , dimension-6 twist-2 ⟨Od=6,τ=2⟩T , and
dimension-6 twist-4 ⟨Od=6,τ=4⟩T . We adopt their T dependence
as elaborated in Refs. [22–24], given by each hadron as

ds(ρV − ρA )s
n = fn∫

1
M 2 ds ρV /A (s)

s∫  e−s/M
2

= Cn Onn∑

Output:



Link	to	Chiral	Symmetry	Restoration
Effective	Chiral	Lagrangian
• Gauge	𝜌 and	a1	into	chiral	pion	Lagrangian

• Massive	Yang	Mills	in	hot	pion	gas	– starting	point	for	evaluation	of	chiral	
restoration	in	medium
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Supports	“burning”	of	
chiral-mass	splitting	as	
a	mechanism	for	chiral	
restoration

Hohler,	Rapp,
Annals	Phys	368	(2016)	70	



Beam	Energy	Scan	Phase	II
2019	- 2020
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RHIC	Beam	Energy	Scan	Phase	II
Purpose: Refine	our	understanding	of	the	phase	structures	of	QCD	matter
• Beam	time	:	2019	- 2020
• Revisit	lower	BES	I	energies	(19.6	GeV	and	below),	possibly	add	9.1	GeV
• Gain	significantly	more	statistics	– necessary	for	dilepton measurements!
• Systematically	study	dielectron continuum	from	 𝑠--� =	7.7	to	19.6	GeV
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The Beam Energy Scan at the Relativistic Heavy Ion Collider 32

Table 2. Event statistics (in millions) needed for Beam Energy Scan Phase-II for various observables.
Collision Energy (GeV) 7.7 9.1 11.5 14.5 19.6
µB (MeV) in 0-5% central collisions 420 370 315 260 205

Observables

RCP up to pT = 5 GeV/c – 160 125 92
Elliptic Flow (f mesons) 100 150 200 200 400
Chiral Magnetic Effect 50 50 50 50 50
Directed Flow (protons) 50 75 100 100 200
Azimuthal Femtoscopy (protons) 35 40 50 65 80
Net-Proton Kurtosis 80 100 120 200 400
Dileptons 100 160 230 300 400
Required Number of Events 100 160 230 300 400

3.1.1. RCP of identified hadrons up to pT = 5 GeV/c High-pT suppression is seen as an
indication of the energy loss of leading partons in a colored medium. Therefore, the RAA

measurements are one of the clearest signatures for the formation of the quark-gluon plasma.
Because there was not a comparable p+ p energy scan, the BES analysis has had to resort
to RCP measurements as a proxy. Still the study of the shape of RCP(pT ) will allow us
to quantitatively address the evolution of the phenomenon of jet-quenching to lower beam
energies. A very clear change in behavior as a function of beam energy is seen in these
data (see Figs. 12 and 13); at the lowest energies (7.7 and 11.5 GeV) there is no evidence of
suppression for the highest pT values that are reached. However, it should be noted that for
these energies the BES-I measurements are only able to reach 3-4 GeV/c for inclusive hadrons
and 2-3 GeV/c for identified hadrons. Typically, one considers pT of 5 GeV/c and above to be
dominated by partonic behavior. Therefore, although the BES-I RCP results are suggestive of
a disappearance of this QGP signature, they are not conclusive. The pT reach expected in the
proposed BES Phase-II measurements will be crucial in drawing definitive conclusions about
evidence for the creation of QGP at a given collision energy.

Although the BES-I spectra do not reach high enough pT to extend into the purely hard-
scattering regime, they do allow us to make detailed projections of how many events would be
needed to reach a given pT for a given beam energy. We propose to acquire about 400 tracks
in the pT range of 4-5 GeV/c for the 11.5, 14.5, and 19.6 GeV energies. At the lower energies
of 7.7 and 9.1 GeV, there is simply not enough kinematic reach to get out to 4-5 GeV/c. These
required numbers of events are listed in Table 2

