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The HADES experiment @ GSI
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Data taken so far
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o  Four weeks beam on target


o  Mean data rate 8-10 kHz 



✘  peak 20 kHz


o  7 Billion events (140 TB) on disc



S&ll	
  to	
  come	
  at	
  SIS18:	
  
	
  
•  Ag	
  +	
  Ag	
  11.65	
  AGeV	
  
•  more π +	
  p/A	
  	
  

(“the	
  mother	
  of	
  dilepton	
  	
  	
  
measurements”	
  VK	
  )	
  

✦	
  π+Nb,CH2	
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Motivation came from theory!



o  R. Pisarski (1982): connection of 
phase-transition to modification of 
the ρ mass (dileptons) ���
(PLB 110, 1982).



o  G.E. Brown / M. Rho: Scaling of 
masses with χ-condensate ���
(PRL 1989, 1991)���
���
���




o  T. Hatsuda / S. Lee: operator 
product expansion (PRC 46, 1992) 



m* ≈ m qq* qq"
#

$
%
u

m* =m 1−α  ρ ρ0( )
qq expectation in chiral power counting ���
by U. Meissner et al. [arXiv:1007.2574]
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Figure 8: (Color online.) The ratio between the in-medium and vacuum chiral quark condensate, ⟨Ω|q̄q|Ω⟩/⟨0|q̄q|0⟩,
eq. (5.6), for neutron matter, left panel, and symmetric nuclear matter, right panel. Left panel: The (red) solid and
(cyan) dot-dashed lines are our full results for ⟨Ω|ūu|Ω⟩ and ⟨Ω|d̄d|Ω⟩, respectively. The (black) dashed and (blue)
dotted lines correspond in the same order to the linear density approximation (Ξ1) only. Right Panel: The (red)
solid and (black) dashed lines are the full results (with g0 = −0.97 m2

π
) and the linear approximation, respectively.

The (blue) dot-dashed line is the calculation for g0 = −0.5 m2
π. All the curves shown employ σ = 45 MeV [22].

g0 = −0.62 m−2
π , respectively. In fig. 8 we show the ratio ⟨Ω|q̄q|Ω⟩/⟨0|q̄q|0⟩ eq. (5.6) for pure neutron (left

panel) and for symmetric nuclear matter (right panel). From the figure we observe that the leading order
correction Ξ1, eq. (3.2), is the dominant contribution. This gives rise to the linear density approximation
represented by the dashed and dotted lines in the left panel and by the dashed line in the right one. The
NLO corrections rising from Ξ6, eq. (5.5), for the case of neutron matter correspond to the difference
between the solid and dashed lines and between the dot-dashed and dotted lines in the left panel of
fig. 8. The former couple of lines refer to ⟨Ω|ūu|Ω⟩ and the latter to ⟨Ω|d̄d|Ω⟩. In this case the NLO
corrections are small and amount to 4.5% of the LO ones at ρ = 0.3 fm−3. The corrections increase with
density, as expected, since higher three-momenta are available for larger Fermi momentum. For the case
of symmetric nuclear matter the NLO contributions are larger, though still mild. They correspond to the
difference between the solid and dashed lines in the right panel of fig. 8 and they are 10% and 20% of the
leading correction for ρ = 0.3 and 0.5 fm−3, respectively. The NLO corrections, Ξ6, tend to speed up the
tendency towards a vanishing quark condensate in the nuclear medium (a signal of a possible restoration
of chiral symmetry in nuclear matter). It is worth pointing out that the dependence on the subtraction
constant g0 of the in-medium quark condensate to NLO is just at the level of a few per cent. This is
shown in fig. 8 by the dot-dashed line where g0 = −0.5 m2

π is used. For the reasons discussed, the quark
condensate is significantly less dependent on g0 than E/A. Were σ = 64 MeV used [48], the dominant
linear density contribution will lead to a faster decrease of the in-medium quark condensate. E.g. at
this level of approximation, the dashed line in the right panel of fig. 8 would cross the zero at already
ρ ≈ 2ρ0. To this result one should add the difference between the solid and dashed lines corresponding to
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C.B.M. Mission



o  Search for new phases 
of strongly interacting 
matter in the region of 
high net-baryon density



o  Discovery potential



o  Emphasis on 


✘  Multi-strange baryons


✘  Dileptons


✘  Fluctuations


✘  Charm



…  systematics!
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<qq> from PQM: B.J. Schaefer, J. Wambach, priv. comm.
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The (conjectured) phases of QCD



Courtesy of  K. Fukushima & T. Hatsuda 
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Dilepton results from HADES - elementary reactions
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e+e- pairs from pp and np reactions (HADES) 



Data from HADES pp and dp (tagged n) at 1.25 AGeV


•  Remarkable isospin effect


•  Beam energy dependence observed



HADES collaboration  (PLB 690, 2010)  
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theoretical interpretation of the "Isospin Effect"



Radiation from the internal line yields enhanced emission at high 
invariant mass.


➛ can also be understood as off-shell (cloud cloud) π π collision!! 
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FIG. 1: (Color Online) Graphs for the e+e− production via ρ0

channel π+π− production in pn collisions. Top: production
via t-channel ∆∆ excitation leading to pn (left) and deuteron
(right) final states. Bottom: production via s-channel d∗ for-
mation and its subsequent decay into the ∆∆ system.

momentum-dependent transition amplitude in eq. (17)
resulting in the solid curve. The enhanced yield of the
e+e− spectrum relative to the scaled π+π− spectrum at
low masses is due to the fact that – in addition to the in-
verse power dependence on the invariant mass – the pion
pair is in relative p-wave and therefore suppressed near
threshold, whereas the e+e− pair is in relative s-wave
and hence not suppressed. The resulting integral cross
section for the process pn → e+e−X is 72 nb, which is
about a factor of four larger than that from the crude
estimate.

