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Agenda

• Introduction
• Emissivity of baryons
• Dielectrons from cold and dense matter
• Strangeness production and propagation
• Outlook
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Program

Mostly Au+Au (40% most central) 
collisions at 1.23A GeV

o Strangeness production

• Comparison to statistical 

hadronization model

• Contribution of ϕ decay 
to K- yield  

o Higher moments of 
e-by-e proton distributions

• Efficiency corrections

• Volume fluctuations

• N-particle correlations

• Low-mass lepton pairs

• see talk by Tetyana Galatyuk
in the afternoon today
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RPC    

q 2002–2009: light A+A, p+p, n+p, p+A
q 2011–2014: Au+Au, p-induced reactions
q 2018–2020: FAIR phase 0
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Reminder: RHICollisions at 1-2 A GeV
o Experiments:

Bevalac, TAPS, KAOS, FOPI, HADES

o Evolution of the fireball (transport)
• Coarse grained UrQMD 
• Au+Au 1.23A GeV central cell (b=0)

“Resonance matter”
• Most of the pions in the final state from 

baryonic resonances
• 𝜌#$% = 3	𝜌) and 𝑇#$%~	0.5	𝑇/ (Transport)
• About 10% of baryons in excited states
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T. Galatyuk, F. Seck et al. , et al., Eur. Phys. J. A 52 (2016) 13, 
S. Bass et al., Prog. Part. Nucl. Phys. 41 (1998) Rapp, Wambach, Adv.Nucl.Phys. 25 (2000)
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Chiral Nuclear Thermodynamics
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o EOS of dense baryonic matter (at low to moderate temperatures)

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

J.W. Holt, M. Rho, W. Weise arXiv1411.6681

Courtesy of K. Fukushima & T. Hatsuda



HADES Au+Au data

o Beam: 1.5 x 106 Au ions per second
o LVL1 trigger rates of up to 8 kHz 

Ø 7 · 109 events recorded

o LVL1 trigger on 40% most central coll. 

PID: 
o Time-of-flight (𝛽) 

from RPC and 
TOF

o dE/dx in MDC 
and 
TOF (not shown)
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Technical layout of HADES 

Cryostat 
inner MDC 

RICH readout 

HADES + FW 
1 out of 6 HADES sectors 

RICH not shown ! 

R. Holzmann  HIC for FAIR Workshop    29/07/2015 
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Centrality selection

o Multiplicity:
• Correlation between multiplicity in FW and META (reduces pile-up)
• Clean START signal (reduces pile-up and particle misidentification)

o Fit of Glauber MC to reconstructed raw track multiplicity
o good description for track multiplicities above 20

percentile 𝑨𝒑𝒂𝒓𝒕

0 - 10 301

10 - 20 212

20 - 30 148

30 - 40 102
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Au+Au centrality classes

2% interaction target (Au)

15-fold segmentation

Behruz Kardan HADES collaboration meeting XXX, October 2015, Lisbon

GlauberFit - Data selectedTracksCorr - gen8

9

!Data PT23 (minBias)
!GlauberFit µ=0.24 k=1.16

• time-dependent 
correction of  
SelectedTrack
with RunningMean 

• sampled from Npart 
and Gaussian 
distribution with:

• no Event selection

Mean = (µ ·Npart)
↵

Sigma = k ·
q

(µ ·Npart)↵
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strangeness production
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Particle production in accord with SHM

o All strange hadrons are produced below the free NN threshold:  𝐾7Λ	 −160	MeV ; 𝐾7𝐾@	(−470	MeV)

o Canonical suppression applied in THERMUS (𝑅/), 𝜙 not affected
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Ξ@ production 

o Unexpected yield observed in two systems: Ar+KCl, p+Nb
o Au+Au 1.23 AGeV too far below threshold
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p+Nb ÖsNN= 3. 2 GeVAr+KCl ÖsNN= 2.61 GeVAu+Au ÖsNN= 2.42 GeV
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Transverse momenta spectra
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Teff = 103±10 MeV
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K+ K-