We have used the yields of identified particles measured in BES-I to make projections of
the expected errors for the RCP measurements with increased statistics expected to be available
in BES Phase-II. For each particle species, energy, and centrality, we have used a exponential
extrapolation (note that this is a more conservative estimate than the power law extrapolation)
to estimate the expected number of particles to be measured in each pT bin based on the
expected number of events at each energy shown in Table 2. From this expected number of
particles per bin, we can estimate the statistical error for the central and peripheral bins and
propagate these to estimate the expected error on the RCP measurements. These projected

STAR	Whitepaper	for	BES	II



Dileptons in	BES	II
BES	I	:	 𝑠--� =	19.6	to	62.4	GeV
• Dilepton emission	dominant	in	TC region
• ~constant	total	baryon	density
• Emission	proportional	to	lifetime

BES	II	:	 𝑠--� =	7.7	to	19.6	GeV
• Average	temperature	of	medium	~constant
• Probe	life	time	+	baryon	density	dependence	of	the	ρ-meson	
spectral	function
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Dileptons in	BES	II
BES	I	:	 𝑠--� =	19.6	to	62.4	GeV
• Dilepton emission	dominant	in	TC region
• ~constant	total	baryon	density
• Emission	proportional	to	lifetime

BES	II	:	 𝑠--� =	7.7	to	19.6	GeV
• Average	temperature	of	medium	~constant
• Probe	life	time	+	baryon	density	dependence	of	the	ρ-meson	
spectral	function

• Total	baryon	density	expected	to increase	by	~2x
• Close	to	QCD	critical	point?

• Increase	in	correlation	length
• Critical	slow	down	– anomalous	increase	in	fireball	lifetime

Linking	top	RHIC	energies	with	SPS,	FAIR	energies
• Comparison	with	NA60,	HADES,	CBM
• At	FAIR	energies,	probe	lifetime	+	total	baryon	density	+	
temperature

NA60+	proposed	at	SPS	– overlap	with	RHIC	and	FAIR
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BES	II	Detector	Upgrades	:	iTPC
STAR	proposal	to	upgrade	the	inner	sector	of	its	TPC
• Increase	rapidity	coverage
• Lowers	pT threshold	
• Improves	dE/dx	(PID)	resolution

Substantial	improve	dielectron systematics
• Systematics	expected	to	be	reduced	by	~2x
• Improved	PID	→ increased	electron	purity
• Lower	pT threshold	→ better	acceptance	in	LMR
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BES	II	Detector	Upgrades	:	eTOF
STAR	proposal	to	install	CBM	TOF
• Endcap	TOF	(eTOF)	mounted	on	east	pole	tip
• Increases	PID	rapidity	coverage
• Takes	advantage	of	large	iTPC coverage

Dielectron Measurement:
• Allows	rapidity	differential
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Proposed CBM TOF east poletip installation 

• LMR	excess	expected	to	depend	on	total	
baryon	density	

• π	yields	drop	by	2x	from	y=0	to	y=1.2	
→“baryon	density”	drops	by	factor	of	two.	

• Analysis	at	y=1.2	is	equivalent	to	lowering	
the	beam	energy



Near	Future	STAR	Dilepton Measurements
current	- 2018
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Measurements	of	𝜇"𝜇#	Continuum	at	STAR
• STAR’s	Muon	Telescope	Detector	upgrade	(completed	2014)	allows	for	
new	studies	of	the	dimuon continuum	at	RHIC	energies	with	STAR.

• High	quality	p+p data	set	:	provides	baseline	for	Au+Au analyses
• Clear	𝜔, 𝜌,	J/𝜓,	and	𝜓(2S)	peaks	visible	in	p+p collisions	@	 𝑠--� 	=	200	GeV

• High	statistic	Au+Au data	samples	triggered	by	dedicated	dimuon trigger
• Dimuon channel	– fewer	background	source	in	LMR	compared	to	𝑒"𝑒#channel
• Analysis	of	data	from	p+p and	Au+Au @	 𝑠--� 	=	200	GeV is	ongoing
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Species Energy	(GeV) ~Sampled	Luminosity

p+p (63% MTD) 500 28	pb-1

p+p 200 122	pb-1

p+Au 200 409	nb-1

d+Au 200 94	nb-1

Au+Au 2014 200 14	nb-1

Au+Au 2016 200 12	nb-1
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Disentangling	Correlated	Charm	in	IMR
Heavy	Flavor	Tracker:
• Provides	precise	tracking
• Allows	charm	to	be	better	distinguished	
via	secondary	vertex	reconstruction