Since the HADES detector has limited acceptance, this
has to be taken into account for comparison with the
HADES data. The dashed curve exhibits the final e+e−

production resulting from ρ0-channel π+π− production
in pn collisions within the HADES acceptance.

All other conventional processes due to π0, η and ∆
Dalitz decays and bremsstrahlung – mentioned in the in-
troduction – were simulated using the PLUTO generator
[27] and filtered with HADES efficiency-acceptance fil-
ters. [34] They are shown in Fig. 2, bottom in comparison
with the HADES data for pn initiated e+e− production
at Tp = 1.25 GeV. The sum of these processes resulting
from Dalitz decays is denoted by the dotted curve. It
provides a quantitative description of the data in the re-
gion of the π0 peak, i.e. for Me+e− < 0.15 GeV. Above,
the sum curve under-predicts the data increasingly with
increasing Me+e− values. However, if we add the e+e−

production resulting from ρ0-channel π+π− production
(dashed curve both in top and bottom parts of Fig. 2) we
obtain a nearly perfect description of the HADES data.

There appears still a slightly underestimated region in
the range 0.15 GeV < Me+e− < 0.3 GeV. It possibly
might be related to direct d∗ decay pn → d∗ → de+e− or
pn → d∗ → [pn]I=0e+e− as suggested in Ref. [5]. How-
ever, since we know neither shape nor strength of such a
d∗ form-factor in this channel, we cannot estimate such a
contribution reliably. In addition, also the PLUTO gen-
erated processes have theoretical uncertainties, which are
in the order of the deviation in question. Since we base
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FIG. 2: (Color online) Distribution of the invariant mass
Me+e− produced in pn collisions at Tp = 1.25 GeV. Top:
e+e− production from ρ0 decay resulting from the ∆∆ excita-
tion via on-shell π+π− production according to process (16).
The drawn curves denote the [π+π−]I=J=1 spectrum scaled
by the e+e− branching ratio at the pole of ρ0 (blue dotted),
the resulting e+e− spectrum using the proper momentum de-
pendent branching ratio (red solid) and the resulting e+e−

spectrum within the HADES acceptance (cyan dashed). Bot-
tom: Full e+e− production. The open circles give the HADES
result [2]. Thin solid lines denote calculations for e+e− pro-
duction originating from π0 production and bremsstrahlung
(black), single ∆ (red) and η (green) production with sub-
sequent Dalitz decay. The dotted curve denotes the sum of
these processes. The dashed (cyan) curve gives the contribu-
tion from the ρ0-channel π+π− production and the thick solid
line the sum of all these processes.

here the dilepton production due to ρ0 channel π+π− pro-
duction on experimental results for the relevant two-pion
production channels, we consider here only the on-shell
situation. However, because the two-lepton threshold is
much lower than the two-pion threshold also dilepton
production via virtual ρ0 formation in the intermediate
state will contribute. Taking this into account removes
the cut in the e+e− spectrum at the π+π− threshold and
replaces it by a smooth continuation as depicted, e.g.,
in Fig. 3 of Ref. [4]. Hence accounting for this will fill
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FIG. 3: [color online] (a) and (b) show the same reactions as in Figs. 2(a) and 2(b) but with elec-

tromagnetic form factors included at pion and nucleon vertices. Also shown are the contributions

of meson Dalitz decays and subthreshold ρ0 decay processes. Total QM cross sections obtained

with (FF2) and without (NEFF) electromagnetic form factors are shown by dashed and dashed-

dotted lines, respectively. The simple sum of the meson Dalitz decays, ρ0 decay and full quantum

mechanical (with FF2 form factors) cross sections are shown by the full line. The data are taken

from the Ref. [19].

In Fig. 3(b), we show the total QM cross sections obtained without (NEFF) and with

(FF2) electromagnetic form factor of FF2 type for the quasifree pn → pne+e− reaction

(where Fig. 1c also contributes) at the beam energy of 1.25 GeV. We have not shown

explicitly the cross sections obtained with FF1 type of PEFF in order not to overcrowd the

figure - they lie between the NEFF and FF2 results. The larger cross sections obtained

with FF2 form factors as compared to those with FF1 can be traced back to the fact that

in the timelike region the former is significantly larger than the latter [38, 39]. We note

that with FF2 type of PEFF, the QM cross sections are significantly enhanced for M > 0.3

GeV/c2 and are larger than η and ρ0 decay contribution by almost an order of magnitude at

larger values of M . The η Dalitz decay contributions drop off strongly for M beyond 0.50

GeV/c2 due to phase space restrictions. In this region the ρ0 decay cross sections become

9
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R. Shyam, U. Mosel [arXiv:1003.3343] 

 M. Baskkanov, H. Clement [arXiv:1312.2810 ] 





Dilepton results from HADES - cold matter
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dileptons from p+p and p+Nb @ 3.5 GeV collisions



Radiation from Dalitz-decays of regenerated Deltas





         p + p                     p + p (GiBUU)           p + p/Nb (pl < 800 MeV)




































Decay of off-shell ρ's formed in the meson cloud!
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#  Supported by GiBUU (Janus Weil) 

"  large contributions from 
several Ν� and  Δ� resonances 

INCLUSIVE DILEPTON PRODUCTION 

R 

N 

γ* 
e+ 

e- 

ρ 

J. Weil et al., Eur. Phys. J. A 48 (2012) 111 

EXCLUSIVE DILEPTON PRODUCTION pp " pp e+e- 

]2 [GeV/c
-e+e

invM
0.2 0.4 0.6 0.8

)]2
 [b

ar
n/

(G
eV

/c
ee

/d
M

σd

-1010

-910

-810

-e+eγ→η
-e+e→ω
-e+e→ρ

-e+pe→(1232)Δ
-e+pe→R

total

-e+ ppe→pp 
 = 3.5 GeVkinE

ρ 

HADES Collab.: Eur. Phys. J. A (2014) 50: 82 

R assumes no ρ contribution 

#  Significant contribution from higher 
(than Δ) mass resonances 
(„QED”: point like R"Nγ* vertex ) 

"  Fixed through decomposition of the 
exclusive π production: pp"ppπ0 
and pp"npπ+ 

R 

N 

γ* 
e+ 

e- 

REFERENCE FOR FAIR 
Vacuum: p+p 3.5 GeV 

Effect of electromagnetic form factors

"  Treatment of Dalitz decays of broad 
resonances is not well understood 

#  Clear “excess” over p+p below VM pole 

#  Interplay: In-medium ρ modifications 
 vs. secondary π reactions  

" Important constraint πN data (2014)! 

