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Program
- Vector Meson Dominance
- Thermal radiation
- Extracting the „signal“
- Dilepton excitation function
- CBM and dileptons
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How do photons couple to hadrons - VMD
4

o JP = 1- for both γ* and Vector Meson
o Strong coupling of γ* to Vector Meson

à Vector-Meson Dominance model (VMD)
o Observable: vector mesons (ρ,ω,ϕ)
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F(q2)time like



Vector Meson Dominance
Generalized „Bremsstrahlung“ – current-current correlation function ! " , !(0) (the imaginary part of it is called the
spectral function):

The current on the partonic level ...

... and „mapped“ to the hadronic world:

If the hadronic current is saturated by the vector mesons, the correlator turns into the VM propagator
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Dilepton Radiation in Theory
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Thermal  emission rate
Follow up all resonances during
the collision and let them
(perturbatively) decay → SHINING
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Emissivity (hadronic)



VMD scrutinized  (!"# reactions)
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PWA results (n π+π-) 656 MeV/c

― σN(939) ― Δ(1232)π― ρN(939) | - - - N(1520) - - - ρN 

in 4π

invariant masses 𝒏𝒏𝝅𝝅+, 𝒏𝒏𝝅𝝅−, 𝝅𝝅+𝝅𝝅−in acceptance

!" + # → !" + !& + ' ; #)* = 656, 690, 748, 800 MeV !" + # → ," + ,& + '

Evidence for intermediate - propagation (VMD) in both s and t-channel.



Medium radiation from Thermal Emission Rates: 

Theoretical Approaches to Fireball Radiation
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Dependence of the Emissivity (Standard Candle)
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Data obtained in a third run with this 158 A GeV Au on Pb re-
produced the earlier findings.

The CERES results demonstrated for the first time the exis-
tence of dilepton radiation out of a hot and dense fireball. Yet,
the data could not answer if the radiating medium was dom-
inantly of hadronic or partonic character. A possible contri-
bution to the excess from a partonic stage could have likely
been outshined by radiation from the hadronic stage. A separa-
tion of the two contribution in the LMR is even more intricate
as the spectral distribution of radiation emitted from medium-
modified ⇢ mesons resembles properties of the radiation of a
QGP once the temperature of the emitting matter approaches
the critical temperature. This not so surprising property has
its origin in the quark-hadron duality (cf. Sec. 3.4). A break
through in the search for thermal partonic dilepton radiation
was achieved with the NA60 dimuon spectrometer. It grew
from NA50, which had taken data for Pb+Au already but with a
strong focus on the IMR and HMR regions. An important find-
ing of NA50 was the suppression of charmonium production
which strengthens as more central event classes are selected.
Such a signature was conjectured after it had been realized that
the presence of a QGP would prevent the formation of charmo-
nium states out of cc̄ pairs produced in a hard scattering due
to color screening. Attention was also put to the continuum
around the pole masses of the charmonium states. As discussed
in 3.6, both Drell-Yan pairs and correlated semi-leptonic open
charm decay are the dominant source of continuum radiation
at invariant masses beyond 1 GeV/c2. However, thermal radia-
tion out of a deconfined phase at temperatures in excess of Tc
will also contribute to this invariant mass region if the phase
lives long enough and extend of the larger fraction of the re-
action volume. Yet, a final answer to a possible existence of
thermal radiation could not be given on the basis of the NA50
data, chiefly because of insu�cient knowledge of the charm
production in heavy-ion collisions in this energy regime.