• Analyses	ongoing	with	2014	&	2016	data	

3/18/17 Daniel	Brandenburg	|	Rice	University 20

Muon Telescope 
Detector

Heavy Flavor 
Tracker

Muon	Telescope	Detector:
• Allows	for	a	dedicated	e-𝜇 trigger
• Gain	handle	on	charm	contribution	via	e-𝜇
correlation

• Study	possible	charm	modification	in	medium

red:	PYTHIA	ccbar->	eμ
black:	de-correlated	+	energy	loss
S/B	>2	for	M(eμ)>3GeV/c2
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Isobaric	Collisions	: Low	pT Excess	
• STAR	and	ALICE	have	observed	significant	excess	production	of	J/𝜓 in	
peripheral A+A	collisions	at	low	pT (	pT <	300	MeV/c)

• Two	potential	sources:
• Photo-nuclear				∝ Z2
• Photon-Photon		∝ Z4
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NEW	@QM17

Bertulani,	Klein,	Nystrand,
Ann.Rev.Nucl.Part.Sci.	55	(2005)	271

Investigate	Z-dependence	of	low-pT
dielectron excess:
• Measure	&	compare	in	A=96	isobars:

• Ru77
89 + Ru77

89

• Zr7=
89 + Zr7=

89

Proposed	for	2018



Summary
• At	SPS,	NA60	and	CERES	demonstrated	the	physics	potential	of	accurate	dilepton
measurements

• STAR has	developed	a	strong	dilepton program
• Detailed	study	of	dielectron production	in	Au+Au and	U+U	@	top	RHIC	energy
• BES	I	– Allowed	measurement	of	low	mass	excess	down	to	19.6	GeV,	compare	with	SPS	energy

• Progress	in	thermal	field	theory	computations	of	dilepton production	in	heavy-ion	
collisions	has	led	to	robust description	of	LMR	excess	

• BES	Phase	II	(2019-2020): systematic	dilepton measurements	down	to	 𝑠--� 	=	7.7	GeV
• Probe	dependence	on	total	baryon	density
• Measure	pT distribution’s	inverse	slope	parameter	(𝑇'(()
• Look	for	anomalous	increase	in	yield	→ indicative	of	critical	behavior
• Utilize	iTPC and	eTOF upgrades	to	reduce	systematic	uncertainties	&	add	rapidity	differential	measurements

• Near	Future	dilepton measurements	at	STAR
• New	STAR	measurements	of	𝜇"𝜇# continuum	thanks	to	MTD	upgrade
• New	methods	of	distinguishing	correlated	charm	contributions	(MTD	and	HFT)
• Investigation	of	low	pT excess	dilepton yield	through	isobaric	collisions
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Thank	you	
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Dielectrons	in	U+U	@	 𝑠--� =	193	GeV

Rapp	model	consistently	shows	good	
agreement	across	pT and	centrality	differentials
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In+In@17.3	GeV
NA60,	AIP	Conf.	Proc.	1322	(2010)	1

In+In@17.3	GeV
NA60,	Eur.	Phys.	J.	C	59	(2009)	607

AuAu@200	GeV,	19.6	GeV
STAR,	PLB	750	(2015)	64



Isobaric	collisions	at	RHIC	in	2018
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of the impact parameter and the fluctuations of the position of the colliding proton inside 
the colliding nuclei. We therefore perform Glauber model simulation to do such 
estimations in different systems.  