Cold matter: p+Nb 3.5 GeV Hot and dense matter: Nb+Nb 3.5 GeV 

Answer at SIS100 



Medium radiation
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the thermal dilepton signal	
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 ρ	


π 

π 

l- 

l+ 

N* 

N 
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SPS,	
  RHIC	
  

SIS18,	
  Bevalac	
  

dNll

d 4xd 4q
=-αEM

2

π 3
L(M )
M 2 f B (q0;T ) Im ΠEM

µν (M,q;µB,T )Thermal dilepton rate:



�  4π mixing: π + ω, a1 " µ+µ- is a dominant 
hadronic source… 
BUT could be identified in v2, Teff vs. mass 

�  Correlated charm contribution decrease 
with lower the beam energy 

�  Drell-Yan is negligible at low beam energy  

5 

Data: NA60 
Model: Rapp, Wambach, van Hees 

Why measuring dileptons in 
ΙMR: 1 < Mll < 3 GeV/c2)? 

FAIR energy range is ideal to look  for 
o  Onset of QGP radiation 
o  Chiral symmetry restoration 

(thought in model dependent way!) 

Data: NA60, Cocktail: R. Rapp et al.





thermal rate and χ symmetry restoration



o  Weinberg sum rules (2nd)















o  Chiral condensate and HRG
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3

3.1. Quark Condensate

The HRG correction to the quark condensate is [27, 28]

⟨q̄q⟩T
⟨q̄q⟩0

= 1−
ϱπs

2mπf2
π

−
ϱKs

4mKf2
K

−
ϱηs

6mηf2
η

−
ϱη

′

s

3mη′f2
η′

−
∑

B

σB

f2
πm2

π
ϱBs −

∑

M

σM

f2
πm2

π
ϱMs − αT 10 .

(12)

The Goldstone boson contribution can be inferred from
current algebra (with decay constants given in Tab. I).
The contributions from baryons (B) and other mesons
(M) can be derived from the HRG partition function
via ∂ lnZ/∂mq, which is nothing but the in-medium con-
densate. 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]. How-
ever, important contributions arise from the hadron’s
pion cloud [30, 31]. We write

σh = σbare
q + σcloud

π ≡ σ0 mq (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=59MeV [32], of
the nucleon and assume it to be universal for all hadrons.
This leads to fair agreement with estimates of σh for other
ground-state baryons [32]. Note that the decomposition
of the σ terms into quark core and pion cloud effects par-
allels the medium effects of the ρ spectral function [33].
Our HRG results reproduce lQCD “data” [1] for

T!140MeV, see Fig. 1(a). To improve the agreement
at higher T without affecting 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 van-
ishes slightly above T=170MeV, signaling the breakdown
of our approach. Choosing a somewhat higher power in T
(with accordingly adjusted α) has no significant impact
on our results, 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 nucleons have been evaluated in Refs. [22, 24, 34].
The HRG effect can be inferred from the trace anomaly,

θµµ = −
9

8

αs

π
G2

µν +
∑

q

mq q̄q , (14)

Parameter fπ fK fη fη′ mq mπ

Value (MeV) 92.4 113 124 107 7 139.6

TABLE I: Numerical values of key parameters figuring into
Eq. (12). For hadron masses not listed we take averages from
the particle data group [25].
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FIG. 1: Temperature dependence of: (a) the quark conden-
sate relative to its vacuum value, compared to thermal lQCD
data [1]; (b) axial-/vector 4-quark condensates relative to
their vacuum values, compared to the quark condensate.

by calculating ∆
〈

θµµ
〉

= ϵ− 3P =
∑

h mhϱhs to obtain

∆
〈αs

π
G2

µν

〉

= −
8

9

[

∆
〈

θµµ
〉

− 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 individual resonances to scale with
the valence strange-quark content of each hadron h, par-
alleling 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=170MeV.

3.3. Four-Quark Condensates

For medium dependence of the vector and axialvector
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 [28, 35] suggest a factorization approxima-
tion, i.e., the medium effect linear in their (scalar) den-
sity 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 factorization parameter by a factor of 2 has a

2

2. FINITE TEMPERATURE SUM RULES

The basic quantity figuring into WSRs and QCDSRs
is the isovector current-current correlator in the vector
(V ) and axialvector (A) channels,

Πµν
V,A(q

2) = −i

∫

d4x eixq
〈

T J⃗µ
V,A(x)J⃗

ν
V,A(0)

〉

. (1)

In the quark basis with two light flavors, the currents read
J⃗µ
V = q̄τ⃗ γµq and J⃗µ

A = q̄τ⃗ γµγ5q, (τ⃗ : isospin Pauli ma-
trices). From here on, we focus on charge-neutral states
(isospin I3=0) and drop isospin indices. In vacuum, the
currents can be decomposed into 4D transverse and lon-
gitudinal components as

Πµν
V,A(q

2) = ΠT
V,A(q

2)

(

−gµν +
qµqν

q2

)

+ΠL
V,A(q

2)
qµqν

q2
.

(2)
Vector-current conservation implies ΠL

V (q
2)=0, while the

pion pole induces the partial conservation of the axialvec-
tor current (PCAC),

ΠL
A(q

2) = f2
πq

2δ(q2 −m2
π) . (3)

Lorentz symmetry breaking at finite T splits the 4D-
transverse polarization functions into 3D-transverse and
3D-longitudinal parts. From here on, we focus on van-
ishing 3-momentum (q⃗=0), for which the 3D components
are degenerate. We define pertinent spectral functions as

ρV,A = −
ImΠT

V,A

π
, ρĀ = ρA −

ImΠL
A

π
. (4)

The QCDSRs equate a dispersion integral on the
left-hand-side (LHS) to an operator product expansion
(OPE) on the right-hand-side (RHS); for the axial-
/vector channels they read [22–24]

1

M2

∫ ∞

0
ds

ρV,Ā(s)

s
e−s/M2

=
1

8π2

(

1 +
αs

π

)

+
mq⟨q̄q⟩
M4

+
1

24M4
⟨
αs

π
G2

µν⟩ −
παs

M6

(56,−88)

81
⟨OV,A

4 ⟩ (5)

+
∑

h

⟨Od=4,τ=2
h ⟩T
M4

+
⟨Od=6,τ=2

h ⟩T
M6

+
⟨Od=6,τ=4

h ⟩T
M6

. . . ,

where the space-like q2 is traded for the Borel mass M2

by a standard Borel transform. On the RHS, we include
all operators up to dimension-6, i.e., the common scalar
operators already present in the vacuum (quark, gluon,
and 4-quark condensates, ⟨q̄q⟩,

〈

αs

π G2
µν

〉

, and ⟨OV,A
4 ⟩, re-

spectively), as well as non-scalar operators induced by
thermal hadrons (h), organized by dimension (d) and
twist (τ). The T dependencies are detailed in Sec. 3.
The WSRs relate moments of the difference between

the vector and axialvector spectral functions to chiral
order parameters. Their formulation at finite T was

first carried out in Ref. [14]. Subtracting the two chan-
nels of the finite-T QCDSRs from one another, Taylor-
expanding the Borel exponential, and equating powers of
M2 on each side of the sum rule yields

(WSR 1)
∫∞

0 ds ∆ρ(s)
s = f2

π , (6)

(WSR 2)
∫∞

0 ds∆ρ(s) = f2
πm

2
π = −2mq⟨q̄q⟩ , (7)

(WSR 3)
∫∞

0 dss∆ρ(s) = −2παs⟨OSB
4 ⟩ , (8)

where ∆ρ = ρV − ρA. The chiral breaking 4-quark con-
densate is given by the axial-/vector ones as

〈

OSB
4

〉

=
16

9

(

7

18

〈

OV
4

〉

+
11

18

〈

OA
4

〉

)

. (9)

Since the WSRs only contain chiral order parameters,
they are particularly sensitive to chiral symmetry restora-
tion, whereas the QCDSRs are channel specific thus pro-
viding independent information.

3. IN-MEDIUM CONDENSATES

We now turn to the T dependence of each conden-
sate figuring into the QCDSRs. To leading order in the
density of a hadron h in the heat bath, the in-medium
condensate associated with a given operator O can be
approximated by

⟨O⟩T ≃ ⟨O⟩0 + dh

∫

d3k

(2π)3 2Eh

⟨h(k⃗)|O|h(k⃗)⟩nh(Eh) ,

(10)
where ⟨O⟩0 is the vacuum value of the operator,

⟨h(k⃗)|O|h(k⃗)⟩ its hadronic matrix element, E2
h=m2

h+ k⃗2,
and dh, mh, and nh are the hadron’s spin-isospin de-
generacy, mass, and thermal distribution function (Bose
(nb) or Fermi (nf )), respectively. Working at zero baryon
chemical potential (µB=0), we absorb anti-baryons into
the degeneracy factor of baryons. Corrections to Eq. (10)
figure via multi-hadron matrix elements of the operator.

We approximate the medium by a hadron resonance
gas (HRG) including all confirmed states with mass
mh≤ 2GeV [25]. For the temperatures of interest here,
T! 170MeV, the HRG is known to reproduce the equa-
tion of state from lQCD quite well [26]. Since the calcula-
tion of the in-medium ρ spectral function is also based on
HRG degrees of freedom, the OPE and spectral function
sides of the sum rules are evaluated in the same basis.
For the subsequent discussion, we define the integrals

Ihn = dh

∫

d3k

(2π)3Eh
k2n−2nh(Eh) . (11)

Note that mhIh1 is the scalar density, ϱhs .

Paul Hohler and Ralf Rapp, arXiv:1311.2921
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3.1. Quark Condensate

The HRG correction to the quark condensate is [27, 28]

⟨q̄q⟩T
⟨q̄q⟩0

= 1−
ϱπs

2mπf2
π

−
ϱKs

4mKf2
K

−
ϱηs

6mηf2
η

−
ϱη

′

s

3mη′f2
η′

−
∑

B

σB

f2
πm2

π
ϱBs −

∑

M

σM

f2
πm2

π
ϱMs − αT 10 .

(12)

The Goldstone boson contribution can be inferred from
current algebra (with decay constants given in Tab. I).
The contributions from baryons (B) and other mesons
(M) can be derived from the HRG partition function
via ∂ lnZ/∂mq, which is nothing but the in-medium con-
densate. 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]. How-
ever, important contributions arise from the hadron’s
pion cloud [30, 31]. We write

σh = σbare
q + σcloud

π ≡ σ0 mq (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=59MeV [32], of
the nucleon and assume it to be universal for all hadrons.
This leads to fair agreement with estimates of σh for other
ground-state baryons [32]. Note that the decomposition
of the σ terms into quark core and pion cloud effects par-
allels the medium effects of the ρ spectral function [33].
Our HRG results reproduce lQCD “data” [1] for

T!140MeV, see Fig. 1(a). To improve the agreement
at higher T without affecting 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 van-
ishes slightly above T=170MeV, signaling the breakdown
of our approach. Choosing a somewhat higher power in T
(with accordingly adjusted α) has no significant impact
on our results, 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 nucleons have been evaluated in Refs. [22, 24, 34].
The HRG effect can be inferred from the trace anomaly,

θµµ = −
9

8

αs

π
G2

µν +
∑

q

mq q̄q , (14)

Parameter fπ fK fη fη′ mq mπ

Value (MeV) 92.4 113 124 107 7 139.6

TABLE I: Numerical values of key parameters figuring into
Eq. (12). For hadron masses not listed we take averages from
the particle data group [25].
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FIG. 1: Temperature dependence of: (a) the quark conden-
sate relative to its vacuum value, compared to thermal lQCD
data [1]; (b) axial-/vector 4-quark condensates relative to
their vacuum values, compared to the quark condensate.

by calculating ∆
〈

θµµ
〉

= ϵ− 3P =
∑

h mhϱhs to obtain

∆
〈αs

π
G2

µν

〉

= −
8

9

[

∆
〈

θµµ
〉

− 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 individual resonances to scale with
the valence strange-quark content of each hadron h, par-
alleling 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=170MeV.

3.3. Four-Quark Condensates

For medium dependence of the vector and axialvector
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 [28, 35] suggest a factorization approxima-
tion, i.e., the medium effect linear in their (scalar) den-
sity 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 factorization parameter by a factor of 2 has a

- Link to chiral restoration?

- Measurement of the a1 meson is experimentally difficult

- According to PLB 731(2014)103, the medium-modified ρ
and a1 meson degenerate with each other at high T.

PLB 731 (2014) 103 11
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e+e- pairs from Ar+KCl at 1.76 GeV/u



First observation of ω mesons in HI 
collisions at these low energies.



„True“ excess (~factor 3)


Ø  The HADES „Delta“ clock 



HADES collaboration, Nucl.Phys.A830:483C-486C,2009
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FIG. 5: (Color online) Top: Comparison of the Ar+KCl
invariant-mass distribution with an isospin-averaged reference
from p+p and n+p data [18]. For clarity systematic error
bars are shown only on every second data point (vertical bars
are statistical, cups are systematic). Both data sets are nor-
malized to their respective pion multiplicity and have their
respective η Dalitz yield subtracted. The dashed lines are
meant to guide the eye. Bottom: Ratio of the heavy-ion
mass distributions (Ar+KCl and C+C) to the 1/2 [pp+np]
reference, whose total error (statistical and systematic added
quadratically) is indicated by the shaded band.

of the Ar+KCl system (N/Z = 1.15). Due to the nor-
malization and the common acceptance both distribu-
tions agree in the π0 Dalitz peak. They differ, however,
strikingly for masses between 0.15 and 0.5 GeV/c2 where
the yield from the heavy system exceeds the NN refer-
ence by a factor of ≃ 2.5 − 3. This is also visible in the

lower part of Fig. 5 where the ratios of the following pair
yields are shown: Ar+KCl/N+N , and C+C/N+N for
1 and 2A GeV. For this the C+C data were taken from
[8, 9] and transformed into the acceptance of the present
experiment. The Ar+KCl/N+N ratio is very close to
unity at low masses, dominated by the π0 Dalitz pairs,
but for M > 0.15 GeV/c2 it rises to about 3, indicating
the onset of processes not accounted for in the reference
system. Both representations prove that a qualitative
change happens in the nature of the excess yield when
going to the heavier system. Consequently, in contrast
to the C+C system, Ar+KCl can not anymore be seen
as a superposition of independent N+N collisions. A
more complex picture involving multi-body and multi-
step processes and maybe even in-medium modifications
of the involved hadrons is required. Note also that a
scaling with the number of binary nucleon-nucleon col-
lisions Ncoll might be more appropriate to describe the
observed variation of the excess yield with system size.
Indeed, ⟨Ncoll⟩ calculated within a Glauber approach [28]
increases faster than ⟨Apart⟩ when going from our LVL1
C+C to LVL1 Ar+KCl events, namely by a factor 6.1 for
⟨Ncoll⟩ vs. 4.5 for ⟨Apart⟩.
Combining the dielectron results from HADES and

from the former DLS experiment we can now study
the evolution of the excess over cocktail with beam en-
ergy and system size. To do so we have compiled in
Fig. 6 the excess yields integrated over the mass region
Mee = 0.15 − 0.5 GeV/c2 from all available reaction
systems [6, 8, 9]. For comparison, inclusive π0 and η
multiplicities measured in photon calorimetry with the
TAPS detector [10, 11] are plotted as well. Note that all
yields are extrapolated to the full solid angle3 and are
normalized to their respective average Apart in order to
compensate for differences in the centrality selection of
the various experiments. The normalization also takes
out the trivial system-size dependence of the yields, as
visible from the closeness of the C+C and Ca+Ca me-
son curves4. The somewhat smaller pion multiplicity per
Apart of Ca+Ca can be attributed to meson re-absorption
in this larger system. Note, however, that the eta multi-
plicities start out with the opposite behavior at low beam
energy and switch only around Ebeam =1.5A GeV to the
absorption-dominated scaling. This crossing can be ex-
plained by the transition from the sub-threshold regime,
where multi-step processes favored by a larger reaction
volume are important [29], to above threshold produc-
tion.
Next one can see that the dielectron excess follows pion

production with rising bombarding energy, as we stated
already before [8]. This turns out to be true for both
the C+C and Ca+Ca collision systems, as one can see

3 Assuming similar geometric acceptances for excess pairs and η

Dalitz pairs.
4 We consider here the systems Ar+KCl and Ca+Ca as being
equivalent in size and isospin.

4

and matching quality [7]. Additionally, a single-lepton
momentum cut of 0.1 GeV/c < pe < 1.1 GeV/c confined
the fiducial acceptance to the region where the combined
track reconstruction and lepton identification efficiency
was at least 10%, but typically 30 - 70 %, while the con-
tamination of the lepton sample by charged pions and
protons stayed well below 20%.

Finally, to obtain the e+e− invariant mass signal,
the remaining CB was subtracted from all reconstructed
pairs in the following way: in the low-mass region Mee <
0.4 GeV/c2, where the correlated background from the
π0 two-photon decay followed by double conversion con-
tributes most, the combinatorial background was de-
termined using a method based on like-sign e+e+ and
e−e− pairs emerging from the same event, i.e. CB =
2
√

Ne+e+Ne−e−. For larger masses, however, where the
statistics of like-sign pairs is poor, we used a mixed-event
CB normalized to the like-sign CB [7]. The mixing was
done between events belonging to the same event class in
terms of the track multiplicity (five selections) and the
target segment (four selections), i.e. for a total of twenty
event classes. This procedure was applied likewise to all
other pair observables, in particular the pair transverse
momentum distribution.

]2 [GeV/ceeM
0 0.2 0.4 0.6 0.8 1

]-1 )2
  [

(G
eV

/c
ee

 d
N

/d
M

0 π
1/

N

-710

-610

-510

-410

-310 Ar + KCl  1.76A GeV

<1.1 GeV/ce,  0.1< p o 9≥ -e+eα

0 0.2 0.4 0.6 0.8 1

-710

-610

-510

-410

-310 0π

η
ω

FIG. 3: (Color online) Reconstructed e+e− mass distribu-
tion in Ar+KCl collisions (averaged over three PID analy-
ses, efficiency-corrected, CB subtracted, and normalized to
Nπ0). Statistical and systematic errors of the measurement
are shown as vertical bars and horizontal cups, respectively.
Curves represent the π0 and η Dalitz components, as well
as the ω contribution (Dalitz and direct) simulated with the
event generator Pluto. Also shown are the excess yield over
the simulated cocktail (shaded area) and a fit (exponential
+ Gaussian curves) to the data in the mass range 0.25 -
0.9 GeV/c2 (see III.C for details).

The resulting invariant mass spectrum of the dielec-
tron signal, corrected for the detector and reconstruc-

tion inefficiencies2, but not acceptance, is shown in
Fig. 3. The spectrum is normalized to the average
number of charged pions – also measured in HADES
[20] – namely (Nπ− +Nπ+) /2 = 3.5 per LVL1 event.
As expected from isospin symmetry, this average is a
good estimate of the actual π0 yield Nπ0 , i.e. we set
Nπ0 = (Nπ− +Nπ+) /2. The normalization to Nπ0 com-
pensates in first order the bias caused by the implicit
centrality selection of our LVL1 trigger. The spectrum
shown represents an averaged result from the three paral-
lel PID analyses mentioned above. Besides the statistical
error bars systematic errors are represented as horizon-
tal ticks. They cover systematic effects attributed to the
efficiency correction and combinatorial background sub-
traction (20%), to the error on the normalization (11%),
and to differences between the three PID methods (10%).
Statistical errors are of course point-to-point, the nor-
malization error is global, and the remaining systematic
errors are slowly varying with pair mass. The systematic
errors given are upper bounds and add quadratically to
25%.

III. RESULTS FROM AR+KCL

Here we discuss in more detail the efficiency-corrected
and CB-subtracted dielectron invariant mass spectrum
from Ar+KCl (see Fig. 3). The total yield of ≃85k sig-
nal pairs is distributed over three easily distinguishable
regions: (i) masses below 0.15 GeV/c2, dominated by
the π0 Dalitz peak, contribute around 70k, (ii) the in-
termediate range of 0.15–0.5 GeV/c2 where the pair ex-
cess is located, holds about 15k, and (iii) masses above
0.5 GeV/c2 where the dileptons from vector meson de-
cays are expected, total a few hundred pairs only (≃ 450).
All pair observables presented below have been obtained
from inclusive LVL2-triggered events, i.e. with no further
centrality cuts. An investigation of different event classes
selected by analysis cuts on the hit multiplicity revealed
indeed a slight dependence of the normalized pair yields
on centrality. However, as in this still rather small reac-
tion system only a limited range of Apart can be scanned
via such multiplicity cuts, we discuss below the Apart de-
pendence only in the context of a comparison of Ar+KCl
with C+C.

A. Low-mass pairs

The low-mass region contains the bulk of the pair
yield, but it is also the one most strongly affected by the
momentum-dependent efficiency corrections. As more

2 Inefficiencies were determined with an event overlay technique in
which simulated lepton tracks were embedded into real events,
reconstructed, and tallied.
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  contribu&on	
  is	
  subtracted	
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Understood as thermal radiation off the evolving fireball


o  Seems to describe data measured for 1.7 AGeV up to the highest energies (RHIC)


o  But there are open questions:



?  Is the emissivity description complete  ➛  Constrain theory by π N reactions


?  How to properly describe the expansion  ➛ Compare hadronic collective observables  
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Figure 3. (Color online) Invariant mass spectra of the dielectron yield for Ar+KCl collisions at Elab = 1.76AGeV (a) and for
Au+Au at Elab = 1.23AGeV (b). The results are normalized to the average total number of ⇡0 per event and shown within
the HADES acceptance. The results for Ar+KCl are compared to the experimental data from the HADES Collaboration [23].
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and is applied for each time step �t.

III. RESULTS

For the results presented here we used calculations
with an ensemble of 1000 UrQMD events. However, sev-
eral runs using di↵erent UrQMD events as input had to
be performed to obtain enough statistics especially for
the non-thermal ⇢ and ! contributions. Note that in
case of the experimental Ar+KCl reaction we simulated
the collision of two calcium ions instead, as this makes
the calculation easier for symmetry reasons. E↵ectively
it is the same as the Ar+K or Ar+Cl reactions that were
measured in the experiment and the size of the system
remains identical. To simulate the correct impact pa-
rameter distribution, we made a Woods-Saxon type fit
to the HADES trigger conditions for Ar+KCl [75] and
Au+Au [76]. In both cases this approximately corre-
sponds to a selection of the 0-40% most central colli-
sions. The number of ⇡0 per event, which will be impor-
tant for the normalization of the dilepton spectra, are
found to agree well with the HADES measurement for
Ar+KCl reactions. Here the HADES collaboration mea-
sured N

exp

⇡

0 = 3.5 where we find N

sim

⇡

0 ⇡ 3.9, i.e. the
deviation is only 12%. For the larger Au+Au system
a number N

sim

⇡

0 ⇡ 8.0 results from the events generated
with the UrQMD model. Note that for reasons of self-
consistency we normalize the dilepton spectra with the
UrQMD ⇡

0 yield, not the experimental one.

The final dilepton results were filtered with the
HADES acceptance filter [77], and momentum cuts were
applied to compare the simulations with the experimen-
tal results. As only very preliminary results and no filters
are available for the Au+Au reactions at 1.23AGeV, we
used the same filter as for p+p and p+n reactions at
1.25AGeV which should be quite close to the final ac-
ceptance [76].
In case of the DLS Ca+Ca spectrum, version 4.1 of the

DLS acceptance filter [78] is used. Furthermore, an RMS
smearing of 10% is applied to account for the detector
resolution. For this reaction we used a minimum-bias
simulation of Ca+Ca events, because impact-parameter
distributions are not available for DLS. Here the final
invariant-mass spectrum is normalized to the total cross-
section of a Ca+Ca reaction.

A. Reaction Dynamics

The main di↵erence between the two heavy-ion reac-
tions considered here (as measured by the HADES Col-
laboration) is the size of the colliding nuclei. Therefore,
it is interesting to first have a look at the evolution of
the reaction for both systems. In Fig. 1 the evolution of
the baryon and energy density (a) as well as the evolu-
tion of temperature and the chemical potentials (b) are
shown. The maximum density values in the central cell
of the grid, i.e., in the center of the collision, reach sim-
ilar values up to roughly 3-6 times ground-state baryon
density ⇢

0

and energy density "

0

for both reactions. In
case of the larger system (Au+Au) a plateau develops for
a duration of more than 10 fm/c, while for Ar+KCl (re-
spectively Ca+Ca in our simulations) the densities drop
o↵ rather quickly after reaching the maximum. Note that
the values for the energy density " shown in Fig. 1 (a) are
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FIG. 5. (Color online) Invariant mass spectra of the dimuon excess yield in In+In collisions at a beam energy of 158AGeV,
for the low-mass region up 1.5GeV (a) and the intermediate-mass regime up to 2.8GeV (b). We show the contributions of
the in-medium ⇢ emission according to the Rapp-Wambach spectral function [56] (blue short dashed), the contribution from
the Quark-Gluon Plasma, i.e., qq̄-annihilation, according to lattice rates [32, 67] (green dashed) and the emission from multi-
pion reactions, taking vector-axial-vector mixing into account [15] (orange dash-dotted). Additionally a non-thermal transport
contribution for the ⇢ is included in the yield (dark blue dash-dotted). Only left plot: For comparison the thermal ⇢ without
any baryonic e↵ects, i.e. for ⇢e↵ = 0, is shown (violet dash-double-dotted) together with the yield from pure perturbative qq̄-
annihilation rates (green dotted). The results are compared to the experimental data from the NA60 Collaboration [11, 12, 71]

potential. The picture in our transport approach is com-
pletely di↵erent, as pions can be produced and absorbed
over the whole evolution in the system.

As we see from the time evolution of the central cell,
the temperature reaches values of 100MeV even after a
time of 15 fm/c. However, this is a special case and for
most cells the temperature has already dropped beyond
significance before. But in contrast to many approaches
with a fixed lifetime of the fireball, here an underlying
microscopic transport description is applied which takes
into account that some singular cells still reach quite
high temperatures and densities even after the usually
assumed fireball lifetimes. The contribution to the dilep-
ton yield from these few cells is, however, quite negligible.

B. Dilepton spectra

The next step is to investigate how the space-time evo-
lution obtained by coarse-graining the transport simula-
tions is reflected within the resulting dilepton spectra.
It is hereby of particular interest whether and how the
di↵erences in the reaction dynamics as compared to the
fireball parametrizations will be reflected in the µ

+

µ

�-
distributions as measurable in experiment (and whether
one by this can discriminate between di↵erent scenarios
of the fireball evolution).

In Figure 5 the resulting dimuon invariant-mass spec-
tra from the coarse-graining calculations are compared
to data from the NA60 Collaboration. There the dimuon
excess yield in In+In collisions at a beam energy of
E

lab

= 158AGeV with hdN
ch

/d⌘i = 120 is shown, for
the low-mass region up to M = 1.5GeV (a) and the

intermediate-mass regime up to 2.8GeV (b). We show
the contributions of the in-medium ⇢ emission, from the
quark-gluon plasma, i.e., qq̄-annihilation, and the emis-
sion from multi-pion reactions, taking vector-axial-vector
mixing into account. The dilepton emission due to de-
cays of ⇢ mesons from the low-temperature cells is in-
cluded as well, but in the full p

t

-integrated spectrum it
is rather negligible compared to the other contributions.
Comparison with the experimental data from the NA60
Collaboration [11, 71] shows a very good agreement of
our theoretical result with their measurement. Only a
slight tendency to underestimate the data in the invari-
ant mass region from 0.2 to 0.4 GeV and a minor excess
above the data in the pole region is observed. As the
low-mass enhancement and the melting of the peak at
the pole mass are mainly caused by the baryonic e↵ects
on the ⇢ meson spectral function and very sensitive to
the presence of baryons and anti-baryons, this might be
due to the fact that the baryon densities (respectively
the baryon chemical potential) are still slightly too low
in our approach. An additional modification of the spec-
tral shape not considered here may also be caused by the
!-t-channel exchange. It has been found, however, to
give only a small contribution to the total yield and is
significant only for high transverse momenta [15]. Fur-
thermore, one has to bear in mind as well that there is an
uncertainty of up to 15% around M ⇡ 0.4GeV between
the parametrized spectral function and its full evaluation
from thermal field theory which has been found in a full
comparison between both approaches [56], as mentioned
above. Taking this and the systematic uncertainties of
the experimental data and of the model calculations into
account, we conclude that the approach is fully able to