This situation changed when in 2008 data was taken with
NA60 for the collision system In+In. To improve momen-
tum resolution and pointing accuracy close to the interaction
vertex, the existing muon spectrometer was complemented by
a high-resolution silicon tracking system between the interac-
tion region and the hadron absorber. A total of 16 planes of
radiation-hard silicon pixel detectors [164] were positioned in-
side a 2.5 Tesla magnetic dipole field. Muon candidates were
found by matching track segments in the vertex tracker and
in the muon tracking section both, in position and momen-
tum. This strategy improved the momentum resolution to about
1% for muons with of one GeV momentum for muon tracks
and also provided su�cient resolution to discriminate emission
from the primary vertex (prompt) from displaced tracks (sec-
ondary), characteristic for muons from weak decays. In about
four weeks of running at interaction rates of around 130 kHz,
a total of 2.3 108 dimuon events were recorded for the colli-
sion system In(158 A GeV)+In. Two di↵erent magnetic field
settings were used to shift emphasis from the IMR to the LMR.

The high statistics data, with an integral of 440.000 signal
pairs for all centralities, allowed for a multi-di↵erential analysis
for the first time. All conventional sources, except the contribu-
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FIGURE 2. Left Panel: Acceptance-corrected invariant mass spectrum of the excess dimuons, inte-
grated over pT , compared with three different sets of thermal-model results in absolute terms. Right
panel: Inverse slope parameter Teff of the acceptance-corrected mT spectra vs. dimuon mass (see [13]
for a discussion of the statistical and systematic errors). Hadron results are shown for comparison.

however, to treat the different sources separately, i.e. after the subtraction procedure, due
to differences in the distributions (open charm, e.g., is completely different).

THERMAL RADIATION

The prime results on the excess data are summarized in Figs.2-4. The pure data aspects
will be discussed first, followed by a coherent interpretation of all results in terms of
thermal radiation further below. The left panel of Fig.2 shows the inclusive invariant
mass spectrum of the excess dimuons for the complete range 0.2<M<2.5 GeV, with
all known sources subtracted (except for the �), integrated over pT , corrected for ex-
perimental acceptance and normalized absolutely to the charged-particle rapidity den-
sity [18]. Compared to an earlier version of the figure [15], the errors have significantly
decreased at low masses, using a 1-dimensional acceptance correction in M based on the
measured correlated M-pT information ([16] and Fig.3). In addition, the subtraction of
the narrow resonances is now based on an improved modeling of the experimental reso-
lution [19], leading to a smoother spectral shape in the region of the � . The left panel of
Fig.3 shows the associated mT spectra for the LMR part, where mT =(p2

T +M2)1/2. The
normalization is arbitrary, allowing for an even spacing of the 10 spectra, but the abso-
lute normalization of their integrals can directly be taken from the mass spectrum. In
contrast to an earlier version of the figure [13, 15], the pT coverage has mostly been ex-
tended to about 3 GeV. The mT spectra for the IMR part are shown in the right panel of
Fig.3 [15, 16]. All mT spectra are, to a very high degree of accuracy [17], pure exponen-
tials for (mT -M)�0.2 GeV [13]. The complete information can therefore be condensed
into one single parameter for each spectrum (determined with a very high accuracy), the

Figure 16: Invariant mass distribution of excess dimuons obtained by NA60
in In+In collisions at 158 A GeV kinetic beam energy. The data shown (ex-
cess dimuons) is corrected for e�ciency, extrapolated to full phase space and
for all collisions with at least 30 charged tracks in one unit of pseudo-rapidity
(i.e. close to minimum bias). Also shown are model predictions assuming ther-
mal rates calculated for an expanding fireball including partonic and hadronic
phases. For further explanation see text.