 
  From the Glauber model calculations, we find that 60-80% U+U collisions will produce the 

same number of tracks as 47-75% Zr+Zr and Ru+Ru collisions [87]. Therefore, we expect the 
same cocktail contribution and hot, dense medium contribution to the di-electron production in 
60-80% U+U collisions, 47-75% Zr+Zr and Ru+Ru collisions. We also find that the <B2> and 
<B4> value for these three collision cases are different. The ratios of <B2> in 47-75% Zr+Zr and 
Ru+Ru over that in 60-80% U+U are 0.85 and 0.98, respectively. The ratios of <B4> in 47-75% 
Zr+Zr and Ru+Ru over that in 60-80% U+U are 0.84 and 1.07, respectively [87]. The results 
obtained from the Glauber model calculations are summarized in Table 1.1. 

 

Quantities 
Systems 
U+U Ru+Ru Zr+Zr 

Centrality 60-80 47-75 47-75 
Multiplicity (|η|<0.5) 12-52 12-52 12-52 
Npart 21 ± 1 21 ± 1 21 ± 1 
B2 (fm-4) 30.8 ± 0.1 30.1 ± 0.1 26.2 ± 0.1 
B4 (fm-8) 1984 ± 4 2121 ± 4 1672 ± 4 

 
Table 5.2: Results obtained from the Glauber model calculations [87] for different colliding 
systems. The estimations of the magnetic fields are done at the time of the collisions (t=0) and at 
the center of the participant zone. The multiplicity is obtained using two-component model that is 
tuned to fit Au+Au data.  

 
With all the above information, we estimate with 1.2 billion good events for data analysis, 

the expected di-electron data over cocktail ratios in the isobar collisions and the projected 
differences for the two physics scenarios in Zr+Zr and Ru+Ru collisions. The results are shown in  
Table 5.3 and Table 5.4 for two different mass regions. 

 

Physics process 47-75% Zr+Zr 
(data/cocktail) 

47-75% Ru+Ru 
(data/cocktail) 

Difference between 
Zr+Zr and Ru+Ru 

Photonuclear 14.3 ± 0.4 16.1 ± 0.4 1.8 ± 0.6 (3.0 σ) 
Two-photon 14.2 ± 0.4 17.4 ± 0.4 3.2 ± 0.6 (5.3 σ) 

 
Table 5.3: The expected di-electron data over cocktail ratios in the mass region 0.4-0.76 GeV/c2 
for pT<0.15 GeV/c with 1.2 billion minimum-bias isobar collisions and the projected differences 
for the two physics scenarios in Zr+Zr and Ru+Ru collisions. 

 

Physics process 47-75% Zr+Zr 
(data/cocktail) 

47-75% Ru+Ru 
(data/cocktail) 

Differences between 
Zr+Zr and Ru+Ru 

Photonuclear 17.5 ± 1.7 20.0 ± 1.7 2.5 ± 2.4 (1.0 σ) 
Two-photon 17.3 ± 1.7 21.8 ± 1.7 4.5 ± 2.4 (1.9 σ) 

 
Table 5.4: The expected di-electron data over cocktail ratios in the mass region 3.0-3.2 GeV/c2 for 
pT<0.15 GeV/c with 1.2 billion minimum-bias isobar collisions and the projected differences for 
the two physics scenarios in Zr+Zr and Ru+Ru collisions. 
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source:	STAR	Note	657
RHIC	Beam	Use	Request	For	Runs	17	and	18
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0657



Excess	yield	and	Medium	Lifetime
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• Normalized	excess	yields	in	LMR	proportional	to	
medium	life	time	(QGP+HG)	for	√sNN=17.3–200	GeV

• nearly	constant	total	baryon	density
• emission	rates	dominated	around	TC

• Yields	in	U+U@193GeV	and	Au+Au@200GeV
• higher	yields	in	central	than	in	lower	energies
• observe	increase	from	peripheral	to	central	

ØIndications	of	longer	medium	lifetime	in	central	
UU@193GeV	and	central	AuAu@200GeV	



First	Measurements	of	Dielectron v2
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Øchallenge:	isolate	v2 of	excess	dielectrons
STAR,	PRC	90	(2014)	64904

cocktail	simulations	based	on	
published	light-hadron	v2

measurements

v2 from	π0 Dalitz decay	
consistent	with	simulations	
based	on	published	π	v2

vtotal
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(mee) = vsignal
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Dielectron v2 :	proof	of	principle
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• based	on	combined	Run	10	and	11	data	(760M	events)
• pT integrated	v2 of	dielectrons	in	STAR	acceptance

PRC	90	(2014)	64904

ELLIPTIC FLOW OF THERMAL DILEPTONS IN . . . PHYSICAL REVIEW C 75, 054909 (2007)

FIG. 5. (Color online) Same as Fig. 2, for M = 2 GeV.

flow of the (tiny) hadronic contribution of the same mass is
about 20 times larger.