Teff = 105 ± 4 MeV Teff = 82 ± 9 MeV → Teff(K+)  >> Teff(K-)  

HADES Au+Au strangeness analysis:  Heidi Schuldes, Tino Scheib, Manuel Lorenz



f decay as source for K- (feed-down correction)

30 % of K- from 𝜙 decay
o assume TK- (thermal) = TK+ (measured)  105 MeV
o derive TK- (cocktail) = 83 MeV ≈ TK- (measured) 

Excitation function of 𝜙/𝐾@
o Trend explained assuming canonical suppression in 

a thermalized system

IN
T 

Ex
pl

or
in

g 
.. 

Q
C

D
 M

at
te

r .
. E

ne
rg

y 
Sc

an
s,

 S
ea

tt
le

 -
Jo

ac
hi

m
 S

tr
ot

h
12

Oc
to
be
r	3

-8
,	2
01
6

160 CHAPTER 6. DISCUSSION
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Figure 6.10: Excitation function of the measured �/K� ratio for various systems and energies (see
legend). While the ratio stays flat for energies above a few AGeV, it substantially increases towards lower
energies around the elementary � production threshold. Lines correspond to calculations from a statistical
hadronization model for different values of the canonical suppression radius R

C

(see legend).

the K� the � meson is not affected by this suppression, because it conserves strangeness by definition
(|ss̄i). The lines in the figure correspond to calculations from the SHM with different values for RC .
Our new data point is in agreement with a radius RC 2 [2.0, 3.2] fm.

The measured excitation function of the �/K� ratio can be compared to the one obtained with a
tuned version of the UrQMD transport model [5], including mass dependent branching ratios of high
lying baryon resonances namely the N⇤(1990), N⇤(2080), N⇤(2190), N⇤(2250) and N⇤(2250) into
�, in order to match elementary data on � production (compare section 1.5), which is shown in figure
6.11. The model predicts a maximum of the ratio at the measured center-of-mass energy of

p
s = 2.4

GeV and agrees with the obtained value from this analysis. Also previous experimental results from
HADES and FOPI are well reproduced, while the model undershoots the data at higher energies. It
would be interesting to compare also the shapes of the kinematic distributions from the model, like
transverse mass spectra, besides only the yield in full phase space, as the spectral shape should de-
pend on the resonance contribution as observed for ⇡� production (see section 5.2) and investigated
in [158] for kaons with respect to the effect of kaon-nucleon potential. Furthermore, in the future a
measurement of the �/K� ratio at even lower energies could reveal if the ratio is decreasing again as
predicted from the transport model.

In order to evaluate the influence of the high amount of � mesons feeding the K� yield on the kine-
matic properties of the measured K�, a two component cocktail is generated with PLUTO [140]. The
emission of negative kaons is assumed to arise from two components:

1. Direct thermal production from the reaction zone

preliminary



Extension of the excitation function to lower energies
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World data from: C. Blume & C. Markert,  Prog. Part. Nucl. Phys. 66 (2011) 834
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- multi-particle processes
- medium modifications



higher moments of e-by-e proton distributions
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Prepare for higher-moments analysis
o HADES: large acceptance but …

• narrow rapidity distribution
• less 𝑝L reach

o HADES simulation package
• GEANT3 with complete detector geometry
• Tuned digitizers for all detector systems
• Embedding (for efficiency determination)

o Corrections methods:
• Correction of moments

AB, VK: arXiv-1206-4286, arXiv-1312-4574; 
XL: arXiv:1410.3914 (2014)
Ø Multiplicity dependent treatment: 𝜖 = 𝜖 𝑁, sector

• Unfolding
G. D‘Agostino, Nucl. Instr. Meth. A 362 (1995) 487
J. Albert et al. , Nucl. Instr. Meth. A 583 (2007) 494.
S. Schmitt, J. Instr. 7 (2012) T10003.

o still under investigation:
• volume flucts., bound protons (deuterium etc.)
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𝑦VW = 0.74

HADES
STAR

15 % deviation from linear

Au+Au 1.23A GeV, HADES data

Au+Au 1.23A GeV, UrQMD simulation with HADES response
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The unfolding method

Problem:

y = A · x  (measured = response matrix · true )
o nowing y and A, find x.
o Unfortunately, A is often quasi-singular and can not 

be inverted (ill-conditioned problem!).
o Minimize via least-squares procedure the

„Lagrianian“L(x,λ).