tions from ⇢meson decay, were studied in detail and finally sub-
tracted to obtain a spectral distribution of excess muons, which
are expected to be emitted solely from the hot and dense stage
of the fireball evolution. To the conventional sources belong
dimuons from hard processes which contribute mostly to the
IMR and decays of mesons after the freeze-out (cf. Secs.: 2.3
and 3.2). From inspection of the muon tracks associated with
pairs in the IMR, the contribution from correlated open charm
could be quantified. It turned out that the slope of the dimuon
spectral distribution from open charm decay falls in line with
the slope for the excess radiation while the yields of the two
are about the same [165]. The relative yield of Drell-Yan and
open charm dimuons was estimated based on results of p+A
collisions at a higher energy (450 A GeV) obtained by NA3
and NA50, scaled down in energy using the excitation func-
tion for Drell-Yan and open charm calculated with the prop-
erly adjusted event generator PHYTIA [165]. It was found
that the spectrometer suppresses contributions from correlated
open charm decay due to an implicit constraint on the muon
decay topology, quantified by taking for each pair the emis-
sion angle ✓CS of the positive muon relative to the beam axis
in the NN center-of-mass frame (Collins Soper frame). Only
(pseudo) pairs with |cos✓CS| < 0.5 were accepted in the anal-
ysis to minimize edge e↵ects in the reconstruction procedure
(fiducial volume). The ratio of the two contributions was then
kept fixed for all centralities and the the Drell-Yan yield was
fixed by using the measure J/ yield as proxi for the Drell-Yan
cross section. A fit to the high mass region of the measured
dimuon continuum, i.e. in a region where Drell-Yan dominates
over open charm, was not pursued due to the limited statistics
in case of a di↵erential analysis. On the other hand, uncer-
tainties in the anomalous suppression of J/ production intro-
duced a 10% systematic uncertainty of this procedure. After

27

the subtraction of the so defined contribution from hard scatter-
ing processes, the remaining yield was attributed to thermal ex-
cess radiation shown as “excess dimuons” at invariant masses
beyond 1.2 GeV/c2 in Fig. 16. Indeed, this excess radiation
can be saturated scaling both the Drell-Yann and open charm
contributions with factors 1.26 ± 0.09 and 2.61 ± 0.2, respec-
tively. This observation (with di↵erent factors) was also made
analyzing data taken with NA50 for the heavier collision sys-
tem Pb(158 A GeV)+Au. And important additional asset of the
NA60, instrumental to exclude insu�cient knowledge of charm
production as possible explanation of the observed excess yield,
was the very much improved vertexing capability. to quantify
the likelihood of emission from the primary vertex an observ-
able was used derived from the declination of identified muon
tracks w.r.t. the reconstructed primary vertex. This weighted
distance was calculated in the transverse (to the beam axis)
plane at the position of the primary vertex along the beam axis.
It could be demonstrated that the excess yield is indeed chiefly
emitted from the primary vertex and consequently prompt ra-
diation. The remarkable result is the near exponential decay of
the excess radiation as it is expected for thermal (black body)
radiation (cf. Fig. 16). We will come back to this topic after the
discussion of the LMR dimuons.

The striking di↵erence between IMR and LMR is the struc-
ture appearing at 770 MeV/c2, the location of the ⇢0 meson
pole. This is the structure expected from VMD; while the gen-
eral trend is still exponential – or phase space-like, the yield is
modulated by the spectral properties of the in-medium ⇢meson.
The excess radiation in the LMR emerges above contributions
from decays of long-lived mesons ⌘, ⌘0 and !, as discussed
above. The ⇢0 meson does explicitly not belong to the later class
and its contributions are kept in the excess yield. The strength
of the contributions from late meson decays could in this exper-
iment be largely determined by inspection of the dimuon spec-
tral distribution itself, thanks to the excellent mass resolution of
20–30 MeV/c2 in the vector meson pole region. Using precise
line shapes obtained from full Monte Carlo simulations includ-
ing the detector response functions, the pole mass region was
fitted assuming a smooth underlying excess yield and the two
line shapes for the !!µ+µ�and �!µ+µ�. Contributions from
⌘-Dalitz decays were determined by the conservative ansatz that
the IMR yield at invariant masses around 200 MeV/c2 is fully
saturated by ⌘-Dalitz decays [166].