The upper panel of Fig. 6 shows the pT -integrated elliptic
flow as a function of dilepton mass, v2(M). The solid
line gives the total elliptic flow of all dileptons (excluding,
however, post-freeze-out decay dileptons), whereas the dashed
and dotted lines show the elliptic flow of the QGP and
hadronic dileptons separately. Note that the latter show similar
qualitative behaviour as functions of M and of pT : although
the elliptic flow of hadronic dileptons increases monotonically
with M and pT , the quark matter dileptons exhibit elliptic flow
that first rises, then peaks, and finally decreases with increasing
M and/or pT [47]. For comparison, that panel also indicates
the pT -integrated elliptic flow values for a variety of stable
hadron species and hadronic resonances emitted from the
hadronic decoupling surface (see also the last paper in Ref. [3]).
For large invariant masses the pT -integrated elliptic flow of
hadronic dileptons is seen to approach that of hadrons with the
same mass. This reflects the fact that the homogeneity regions
[50] for massive particles are small because their thermal
wavelength decreases like 1/

√
M , and therefore all particles

of that mass (hadrons or virtual photons) feel approximately
the same flow. Low-mass hadronic dileptons, however, are
emitted from much larger homogeneity regions and thus have
an appreciable chance of being emitted significantly earlier
than the corresponding hadrons of the same mass; on average
they thus carry less radial and elliptic flow.

FIG. 6. (Upper panel) pT -integrated elliptic flow parameter for
dileptons and various hadrons. (Middle panel) pT distributions of
dileptons with M = mφ and M = mρ , and of φ and ρ mesons. (Lower
panel) Differential elliptic flow for the above.

We note that the additional buildup of radial and (to a lesser
extent) elliptic flow during the hadronic stage has opposite
effects on the pT -integrated and pT -differential elliptic flows:
Although the pT -integrated elliptic flow increases, the addi-
tional broadening of the single-particle spectrum from extra
radial flow shifts the weight of the flow anisotropy to larger pT ,
so at fixed pT the elliptic flow decreases (at least in the low-pT

region where v2(pT ) is a rising function of pT ). This follows

054909-5

Chatterjee
et	al

PRC	75	(2007)	054909to	distinguish	between	HG	and	QGP	v2	
need		uncertainties	<	4%	…

Vujanovic,	et	al.,
PRC89	(2014)034904



What	to	expect	at	RHIC	
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Opportunities:
• expect	significant	increase	of	partonic	
source	contribution

• Beam	Energy	Scan	provides	unique	
opportunities	to

• systematically	study	in-medium	ρ	
broadening

• on-set	of	QGP	thermal	radiation

Challenges:
• increased	particle	multiplicities	at	higher	
√sNN lead	to	significant	increase	in	
combinatorial	backgrounds

• STAR	at	200	GeV	for	Mee~	0.5	GeV/c2
• p+p:			S/B	~1/10
• Au+Au:	S/B		~1/250



𝜇"𝜇#	 in	Run14	Au+Au @	 s??� = 200 GeV
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Data	Triggered	by	dedicated	
Dimuon Trigger

In	60-80%	Au+Au :
→Clear	ɸ and	J/ψ peaks
→S/B	>	~1/10																								
(~1/100	to	1/250	in	𝑒"𝑒#)

Significantly	more	data	in	semi-
central	and	central	collisions
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PRL116,	222301	(2016)

J/ψ RAA
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Muon Telescope Detector (MTD)
• |η|<	0.5
• Azimuthal	coverage	~	45%	
• Precise	timing	σ∼100	picoseconds
• Precise	spatial	resolution	~1	cm