Solution:

ROOT implementation:
TUnfold, TUnfoldSys, TUnfoldDensity

HADES analysis: Romain Holzmann, Melanie Szala
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L1: least square minimization

L2: describes regularisation

L3: area constraint



Unfolding vs. corrected cumulants (simulation only)

UrQMD:
no detector response, 
MC tracks in phase-space 
window

Correct moments:
full response simulation, 
correction of cumulants 
(Bzdak, Koch)

Unfolding:
full response simulation, 
unfolding using root classes

Unfolding seems to perform 
more stable
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Unfolding vs. corrected cumulants (data)
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Corrected moments:
full response simulation, 
correction of cumulants 
(Bzdak, Koch)

Unfolding:
full response simulation, 
unfolding using root classes

Unfolding seems to perform 
more stable
Kurtosis behaves differently 
compared to UrQMD

Oc
to
be
r	3

-8
,	2
01
6



Signal dependence on phase space window

“Poissonizer” (VK)

o Data corrected with 
unfolding method.

o Both observables 
approach the 
expected unity
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0 -10 % 
30-40 %

0 -10 % 
30-40 %
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Comparison to STAR

• HADES data from unfolding method
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Particle Correlations

o CUMULANT o UNFOLDNG
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3

Now we can relate the cumulants in terms of the correlation functions and the mean particle number ÈNÍ = F
1

K
2

= ÈNÍ + C
2

, (11)
K

3

= ÈNÍ + 3C
2

+ C
3

, (12)
K

4

= ÈNÍ + 7C
2

+ 6C
3

+ C
4

, (13)
and vice versa

C
2

= ≠ ÈNÍ + K
2

, (14)
C

3

= 2 ÈNÍ ≠ 3K
2

+ K
3

, (15)
C

4

= ≠6 ÈNÍ + 11K
2

≠ 6K
3

+ K
4

. (16)
Before we apply the above equations to extract the correlation strength from the STAR data, let us make a few

more remarks concerning these correlation functions.
It should be clear from (14)-(16) that as we approach the critical point Cn is dominated by Kn which scales with

the highest power of the correlation length › [2]. Thus, following [2], C
2

≥ ›2, C
3

≥ ›4.5, and C
4

≥ ›7 close to the
critical point.

Frequently in the literature, see, e.g., Ref. [13], one refers to correlation function where the trivial dependence on
the particle density/multiplicity is removed

cn (y
1

, ..., yn) = Cn (y
1

, ..., yn)
fl

1

(y
1

) · · · fl
1

(yn) , (17)

which we shall refer to as reduced correlation functions or simply couplings. For example in terms of the reduced
correlation functions the two particle density would be given as

fl
2

(y
1

, y
2

) = fl
1

(y
1

) fl
1

(y
2

) [1 + c
2

(y
1

, y
2

)] . (18)

The reduced correlation functions will prove helpful when studying for instance the centrality dependence of the
correlations. Integrating Eq. (17) over rapidity we obtain

Ck = ÈNÍk
ck, (19)

where ÈNÍ =
´

�Y fl
1

(y)dy depends on the rapidity interval �Y and we denote

ck =
´

fl
1

(y
1

) · · · fl
1

(yk) ck (y
1

, ..., yk) dy
1

· · · dyk´
fl

1

(y
1

) · · · fl
1

(yk) dy
1

· · · dyk
. (20)

Using above definition we can write
K

2

= ÈNÍ + ÈNÍ2

c
2

, (21)
K

3

= ÈNÍ + 3 ÈNÍ2

c
2

+ ÈNÍ3

c
3

, (22)
K

4

= ÈNÍ + 7 ÈNÍ2

c
2

+ 6 ÈNÍ3

c
3

+ ÈNÍ4

c
4

. (23)
Finally we should point out that direct relation between correlation functions and cumulants can not be established

if one considers for example net-proton cumulants. In this case the additional knowledge of various factorial moments
is required. The relevant formulas are given in the Appendix.

A. Comments

Before we analyze the existing data several comments are warranted.

(i) First it would be interesting to see how the correlation functions Cn and couplings cn scale with multiplicity
if the correlations originate from several independent sources of correlations, e.g., from resonances/clusters or
when A+A is a simple superposition of elementary p+p interactions. This will be useful when studying the
centrality dependence of the correlations.
Suppose we have Ns sources of particles, each characterized by the multiplicity distribution P (ni). The final
multiplicity distribution is given by

P (N) =
ÿ

n1,n2,...,nNs

P (n
1

)P (n
2

) · · · P (nNs)”n1+...+nNs ≠N . (24)

very preliminaryvery preliminary



“Comparison” to STAR and 3D Ising→ 0716.07375 
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(a) The shaded area is excluded by requiring C2 < 0 . (b) The shaded area is excluded by requiring C3 < 0. .

Figure 7. Density plot of K4/K2 where red(blue) denotes positive(negative) values with excluded areas by imposing conditions
on C2 or C3. The critical point is located at H = t = 0. .

(a) The shaded area is excluded by requiring C4 > 0 . (b) The shaded area is excluded by requiring C2 < 0 and

C3 < 0 and C4 > 0. .

Figure 8. Density plot of K4/K2 where red(blue) denotes positive(negative) values with excluded areas by imposing conditions
on C4 and C2,C3,C4 simultaneously. The critical point is located at H = t = 0. .

shaded areas which region around the critical point is excluded by the fact that the measured correlations functions
Cn have a certain sign. In addition, for orientation to facilitate a mapping to the QCD phase diagram, we also show
the regions where the cumulant ration K

4

/K
2

is positive and negative (see caption for details). For suggestive reasons
we inverted the direction of the t-axis in all figures as in the simplest mapping, the reduced temperature in QCD
maps to the magnetic field in Ising variables, whereas the reduced chemical potential µ ≠ µc ≠ 1 maps to the negative
reduced temperature ≠t in Ising variables. In this way the orientation of the plots in Ising variables can be roughly
identified with the orientation of a conventional T ≠ µ phase diagram for QCD. In all figures, the critical point is
located at H = t = 0. Note that whereas Ÿ

2N (Ÿ
2N+1

) is (anti-)symmetric with respect to H æ ≠H, the couplings
Cn as a sum of symmetric and antisymmetric terms no longer show this symmetry.

6

Figure 1. Centrality dependence of the two- three- and four-particle correlation functions C2, C3, C4 for collision energiesÔ
s = 7.7 GeV (left panel), 11.5 GeV (middle panel), and 19.6 GeV (right panel). Results are based on preliminary STAR data

[9].

on the preliminary data which cover the transverse momentum range 0.4 GeV < pt < 2.0 GeV [9]. For the lowest beam
energies, 7.7 GeV Æ

Ô
s Æ 11.5 GeV and possibly even for

Ô
s = 19.6 GeV the anti-proton to proton ratio is su�ciently

small so that we can ignore the presence of antiprotons without loosing the physics. In this case we can extract the
correlation functions from the data following the procedures outlined in the previous section.