The the data set presented in cf. Fig. 16 constitutes a land-
mark in dilepton spectroscopy. Three essential observations
characterizing the properties of the fireball created in In+In col-
lisions at a beam energy of 158 A GeV could be made. We first
address the change of properties of mesons in an hadronic en-
vironment and the role of meson baryon coupling herein. The
large statistics and the minimum bias dimuon trigger used in the
experiment allowed to study the ⇢ line shape as function of cen-
trality of the collision. Indeed, inspecting the spectral distribu-
tion of the excess yield for di↵erent centrality classes revealed
that the structure of the ⇢ meson in the (almost) minimum bias
distribution depicted in Fig.16 originates dominantly from pe-
ripheral collisions. For that the excess radiation in the LMR was
analyzed in 12 bins of centrality in [167], with mean multiplic-
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FIGURE 5. Left panel: Propagation of thermal radiation based on a uniform spectral function through
the NA60 acceptance. The resulting spectrum is also uniform (see text). Right panel: Excess dimuons
before acceptance correction, reflecting the in-medium � spectral function averaged over space-time and
momenta. The theoretical predictions also shown are renormalized to the data for M<0.9 GeV. Beyond
0.9 GeV, other physical processes take over.

theory, a centrality selection of 110<dNch/d�<170 has been applied, but the data are
very close to the inclusive data (< dNch/d� >=120) with their much better statistics,
contained in the middle panel of Fig.1. The evolution of the � spectral function with
centrality is discussed in [12, 16]. A peaked structure is always seen, broadening strongly
with centrality, but remaining essentially centered around the nominal pole position
of the � . The rms of the distributions increases monotonically from that of a free �
to almost the value of a uniform spectrum. The total yield relative to the (estimated)
cocktail � increases by a factor of 6-7, reflecting the “�-clock” [26], i.e. the number of
� generations created during the fireball evolution.

Fig.5 also contains the two main theoretical scenarios developed historically for the
in-medium spectral properties of the � , dropping mass [2] and broadening [5], evaluated
here for the same fireball evolution [27]. The model results are normalized to the data
in the mass interval M<0.9 GeV, just to be independent of the fireball evolution. The
unmodified � is clearly ruled out. The broadening scenario gets remarkably close, while
the dropping mass scenario completely fails. This ends a decades-long controversy
about the spectral properties of hadrons close to the QCD phase boundary, kept active
solely through insufficient data quality. The connection to chiral symmetry restoration
remains an open theoretical issue, but the way chiral partners ultimately mix is probably
answered with “complete melting”.

In nuclear collisions, the longer-lived � (23 fm) and � (46 fm) have historically
received much less attention than the � , since most of their dilepton decays occur
after thermal freeze-out. The � suffers, on top, from the strong masking by the much
more abundant (regenerated) � , leaving precision work rather to cold nuclear matter

Figure 17: Invariant mass distribution of excess dimuons reconstructed in the
acceptance of the NA60 detector for semi-central In+In collisions at 158 A GeV.
The lines represent expected yields based on various assumptions: Cocktail
⇢ (thin solid), unmodified ⇢ (dashed), in-medium broadened ⇢ (thick solid),
shifted ⇢ (dashed-dotted). The dashed line shows a remaining contribution from
correlated open charm decays not removed by subtracting the meson cocktail
(further explanation see text).

ities ranging from 4  dnch/d⌘ < 10 to 190  dnch/d⌘ < 240,
to separate contributions from thermal radiation from ⇢ mesons
decay at around freeze-out, where strong medium modifications
are not expected. Invariant mass distributions of the excess radi-
ation for di↵erent centrality classes show two distinct features;
a broad distribution ranging from the two-muon cuto↵ at low
masses to masses beyond one GeV/c2 (i.e. beyond the the low-
mass vector mesons) and a bump centered around the ⇢ pole.
The relative yield of the two contributions vary in a character-
istic way in accordance with the assumption that in central col-
lisions thermal dileptons emitted throughout the collision shine
out contributions from the freeze-out stage. This characteris-
tics becomes even more evident if the invariant mass spectra
are accumulated for dimuons with transverse momenta below
0.5 GeV/c. In that case the fraction attributed to the so-called
freeze-out ⇢ is even reduced. This e↵ect would likely be even
more prominent if the acceptance of NA60 dimuon spectrome-
ter would not drop strongly for low-mass, low-pt muon pairs.