→Excess	is	consistent	in	
Au+Au and	U+U
→Excess	cannot	be	
explained	by	hadronic	
contributions	modified	by	
medium	
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STAR	Dielectron Results	in	Au+Au &	U+U	
Collisions	@	RHIC	Top	Energies
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Dielectrons in	Au+Au @	 𝑠--� =200	GeV
Low	Mass	Range
• Significant	enhancement	w.r.t.	
hadronic	cocktail	w/o 𝜌

Intermediate	Mass	Range	
• Dominant	contribution	from	correlated	

charm	decay
• Consistent	with	cocktail	within	

uncertainties

Heavy	Flavor	Tracker	
Upgrade:
Data	from	2014+2016
• Includes	Heavy	Flavor	Tracker	upgrade	

for	precise	secondary	vertex	
reconstruction

• Will	help	disentangle	contributions	in	
IMR	(Charm	modification,	QGP	thermal	
radiation,	etc.)	

• Analyses	are	ongoing
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Run 10: PRL 113 (2014) 022301; Run 10+11: PRC 92 (2015) 024912

Hadron	Cocktail	excl.	ρ Hadron	Cocktail	incl.	vacuum	ρ

R.	Rapp,	Phys.Rev.	C	63	(2001)	054907
O.	Linnyk et	al.,	Phys.	Rev.	C	85	024910	(2012)



Dielectrons in	Au+Au @	 𝑠--� =200	GeV

• Data/Cocktail	“enhancement	factor”	in	LMR	does	not	show	strong	
dependence	on	centrality	or	pT.

• Model	calculations	(Rapp	&	PHSD)	give	a	reasonably	good	description	
across	pT and	centrality	differentials.
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Dielectrons	in	U+U	@	 𝑠--� =	193	GeV
Expected	to	have	~20%	higher	energy	
density	compared	to	Au+Au @	200	GeV
• Kikola et	al., PRC84	054907	2011
• Expect	longer	medium	lifetime
• Expect	higher	excess	yield	in	LMR

Significant	excess	yield	in	𝜌-like	mass	
region	(	300	<	𝑀''<760	MeV/c2 )
• Data/cocktail	=	2.1	± 0.1	(stat)	± 0.2	(syst)	± 0.3	(cocktail)
• Large	contribution	(~48%)	from	charm	in	this	range

• 𝜎cc=797	μb,			𝜎bb=3.7	μb,			𝜎DY=42nb

• Model	vs.	data	shows	good	agreement
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Model	simulation:
R.	Rapp	– Adv.	High	energy	Phys.	(2013)	148253

Cocktail	simulations:
STAR,	PRC	92	(2015)	024912

ShuaiYang,	Q
M
2015



STAR, PRL 113 (2014) 022301

Dielctrons in	Au+Au and	U+U
What	have	we	learned?
• Excess	yield	in	𝜌-like	mass	region	
increases	faster	than	Npart scaling	
→ ~(𝑁𝑝𝑎𝑟𝑡)𝛼,	𝛼=1.44±0.10	
(Au+Au @	200	GeV)

3/18/17 Daniel	Brandenburg	|	Rice	University 40

A: ρ-like  0.30-0.76 GeV/c2

B: ω-like 0.76-0.80 GeV/c2

C: φ-like 0.98-1.05 GeV/c2



Dielctrons in	Au+Au and	U+U
What	have	we	learned?
• Vacuum	𝜌 disfavored	by	data
• Both	Rapp	&	PHSD	models	
consistently	describes	the	data

• LMR	excess	shows	little	
dependence	on	pT or	centrality
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PR
C

 92 (2015) 024912 

Au+Au @	200	GeV



Dielctrons in	Au+Au and	U+U
What	have	we	learned?
• Vacuum	𝜌 disfavored	by	data
• Both	Rapp	&	PHSD	models	
consistently	describes	the	data

• LMR	excess	shows	little	
dependence	on	pT or	centrality
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Strong	motivation to	further	explore	
production	dynamics	+	models’	ability	
to	describe	data
• measure	excess	yield	in	𝜌-like	mass	

region vs.	 𝑠--�


