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Challenges for Nuclear Physics  
at the Turn of the Centuries  

T.D. Lee, NN-Conference 1992 in Kanazawa, Japan 

 
o  Understand the formation of matter out of its elementary building blocks  

from first principles. 
o  Explore the phase structure of strongly interacting matter (QGP, NS-EOS, ...)  

Nuc l ea r Phys i cs A538 (1992) 3c - 14c
Nor t h - Ho l l and , Ams t e rdam
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uz z l es

A t t he end o f t he l as t cen t ur y , t he r e we r e t wo phys i cs puz z l es :
1 . No abso l u t e i ne r t i a l f r ame (M i che l son - Mor l ey Expe r i men t 1887) ,
2 . Wave - pa r t i c l e dua l i t y (P l anck ' s f ormu l a 1900) .
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These t wo seem i ng l y eso t e r i c prob l ems s t ruck c l ass i ca l phys i cs a t i t s ve r y f ounda t i on .
The f i r s t became t he bas i s f or E i ns t e i n ' s t heor y o f r e l a t i v i t y and t he second l a i d t he f oun -
da t i on f or us t o cons t ruc t quan t um mechan i cs . I n t h i s cen t ur y , a l l t he mode rn sc i en t i f i c
and t echno l og i ca l deve l opmen t s - nuc l ea r ene rgy , a t om i c phys i cs , mo l ecu l a r s t ruc -
t ur e , l ase r s , x - r ay t echno l ogy , sem i conduc t or s , supe r conduc t or s , supe r compu t e r s -

on l y ex i s t because we have r e l a t i v i t y and quan t um mechan i cs . To human i t y and t o our
unde r s t and i ng o f na t ur e , t hese a r e a l l - encompass i ng .

Now , nea r t he end o f t he t wen t i e t h cen t ur y , we mus t ask wha t w i l l be t he l egacy
we g i ve t o t he nex t gene r a t i on i n t he nex t cen t ur y? A t pr esen t , l i ke t he phys i c i s t s a t
t he end o f t he 1890 ' x , we a r e a l so f aced w i t h t wo pro f ound puz z l es .

The s t a t us o f our pr esen t t heor e t i ca l s t ruc t ur e can be summa r i zed as f o l l ows :

( s t rong i n t e r ac t i on )
SU (2) x U (1) Theor y ( e l ec t ro - weak )
Gene r a l Re l a t i v i t y (gr av i t a t i on ) .

Howeve r , i n orde r t o app l y t hese t heor i es t o t he r ea l wor l d , we need a se t o f abou t 17
pa r ame t e r s , a l l o f unknown or i g i ns . Thus , t h i s t heor e t i ca l ed i f i ce canno t be cons i de r ed
comp l e t e .

nseen qua r ks - A l l padrons a r e made o f qua r ks ; ye t , no i nd i v i dua l qua r k
can be see r. .

s we sha l l see , t he r eso l u t i ons o f t hese t wo puz z l es probab l y a r e t i ed t o t he s t ruc t ur e
f our phys i ca l vacuum .

The puz z l e o f m i ss i ng symme t r i es i mp l i es t he ex i s t ence o f an en t i r e l y new c l ass
o f f undamen t a l f or ces , t he me t ha t i s r espons i b l e f or symme t r y br eak i ng . O f t h i s new
f or ce , we know on l y o f

i t s ex i s t ence , and ve r y l i t t l e e l se . S i nce t he masses o f a l l known
pa r t i c l es br eak t hese symme t r i es , an unde r s t and i ng o f t he symme t r y - br eak i ng f or ces w i l l
had t o a compr ehens i on o f t he or i g i n o f t he masses o f a l l known pa r t i c l es . One o f t he
prom i s i ng d i r ec t i ons i s t he spon t aneous symme t r y - br eak i ng mechan i sm i n wh i ch one
assumes t ha t t he phys i ca l l aws r ema i n symme t r i c , bu t t he phys i ca l vacuum i s no t . I f
so , t hen t he so l u t i on o f t h i s puz z l e i s c l ose l y connec t ed t o t he s t ruc t ur e o f t he phys i ca l
vacuum ; t he exc i t a t i ons o f t he phys i ca l vacuum may l ead t o t he d i scove r y o f H i ggs - t ype
mesons .

he t wo ou t s t an I ng puz z l es t ha t con f ron t us t oday a r e :

i ) M i ss i ng symme t r i es - A l l pr esen t t heor i es a r e based on symme t r y , bu t mos t

e t r y quan t um numbe r s a r e no t conse r ved .

I n some t ex t books , t he second puz z l e i s o f t en " exp l a i ned " by us i ng t he ana l ogy
o f t he magne t . A magne t has t wo po l es , nor t h and sou t h . Ye t , i f one br eaks a ba r
: magne t i n t wo , each ha l f becomes a comp l e t e magne t w i t h t wo po l es . By sp l i t t i ng a
magne t open one w i l l neve r f i nd a s i ng l e po l e (magne t i c monopo l e ) . Howeve r , i n our
usua l desc r i p t i on , a magne t i c monopo l e can be cons i de r ed as e i t he r a f i c t i t i ous ob j ec t
( and t he r e f or e unseeab l e ) or a r ed ob j ec t bu t w i t h exceed i ng l y heavy mass beyond our
pr esen t ene rgy r ange ( and t he r e f or e no t ye t seen ) . I n t he case o f qua r ks , we be l i eve
t hem t o be r ea l phys i ca l ob j ec t s and o f r e l a t i ve l y l ow masses ( excep t t he t op qua r k ) ;
f ur t he rmor e , t he i r i n t e r ac t i on becomes ex t r eme l y weak a t h i gh ene rgy . I f so , why don ' t
we eve r see f r ee qua r ks? Th i s i s , t hen , t he r ea l puz z l e .

The cur r en t exp l ana t i on o f t he qua r k con f i nemen t puz z l e i s aga i n t o i nvoke t he
vacuum . We assume t he QCD vacuum t o be a condensa t e o f g l uon pa i r s and qua r k -
an t i qua r k pa i r s so t ha t i t i s a pe r f ec t co l or d i a - e l ec t r i c ' ( i . e . , co l or d i e l ec t r i c cons t an t
s = 0 ) .

�

Th i s i s i n ana l ogy t o t he desc r i p t i on o f a supe r conduc t or as a condensa t e
o f e l ec t ron pa i r s i n BCS t heor y , wh i ch r esu l t s i n mak i ng t he supe r conduc t or a pe r f ec t
d i a - magne t (w i t h magne t i c suscep t i b i l i t y p = 0) . When we sw i t ch f rom QED t o QCD
we r ep l ace t he magne t i c f i e l d f 7 by t he co l or e l ec t r i c f i e l d Ec . l or , t he supe r conduc t or
by t he QC D vacuum , and t he QED vacuum by t he i n t e r i or o f t he hadron . As shown i n
F i gur es 1 and 2 , t he ro l es o f t he i ns i de and t he ou t s i de a r e i n t e r changed . Jus t as t he
magne t i c f i -dd i s expe l l ed ou t wa rd f rom t he supe r conduc t or , t he co l or e l ec t r i c f i e l d i s
pushed i n t o t he hadron by t he QCD vacuum and t ha t l eads t o co l or con f i nemen t , or

T . D . Lee / M i ss i ng symme t r i es
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Critical point? (Lattice QCD) 
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Chiral? 
Quarkyonic? 

1st order phase boundary? LQCD:	Z.	Fodor	et	al.,	hep-lat/0402006	
Condensate:	B.J.	Schaefer	and	J.	Wambach,	private	communicaGon	
HADES	data:	M.	Lorenz	et	al.,	Nucl.	Phys.	A		(2014)	QM14	
A.	Andronic	et	al.,	Nucl.	Phys.	A	837	(2010)	65	
J.	Cleymans	et	al.	,	Phys.	Rev.	C	60	(1999)	054908	

Experimental Approach to QCD Phases 
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Agenda 

o  Introduction 
o  Emissivity of baryons 
o  Dielectrons from cold and dense matter 
o  Strangeness production and propagation 
o  Outlook 
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Cloudy Bag Model (for the nucleon) 
Chirally restored valence quarks surrounded by a cloud of virtual pions (G. Brown and M. 
Rho, 1979) 

Ø  Rbag= 0.82 fm  �   bags touch at  ρ � 3 ρ0 

An old model but very instrumental in planning experiments (A.W. Thomas, MENU 2013 ) 

Lattice-QCD vacuum action on the 
presence of  
static quarks! 

http://www.physics.adelaide.edu.au/theory/staff/
leinweber 

o  Not much guidance yet from lQCD  
at finite µB! 