S. Endres et al. UrQMD [arXiv:1412.1965]  S. Endres_et al.  UrQMD  [arXiv:1505.06131]  
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Hadron production in Ar+KCl collisions
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φ production as source of K-



φ production in Ar+KCl @ 1.76 AGeV


o  Multiplicity consistent with thermal production


o  No OZI suppression 


o  K- transverse mass slope indentical to K+ after correcting feed down 
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FIG. 13. (Color online) φ/K− ratio as a function of center-of-
mass energy

√
sNN . The solid triangle on the left shows the HADES

point, whereas the other data points represented by solid triangles
refer to results from heavy-ion measurements at higher incident
energies [52–54]. The open circle presents the value measured in
p + p at 2.7 GeV [27]. The lines are predictions of a statistical
model [49,50] for four parameters of the correlation radius RC .

The fact that the ratio measured by HADES is smaller than the
one extracted for p + p reactions tight above threshold shows
the role played by secondary processes in the K− production in
subthreshold heavy-ion collisions. However, if the strangeness
exchange process were the dominant mechanism for K−

production, the φ/K− ratio would be much smaller than the
measured value.

VI. SUMMARY

In summary, we report on a first measurement of charged
kaons and the φ meson production in the same experiment
at SIS energies. The HADES data on K± fit well into the
systematics of the results published by the KaoS Collaboration.
The K−/K+ ratio is consistent with the value predicted by the
thermal model. The effective inverse slope parameters of K+

and K− are determined; the inverse slope of K+ mesons is
found to be higher than that for K− mesons, in agreement
with the KaoS data.

The φ/K− ratio has been deduced from our data with
improved accuracy as compared with previous measurements.
The HADES value was found to be 0.37 ± 0.13, translating
into a fraction of 18 ± 7% of K− stemming from φ decays.
Because the φ decays that can be measured via the invariant
mass reconstruction of K+-K− pairs are essentially those
happening outside the nuclear medium, this value may be
considered as a lower limit. However, the nonresonant K+-K−

production may also play an important role for the total K−

yield, but to draw quantitative conclusions the purity of the
kaon identification in heavy-ion reactions must be improved.

Furthermore, high statistics measurements are necessary to
tag and distinguish the K− coming from the φ decay from
those stemming from nonresonant processes. In this way, a
quantitative comparison of this process in heavy-ion and pp
reaction can be carried out. The contribution of the φ meson

to the K− production in heavy-ion collisions could be further
enhanced by the violation of the OZI restriction. Results of
the φ/ω ratio measured in the di-electron decay channel in
Ar + KCl by HADES will be soon made available and deliver
further information on this item.

In general it can be concluded that for heavy-ion collisions
at beam energies below the free φ production threshold, the K−

production cannot be explained exclusively by the strangeness
exchange mechanism. Furthermore, the φ/K− ratio for the
Ar + KCl system has been compared to the ratio measured
in heavy-ion collisions at higher energies and to the ratio
extracted from p + p reactions at 2.7 GeV. The φ/K− ratio
measured by HADES has been found to be higher than the
almost constant value found at higher energies. The correlation
parameter RC ! 3.2 fm must be used in the calculation by the
statistical model to reproduce the HADES measurement. This
value is lower than the one used to fit the φ/K− measured in
heavy-ion collisions at higher energies. A reduced value of RC

can be interpreted as a reduced volume in which strangeness
production and conservation are taking place. This reduced
volume might lead to a less significant contribution of the
strangeness exchange mechanism to the K− production, which
is more probable for larger volumes.

The contribution of the different secondary processes to
the total K− is visible in the difference between the φ/K−

ratio measured in p + p reactions at 2.7 GeV and in Ar + KCl
collisions at 1.756 GeV/nucleon. The observed relative high
ratio measured by HADES seems to deprive the strangeness
exchange mechanism of its dominant contribution to K−

production, as stressed above.
It is clear that, to extract an excitation function, further

systematic measurements of the φ and K− production must
be performed. HADES is a suitable apparatus for this kind
of study, especially due to its capability to reconstruct the
φ not only via the charged kaon decay but also via the
direct electromagnetic decay into lepton pairs. Because leptons
do not undergo strong interactions and therefore are able
to leave the reaction zone nearly undisturbed, one will be
able to distinguish between those φ mesons that decay inside
the medium and those that decay outside. This will provide
an observable directly sensitive to the predicted medium
modifications.
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preliminary	
  
preliminary	
  

--  THERMUS fit: J.Cleymans, J.Phys.G31(2005)S1069 

•  HADES Au+Au data at 1.25 AGeV PRELIMINARY, 
Ar+KCl: Phys.Rev.C80:025209,2009 

Statistical "hadronization" also 
working at high µB and low 
temperature.








The future: C.B.M. experimental hall



HADES and CBM at SIS100


Exceptional conditions to study QCD matter under extreme conditions
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Summary and Outlook



o  HADES has collected high-quality data on dilepton emission from A+A 
and elementary collisions, including exclusive channels.  



o  No evidence for mass shifts of ρ/ω	



o  Contributions from the dense/early phase are quite featureless -> 
strong broadening of in-medium states!(?)



o  Interesting observations in strangeness production  -> full 
understanding of reaction mechanism missing.



o  Missing at SIS18: more data on pion induced reactions and second HI 
run 



o  And even more exciting physics possible ;) 
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