A theoretical interpretation of the dimuon invariant mass
spectra measured in the acceptance of the NA60 spectrometer is
shown in Fig. 17. As a consequence of the subtraction scheme
the spectrum is assumed to contained essentially only thermal
radiation and any contribution from ⇢ decay other than thermal,
most prominently from ⇢ mesons at chemical freeze-out. The
spectral distribution is successfully modeled assuming contri-
butions from a hadronic, pion dominated thermalized fireball.
The respective yield is calculated by integrating the emissiv-
ity of a hadron gas at variable temperature and baryo-chemical
potential over a conjectured space-time evolution of the colli-
sion zone. The latter is adjusted such as to describe properly a
number of hadronic observables like pion rapidity densities and
transverse momentum spectra. The results is shown as solid
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FIGURE 2. Left Panel: Acceptance-corrected invariant mass spectrum of the excess dimuons, inte-
grated over pT , compared with three different sets of thermal-model results in absolute terms. Right
panel: Inverse slope parameter Teff of the acceptance-corrected mT spectra vs. dimuon mass (see [13]
for a discussion of the statistical and systematic errors). Hadron results are shown for comparison.

however, to treat the different sources separately, i.e. after the subtraction procedure, due
to differences in the distributions (open charm, e.g., is completely different).

THERMAL RADIATION

The prime results on the excess data are summarized in Figs.2-4. The pure data aspects
will be discussed first, followed by a coherent interpretation of all results in terms of
thermal radiation further below. The left panel of Fig.2 shows the inclusive invariant
mass spectrum of the excess dimuons for the complete range 0.2<M<2.5 GeV, with
all known sources subtracted (except for the r), integrated over pT , corrected for ex-
perimental acceptance and normalized absolutely to the charged-particle rapidity den-
sity [18]. Compared to an earlier version of the figure [15], the errors have significantly
decreased at low masses, using a 1-dimensional acceptance correction in M based on the
measured correlated M-pT information ([16] and Fig.3). In addition, the subtraction of
the narrow resonances is now based on an improved modeling of the experimental reso-
lution [19], leading to a smoother spectral shape in the region of the f . The left panel of
Fig.3 shows the associated mT spectra for the LMR part, where mT =(p2

T
+M2)1/2. The

normalization is arbitrary, allowing for an even spacing of the 10 spectra, but the abso-
lute normalization of their integrals can directly be taken from the mass spectrum. In
contrast to an earlier version of the figure [13, 15], the pT coverage has mostly been ex-
tended to about 3 GeV. The mT spectra for the IMR part are shown in the right panel of
Fig.3 [15, 16]. All mT spectra are, to a very high degree of accuracy [17], pure exponen-
tials for (mT -M)�0.2 GeV [13]. The complete information can therefore be condensed
into one single parameter for each spectrum (determined with a very high accuracy), the

Spectrometer

Barometer (!"/!$%)
Polarimeter

Thermometer

All data from NA60

April 16-18, 2018 3rd CBM-China Meeting, Yichang, China | Joachim Stroth, Goethe University / GSI 13



Excitation Functions
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FIG. 29. (Color online) Dielectron mass spectrum in 200GeV minimum-bias Au+Au collisions compared to the
hadron cocktail plus the hadronic medium and partonic QGP contributions calculated from Rapp (upper left panel)
and PHSD (upper right panel) models. Yellow bands in the bottom panels depict systematic uncertainties on the
cocktail.
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Conjecture (very suggestive) for the case of a 1st order phase transition ☛



THE MUON SETUP



CBM µ setup
o Goal:

- Clean dilepton signal for low- and intermediate 
mass pairs.

- “Trigger” on high-mass pairs (!/#)

o Challenge:
- Muon detection at low energies. 
- Efficient weak decay rejection. 
- High areal particle rates in first detector:

0.7 hit/cm2 @ 0.4 mA/cm2 (full intensity)

o Strategy:
- Identification in/after 

hadron absorber with 
intermediate 
tracking layers

- Triple GEM detectors 
with pad read-out

o Instrumented hadron absorber & time-of-flight
o 60 (C+Pb) + 20 Fe + 20 Fe + 30 Fe + 35 Fe + 100 Fe (cm) 
o 30 cm gap between 2 absorbers 
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Muon background rejection 

MuCh

LMR-IMR @ SIS100
LMR-IMR @ SIS300
J/y at SIS100/300

TOF

background

µw

Quality of the muon track (c2
MuCh)

Punched through hadrons in 
ToF

Rejection strategy
① Tracking: χ2

vertex< 2 and 6 STS hits
② MuCh: χ2

MuCh< 1.25 and 14 MuCh hits 
③ TOF: m2 < 0.01

April 16-18, 2018 3rd CBM-China Meeting, Yichang, China | Joachim Stroth, Goethe University / GSI 17



Dimuon results

Anna Senger, GSI

SIS300
Au+Au 25A GeV

Ekata Nandy, VECC

SIS100
Au+Au 8A GeV
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THE ELECTRON SETUP



CBM electron setup
o Goal:

- Clean dilepton signal for low- and intermediate 
mass pairs

o Challenge:
- No electron identification before tracking (close 

pair detection)
- Background due to material budget of the 

tracking system
- Abundant singles from incomplete detection of 

Dalitz pairs
o Strategy:

- Sufficient ! discrimination
- Reduction of background by reconstructing pairs 

from g-conversion and p0 Dalitz decay
o MVD + STS:  MAPS pixel sensors + silicon strip
o RICH: conventional design based on commercial 

products (Germany, Russia, Korea)
o TRD: thin gap design based on ALICE TRD 

(Germany, Romania)
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Electron identification: Discriminating input variables

e+/-

p+/-

RICH ring radius vs. momentum TRD signal for single hits
with TR production

e+/-

p+/-

e

p,K,
p

Nonlinear Analysis: Artificial Neural Networks are used to identify leptons
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Invariant mass spectrum after e-ID Cuts

o Major combinatorial background from 
physical sources

• Partially reconstructed g-conversions in 
target and tracking system, p0 Dalitz
decays

o Strategy:

• Use topological cuts in order to reject this 
background   
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CBM Simulation, Au-Au 8 " GeV, '()* = 9 M



Track topology

π 0 → γe+e−

Track Segment
(p, charge)

Electron Track Opening angle distribution between e+e- Correlation of the number of STS traversed
by e+e- pairs from p0-Dalitz
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Background rejection strategy
o Select closest neighbor track and plot opening angle q versus √pepreco

o Primary track cut
- Extrapolate tracks to primary vertex and cut on deviation to the vertex
- Tracks must have a hit in the first MVD station or be in its acceptance

o Track topology cut
- Cut on opening angle and product of momenta

Signal p0-Dalitz g-conversions
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Summary
CBM scientific program at SIS100: 

o Exploration of the QCD phase diagram in the region of neutron star core densities   
® large discovery potential.

Goals for the dilepton program: 
o Establish a full excitation function of dilepton radiation 
o Extract excess yields, temperatures and flow
o Search vor non-monotonic behavior of these observables
o Study in detail the spectral distribution around 1 GeV to learn about the chiral symmetry 

restoration

FAIR Phase 0:
o HADES with CBM RICH photon detector
o Focus in particular on baryon transition form factors using pion-beam induced reactions
o Electromagnetic decays of hyperons
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THANK YOU
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