Nuclear matter from in-medium �
Chiral Perturbation Theory!

J.W.	Holt,	M.	Rho,	W.	Weise	arXiv1411.6681	(Phys.	Rep.	2015)	

o  Provides prediction for chiral order parameter 
a.f.o. baryon density 

o  Possibility to connect CBM/HADES 
measurements to neutron star core matter EOS 
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The HADES experiment @ GSI 
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	RPC					Operational at GSI since 2002 
Upgrade 1: 2008 - 2010 
Upgrade 2: 2016 - 2018 



Hades Event Reconstruction 
Fired wires in the drift chambers 

e+ e- 

π� π+

K+ 
p 

d,4He 

t 

3He 

Velocity vs. momentum 
dE/dx in the MDC and ToF 

Vertex reconstruction 

RICH rings 

Rekonstruk*on	von	Teilchen	aus	HADES	Au+Au	Daten	

Manuel	Lorenz	
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EMISSIVITY OF BARYONS 
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Chapter 2 

How do baryonic resonances radiate virtual photons 
–  p+p with interpretation of Janus 

•  Excess between eta and vector mesons 
•  Needs particular form factors 
•  compare with HADES exclusive spectrum   

–  p+n with interpretations from Mosel and Jülich 
•  radiation from the internal line 
•  h-dibaryon interpretation 

–  Exclusive measurement using pion beam  

January 17-22, 2016  Hirschegg 2016 - Joachim Stroth 9 



e+e- Pairs from pp and np Reactions (HADES)  

Energy below free η prduction threshold 
o  Remarkable isospin effect 
o  Beam energy dependence observed 
o  Two assumptions for the Δ-Dalitz decay form factor  

January 17-22, 2016  Hirschegg 2016 - Joachim Stroth 10 

HADES collaboration  (PLB 690, 2010)   
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Theoretical Interpretation of the "Isospin Effect" 

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

➛ can 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
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R. Shyam, U. Mosel [arXiv:1003.3343]  M. Bashkanov, H. Clement [arXiv:1312.2810 ]  



Dielectrons from p+p collisions @ 3.5 GeV 

o  GiBUU calculation with intermediate 
ρ mesons R ��Nρ �N e+e-��

o  Resonance population from 
"educated guess" 

o  Exclusive dielectron spectrum 
o  Dalitz decays strongly suppressed  
o  pure QED from factor for R-decays 
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INCLUSIVE DILEPTON PRODUCTION 
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J. Weil et al., Eur. Phys. J. A 48 (2012) 111 

J. Weil et al., Eur. Phys. J. A 48 (2012) 111 HADES:	Eur.	Phys.	J.	A	(2014)	50:	82	



π-beam run in 2014 

Primary beam: 
1011 N (2 AGeV) /spill 
 
SIS fast ramping 
 
Spill: 4s cycle 
 
 
Secondary π beam: 
106 π-/spill 

o  Physics with πN experiments: 
•  Resonance-Dalitz decays 
•  Special interest on  

sub-threshold vector meson 
production 

•  In-medium effects (strange and 
vector mesons)  

o  Pion beam 

•  Momentum: 0.6 < p < 2 GeV/c 

•  Pion tracking with two double-
sided silicon strip detectors in the 
beam line 

•  Improved conditions in 2018 due 
to FAIR upgrade 
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Exclusive Reconstr. of  πN�Ne+e- Reactions 

o  π- momentum tuned to second resonance region ( 0.7 Gev/c ) 
o  Resonance decomposition of 2-π channel from PWA 
o  No further normalization for "predicted" dielectron yirld 
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• ρ cross sec. and mass shape 
derived from 𝝅𝝅−𝒑𝒑 → 𝒏𝒏𝝅𝝅+𝝅𝝅−
measured in the same 
experiment !

• empirical way of taking into 
account VDM form factors for 
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DIELECTRONS FROM  DENSE 
MATTER 
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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 , Nucl.Phys.A830:483C,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.
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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.
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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.

η	contribuGon	is	subtracted	



Virtual photon emission in Au+Au collisions  

o  Corrected for efficiency, not for 
acceptance 

o  Normalized to the number of 
produced π0 

o  Almost  exponential spectrum  
up to VM region! 

o  Increase of low-mass  yield  
reflects the number of Δ‘s/ N*’s 
regenerated in fireball 
à HADES “R-clock” 

HADES	Preliminary	
Au	+	Au	1.23A	GeV	

pe	>	0.1	GeV/c	
α	>	9o	

HADES,	in	prepara>on	

½	(pp+np)		

preliminary 

January 17-22, 2016  Hirschegg 2016 - Joachim Stroth 18 



Centrality Dependence of Excess 

Excess yield scales with system size like Apart
1.4 

•  Ar+KCl: 34% most central collisions (Apart=38) 
•  Au+Au: 40% most central collisions (Apart=187) 

 

HADES	Preliminary	
Au	+	Au	1.23A	GeV	
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 Dilepton Rates From Theory  

o  Thermal dilepton rates ... 
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o  Thermal dilepton rates ... 

o  ... or from transport with "shining" 
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 Dilepton Rates From Theory  

o  Thermal dilepton rates ... 

o  ... or from transport with "shining" 

o  ....or combined! 
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Emission Profile 
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Fig. 1. (Color online) Left panel: Distribution of the longitudinal momentum of nucleons for the time step at 7 fm/c after
initial nuclear impact in the central cell. The blue circles refer to all nucleons, while the red squares only include nucleons which
have experienced less than three collisions. Nucleons which underwent three or more interactions are represented by the green
triangles. The gray dotted line shows a Gaussian fit to this contribution. Right panel: MT spectrum of pions in the central cell
at the same time step at 7 fm/c (blue circles). The red line is an exponential fit to UrQMD “data” to extract a temperature.
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Fig. 2. (Color online) Left panel: Time evolution of the ensemble-averaged temperature extracted from pion MT spectra (green
triangles), e↵ective baryon density (blue squares, right vertical scale in units of nuclear saturation density, %0=0.16 fm�3) and
pion chemical potential (red circles) averaged over the inner cube of 73 cells (each of volume 1 fm3) around the collision center.
Right panel: Time evolution of the cumulative radiated dilepton yield in the mass range M = 0.3� 0.7 GeV/c2 (blue triangles)
and of the average collective transverse velocity in the outer shell of cells (orange squares, right vertical scale).

corresponding to
p
s

NN

= 2.4 GeV. We discretize the spatial volume into 213 cubic cells of volume �x�y�z = 1 fm3

(covering 10.5 fm in each direction from the center) and analyze them in time steps of �t = 1 fm/c. For each cell we
determine an ensemble average over many events for the spatial momentum components p

x

, p
y

and p

z

of each particle
species, i.e., pions, nucleons and �(1232). For the following discussion we divide the cells into two classes. We define
an inner cube of cells covering a volume of 73 ⇥ 1 fm3 around the collision center, and an outer shell containing in
total (213 � 73) fm3.

We first illustrate how the longitudinal momentum distribution of the incoming nucleons, carrying the beam
momentum, changes in the early stages between first impact and full overlap. In the center of the collision, after
approx. 3 fm/c, a Gaussian distribution around p

z

= 0 starts to build up from the nucleons which have collided three
times or more. After 7 fm/c, this Gaussian component makes up approx. 70% of the nucleons (see left panel of Fig. 1),
indicating a remarkably rapid trend toward thermalization. Another measure to judge the degree of thermalization
within the cells is the transverse-mass distribution for a given particle species, either M�2

T

dN/dM

T

at midrapidity or

M

�3/2

T

dN/dM

T

when integrated over all rapidities [46]. In case of thermalization the spectra will exhibit an exponential
shape. The right panel of Fig. 1 shows that, after the nuclear penetration of 7 fm/c, pions are well described by a
thermal M

T

spectrum of temperature T ' 80MeV.
Next, we extract the local cell temperatures, baryon and pion densities defined in the rest frame of the cells.

We determine the rest frame by evaluating the baryon four-current for each cell which yields its collective velocity
v
klm

(t
j

). This velocity is then used to boost all hadron momenta into the cell’s rest frame which readily yields its
baryon (both nucleon and �) and pion density %

i, klm

(t
j

). The rest frame momenta of the di↵erent particles can then
be used to fill properly normalized M

T

spectra (as in the right panel of Fig. 1). The inverse slopes of exponential fits
to the distributions of pions are used to define mean local temperatures T

klm

(t
j

) for all cells and all time steps. Pions
are our default choice for this purpose since they are strictly produced, yet abundant particles and the key catalysts
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Right panel: Time evolution of the cumulative radiated dilepton yield in the mass range M = 0.3� 0.7 GeV/c2 (blue triangles)
and of the average collective transverse velocity in the outer shell of cells (orange squares, right vertical scale).
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= 2.4 GeV. We discretize the spatial volume into 213 cubic cells of volume �x�y�z = 1 fm3

(covering 10.5 fm in each direction from the center) and analyze them in time steps of �t = 1 fm/c. For each cell we
determine an ensemble average over many events for the spatial momentum components p
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and p
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of each particle
species, i.e., pions, nucleons and �(1232). For the following discussion we divide the cells into two classes. We define
an inner cube of cells covering a volume of 73 ⇥ 1 fm3 around the collision center, and an outer shell containing in
total (213 � 73) fm3.

We first illustrate how the longitudinal momentum distribution of the incoming nucleons, carrying the beam
momentum, changes in the early stages between first impact and full overlap. In the center of the collision, after
approx. 3 fm/c, a Gaussian distribution around p

z

= 0 starts to build up from the nucleons which have collided three
times or more. After 7 fm/c, this Gaussian component makes up approx. 70% of the nucleons (see left panel of Fig. 1),
indicating a remarkably rapid trend toward thermalization. Another measure to judge the degree of thermalization
within the cells is the transverse-mass distribution for a given particle species, either M�2
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when integrated over all rapidities [46]. In case of thermalization the spectra will exhibit an exponential
shape. The right panel of Fig. 1 shows that, after the nuclear penetration of 7 fm/c, pions are well described by a
thermal M
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spectrum of temperature T ' 80MeV.
Next, we extract the local cell temperatures, baryon and pion densities defined in the rest frame of the cells.

We determine the rest frame by evaluating the baryon four-current for each cell which yields its collective velocity
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). This velocity is then used to boost all hadron momenta into the cell’s rest frame which readily yields its
baryon (both nucleon and �) and pion density %
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). The rest frame momenta of the di↵erent particles can then
be used to fill properly normalized M
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spectra (as in the right panel of Fig. 1). The inverse slopes of exponential fits
to the distributions of pions are used to define mean local temperatures T
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) for all cells and all time steps. Pions
are our default choice for this purpose since they are strictly produced, yet abundant particles and the key catalysts
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Density and temperature evolution of a inner cube with volume 73 fm3. 
o  Au+Au collisions at 1.23 AGeV 
o  Average densities up to 3 ρ0 reached 
o  Emission phase coincides with built-up of flow 



Low-mass Dilepton Excess 
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Cocktail plus rates from Coarse Grained UrQMD / Rapp/Wambach 
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  ���������������
�������π ���
������� 
?  How to properly describe the expansion  ��������
������	��������
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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].

takes the form
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�
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V!ll

(M)

�M

, (16)

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

S. Endres et al. UrQMD [arXiv:1412.1965]  S. Endres_et al.  UrQMD  [arXiv:1505.06131]  
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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



Excitation Function of Low-mass Yields 

o  The yield in the mass range 0.2 < Mee/GeV < 0.7 is very sensitive to the 
space-time evolution of the fireball. 

o  A first-order phase transition could give rise to non-monotonic behavior 
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STAR: P. Huck et al., Nucl.Phys. A931 (2014) 



STRANGENESS PRODUCTION 
AND PROPAGATION 
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Reconstructed Strangeness in Au+Au @ 1.23AGeV  
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Hadron Production and SHM 

January 17-22, 2016  Hirschegg 2016 - Joachim Stroth 29 

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 mB and low 
temperature!(?) 

(	
(	 )	

)	
Ar+KCl	1.76AGeV	

Au+Au	1.23AGeV	



φ Decay as Source for K- 

HADES (Ar+KCl 1.76 AGeV) 
o  K- from φ decay shows 

substantially different slope 
o  TK- (thermal) = 89 MeV 
o  TK+ (data) = 89±1±2MeV 
  

FOPI 
o  K-/K+ ratio (a) corrected for φ decay (b) 
o  Compared to transport calculations (HSD) w. and 

w/o. potential  
o  "Temperatures" from Boltzmann fits not shown():  

o  TK-(thermal) = 89 ± 9 + 24 MeV  
o  TK+=109 ± 2(stat) + 6-13 (syst) MeV 
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PoS(BORMIO2010)038

Probing dense nuclear matter Manuel Lorenz for the HADES collaboration

two sources of K�, a thermal one, the other one feeded by the decay of f mesons. In experiment
one measures only the total yield. Using the event generator PLUTO [15] we generate a cocktail of
K� arising from the decay of purely thermal f mesons according to the measured inverse slope of
Tf = 84±8 MeV and from a purely thermal source of TK� = TK+ = 89±1±2 MeV corresponding
to the measured inverse slope of the positive kaons. In order to get realistic particle ratios we
normalize the rapidity density function of the thermal K� and the ones resulting from a f decay
according to the measured f /K� ratio. The resulting distributions are shown in the left panel of
figure 2. In the next step we scale the transverse mass distribution around beam rapidity according

c.m.
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Figure 2: Left panel: According to the measured yields in [9] normalized rapidity density distributions of
the thermal K� and the ones resulting of a f . The black solid line shows the sum of the two distributions.
Right panel: Simulated transverse mass spectra for K� coming from a thermal source with a temperature of
89 MeV and those which stem from a f decay. The resulting cocktail spectrum is shown as a black solid
line.

to the rapidity density functions. A Boltzmann fit according to

1
m2

t

d2N
dmtdy

=C(y) exp
✓
�(mt �m0)c2

TB(y)

◆
. (3.1)

is applied in the HADES mt �mK acceptance range 0-200 MeV/c2 for K� in the same way as it
was done for the HADES data. The thermal K� spectrum, the spectrum of the K� which stem
from the f decay and the resulting cocktail spectrum are shown in the right panel of figure 2. The
inverse slope parameter of the K� cocktail was found to be TK� = 74 MeV and agrees within errors
with the experimental obtained value of TK� = 69± 2± 4 MeV, leaving little room for possible
different freeze-out conditions. With the assumption of two different production channels for the
K� it seems to be possible to describe the deviation of the inverse slope parameter of the charged
kaons quite satisfactorily. This is in agreement with the statistical model assumption of unique
freeze out criteria. For K+ the effect is negligible due to the much higher production yield, due
to additional production channels as NN ! NLK+. This effect is similar as the one observed for
pions where two different slopes can be extracted from the transverse mass distributions. Here it is
generally accepted that the origin of the smaller slope is the decay of a D resonance into Np .
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Fig. 9. a) the K−/K+ ratio as a function of Ekin
CM in the Al+Al experiment. Error bars represent statistical uncertainties. Shaded

rectangles represent the estimation of systematic errors. Lines represent results of HSD model predictions including different

values of KN potentials. b) the K−/K+ ratio distribution corrected for K− mesons from φ decays. See sec. 6.2 for more details.

ϑCM <150◦ has been chosen in order to reduce edge effects

of the CDC+Barrel subsystem and provide the largest

possible scope of Ekin
CM. The black points indicate the ex-

perimental data. The error bars represent the statistical

uncertainties, and the shaded rectangles depict the range

of systematic errors. The ratio has been found to decrease

with energy Ekin
CM, which is a direct consequence of the

lower transverse slope for K− compared to that of K+. A

comparison of this distribution with HSD transport model

predictions is discussed in sec. 6.

5 Results on φ mesons

A sample of about 108 φ mesons is too small for a detailed

analysis of phase space of this particle. In order to obtain

the emission yield in the K+K− channel the events were

summed up over the available phase space region, and

divided by the detection efficiency reported in sec. 3.4.2.

The total yield was obtained by dividing the result above

by the branching ratio of the φ → K+K− channel, and

was found to be:

P(φ) = [3.3 ± 0.5 (stat) +0.4
−0.8 (syst)]× 10−4 . (13)

The systematic errors include different selection criteria

for good tracks, CDC+Barrel matching criteria, and widths

of ellipse mass cuts, as well as variations of parameters of

the φmeson emission source assumed in the efficiency sim-

ulations, of the invariant mass range used for the normal-

isation of background, and cuts on charged particle multi-

plicities used for the collision centrality determinations. As

before, the systematic errors aim to cover all the observed

range of the yield values due to variations of the above

mentioned parameters. The result seems to be slightly

higher than the yield of (2.6 ± 0.7) × 10−4 obtained for

the Ar+KCl collisions (although within 0.7 standard de-

viation they could be equal), at nearly the same ⟨Apart⟩b,
but at lower incident energy 1.756A GeV [13]. The ob-

tained yield also seems to be lower than (4.4±0.7)×10−4

measured for Ni+Ni collisions at the same beam kinetic

energy of 1.91A GeV, but at somewhat higher ⟨Apart⟩b (al-

though within 1.5 standard deviation both results could

be equal) [15].

The kinetic energy distribution was also investigated.

To minimise the side effects at the edges of the ToF Barrel

detector, the acceptance window was trimmed by requir-

ing 115◦ < ϑCM < 145◦. Fig. 10 shows the measured spec-

trum. Eq. (9) was fitted to this spectrum, and the inverse

slope was found to be:

Teff = 93± 14 (stat)+17
−15(syst) MeV , (14)

M. Lorenz and HADES, PoS(BORMIO2010)038  FOPI collaboration, arXiv:1512.06988  



In-medium φ Propagation (ANKE) 

ANKE reports an in-medium (cold matter) 
cross section for phi of 14 - 21 mb. 
 
Proton (2.83 GeV) induced production under 
forward angles (θ<9°). 
 
The curves show: 
o  Model 1 (not shown) 

•  Eikonal approx. by Valencia group using 
in-medium phi spectral function 

o  Model 2 (dashed) 
•  As 1 but with different in-medium function 

o  Model 3 (solid) 
•  BUU from Rossendorf 
•  Has also an in-medium mass shift included 
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8

from a combined analysis of coherent and incoherent φ
production from deuterium [22].
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FIG. 5: Inclusive double-differential cross sections for φ pro-
duction at small angles, θφ < 8◦, in the collisions of 2.83 GeV
protons with C, Cu, Ag, and Au targets as functions of the
φ laboratory momentum (full squares). The errors shown are
those from Table II added in quadrature. The experimental
data are compared with the predictions of model 2 (dashed
lines) and model 3 (solid lines) using, respectively, the cen-
tral values of the φ width and effective φN absorption cross
section shown in Fig. 4.

CONCLUSIONS

The differential cross sections for the forward produc-
tion of φ mesons by 2.83 GeV protons incident on nuclear
targets have been measured at the ANKE-COSY facility.
The dependence of the transparency ratio on the φ mo-
mentum was determined over the range 0.6 - 1.6 GeV/c.
Values of the φ width in nuclear matter were extracted
by comparing these data with calculations carried out
within the available models. Independent of the model
used for the analysis, the results show evidence for an
increase of the φ meson width with its momentum. This
was completely unexpected and represents possibly a sig-
nificant result.
Sizable excesses have been observed in the numbers of

φmesons produced with momenta below 1 GeV/c. These
are not reproduced by the models employed and might
suggest some enhancement in the low mass φN systems.
In order to get a deeper insight into the momentum de-
pendence of the φ meson in-medium width, a better un-
derstanding of both the φ production mechanism and its

propagation through nuclear matter is crucial.
In general, φ meson production on hydrogen with ele-

mentary probes is not completely understood at the en-
ergy of our experiment [37, 38] and this should certainly
be improved. It might be interesting to note in this con-
text that strangeness production in closely related chan-
nels might have some influence here [39–41].
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colleague Vladimir Petrovich Koptev, who died in Jan-
uary. Support from the members of the ANKE Collab-
oration, as well as the COSY machine crew, are grate-
fully acknowledged. We are particularly appreciative of
the help and encouragement that we received from Eu-
logio Oset. This work has been partially financed by the
BMBF, COSY FFE, DFG, and RFBR.

∗ Based in part on a PhD thesis submitted by one of the
authors (AP) to ITEP, Moscow.

† E-mail: m.hartmann@fz-juelich.de
‡ E-mail: yurikis@itep.ru
§ Deceased

[1] R. Rapp and J. Wambach, Adv. Nucl. Phys. 25, 1 (2000).
[2] R. S. Hayano and T. Hatsuda, Rev. Mod. Phys. 82, 2949

(2010).
[3] S. Leupold, V. Metag, and U. Mosel, Int. J. Mod. Phys.

E 19, 147 (2010).
[4] G. E. Brown and M. Rho, Phys. Rev. Lett. 66, 2720

(1991).
[5] T. Hatsuda and S. H. Lee, Phys. Rev. C 46, R34 (1992).
[6] S. Okubo, Phys. Lett. 5, 165 (1963); G. Zweig, CERN

Report No. TH-401, 1964; J. Iizuka, Prog. Theor. Phys.
Suppl. 37-38, 21 (1966).

[7] T. Mibe et al., Phys. Rev. C 76, 052202R (2007).
[8] H. Gao, S. H. Lee, and V. Marinov, Phys. Rev. C 63,

022201R (2001).
[9] E. Oset and A. Ramos, Nucl. Phys. A 679, 616 (2001).

[10] F. Klingl, T. Waas, and W. Weise, Phys. Lett. B 431,
254 (1998).

[11] D. Cabrera and M. J. Vicente Vacas, Phys. Rev. C 67,
045203 (2003).

[12] D. Cabrera, L. Roca, E. Oset, H. Toki, and M. J. Vicente
Vacas, Nucl. Phys. A 733, 130 (2004).

[13] R. Muto et al., Phys. Rev. Lett. 98, 042501 (2007).
[14] E. Ya. Paryev, Eur. Phys. J. A 23, 453 (2005).
[15] T. Ishikawa et al., Phys. Lett. B 608, 215 (2005).
[16] M. H. Wood et al., Phys. Rev. Lett. 105, 112301 (2010).
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HADES run scenario at SIS18 

Time line 
o  Upgrade program in 2016-2017 (no operation) 

o  Likely beam available from 2018 on (summer) 

o  Anticipated improved conditions 
•  radiation protection 

•  new slow extraction 

•  improved intensities  

 
Assume three long campaigns,i.e.: 

o  π+PE/lH2:  baryon em transition form factors,  
baryonic resonances with strangeness 

o  p+A: strangeness/vector mesons in medium 
o  A+A: medium system at maximal energy 
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Ongoing Upgrade 2016-2018 

HADES ECAL 
o  Lead glass calorimeter (recycled OPAL crystals) 
o  Replaces pre-shower detector 

MAPMT UV photon detector for HADES 
o  Replaces aging solid CsI based UV photon 

detector 
o  Improves rate capability 
o  Joint development CBM and HADES 
o  Leaves the rest of the HADES-RICH 

untouched 

Slide 11CBM collaboration meeting Prague, 17.09.2015

First impression, how HADES-PMT-RICH
could look like

Using ~420 pc
of the CBM RICH 
MAPMT photon sensors

Design and drawings:
Mike Faul, GSI
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The future at FAIR 
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Explore	Compressed	Baryonic	MaKer	
with	rare	and	penetraOng	probes:	

o  EOS	of	(baryon)	dense	and	hot	QCD	
maber	

o  Search	for	exoOc	quark	maKer	phases	
and	rare	strange	maber	

o  Study	the	limit	of	hadronic	existence		

Ø  Use	high-acceptance	
HADES	spectrometer	for	
important	reference	
measurements	(cold-
maber	physics)		



Summary  

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

o  Contributions from the dense/early phase are quite featureless. 

–  strong broadening of in-medium states!(?) 

o  Interesting observations in strangeness production. 

–  better statistics needed to make the case 

o  Next at SIS18: heavy collision systems and pion induced reactions.  

o  Bright future for the investigation of  Compressed Baryonic Matter 
at FAIR. 
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Thank	you	for	your	abenGon	

The	ERICE	Honky	Tonk	Show	



The HADES collaboration 
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 Joint Institute of Nuclear Research, 141980 Dubna, Russia�
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