Let us start with the correlation functions Cn, Eqs. (14-16). They are shown in Fig. 1 as a function of centrality for
the three energies,

Ô
s = 7.7 GeV, 11.5 GeV and 19.6 GeV. Note that we have multiplied the correlation functions with

the appropriate factors so that they reflect their contribution to the fourth order cumulant, Eq. (13). For the two
most central points, we find that for all three energies the four-particle correlations are finite and positive, C

4

> 0,
whereas the two- and three-particle correlations are negative, C

2

, C
3

< 0. In addition, for
Ô

s = 7.7 GeV C
4

is clearly
the dominant contribution to the fourth order cumulant. Thus, the steep rise in the K

4

/K
2

cumulant ratio seen in the
preliminary STAR data [9] is indeed due to four-particle correlations. For

Ô
s = 19.6 GeV on the other hand we find

that for the most central point the negative two-particle correlation is the dominant contribution to the fourth order
cumulant. Therefore, the fact that the preliminary STAR data show a cumulant ratio below the Poisson baseline,
K

4

/K
2

< 1, is due to negative two-particle rather than negative four-particle correlations.

Figure 2. Centrality dependence of three-particle reduced correlation functions c3 for collision energies
Ô

s = 7.7 GeV (left
panel), 11.5 GeV (middle panel), and 19.6 GeV (right panel). The horizontal long-dashed line separates positive from negative
values. The short dashed lines represent a fit based on the independent source model, c3 ≥ 1/ ÈNÍ2. The full lines represent a
fit which adds a constant o�set to the independent source fit. Results are based on preliminary STAR data [9].

Next we turn to the reduced correlation functions, c
2

, c
3

, c
4

, Eq. (20). In Figs. 2, 3 and 4 (left panel) we
show their centrality dependence for the three energies under consideration. We find that the reduced two-particle
correlations or couplings, c

2

, for all energies scale like 1/ ÈNÍ0.85 which is close to the 1/ ÈNÍ scaling expected from
independent sources, but su�ciently di�erent that this behavior deserves further investigation. At present we have no
obvious explanation for this deviation from independent source scaling. For N

part

< 200 the three- and four-particle
couplings, within errors, are consistent with 1/ ÈNÍ2 and 1/ ÈNÍ3 scaling, respectively. In addition the three and
four particle couplings change sign around N

part

ƒ 200 whereas c
2

remains negative for all centralities. At roughly
the same centrality, the three- and four-particle couplings flatten out, most prominently at the lowest two energies.
Concentrating on the lowest energy,

Ô
s = 7.7 GeV, we find that for N

part

> 200 all three reduced correlation functions
remain constant, indicating stronger correlations than an independent source picture would suggest. As discussed

partN
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HADES FAIR Phase-0 Preparation
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Detector upgrades
• ECAL (PSP 1.1.2.4)

• RICH-700 (synergy with CBM – UV detector)

• FW-Tracker (synergy with PANDA – straws)

• FW-RPC (detector elements mostly existing)

• MDC-FEE (PSP 1.1.2.4, 1.1.2.5)

• FW-Wall (synergy with CBM – PSD)

• START (synergy with CBM – t0 detector)

Up to 50 kHz interaction rate, improved electron-id, 
detection of photons, large acceptance for exclusive 
processes.

Planned physics runs (2018-2021)
• we anticipate three long runs, i.e.:

o 𝜋+(CH2)n/LH2:  baryon electromagnetic 
transition form factors, baryonic resonances with 
strangeness.

o p+A/p+p: strangeness/vector mesons in 
medium. 

o A+A: medium system size at maximal energy, 
multi-strange baryons, dileptons.

sc-CVD diamond start detector

MAPMT based 
RICH UV detector

ECAL based on OPAL lead glass 

Secondary pion beam in combination with 
dilepton spectrometer is world-wide unique!



The HADES collaboration
LIP-Laboratório de Instrumentação e Física Experimental de Partículas , 3004-516 Coimbra, Portugal
Smoluchowski Institute of Physics, Jagiellonian University of Cracow, 30-059 Kraków, Poland
GSI Helmholtzzentrum für Schwerionenforschunm, 64291 Darmstadt, Germany
Institut für Strahlenphysik, Forschungszentrum Dresden-Rossendorf, 01314 Dresden, Germany
Joint Institute of Nuclear Research, 141980 Dubna, Russia
Institut für Kernphysik, Johann Wolfgang Goethe-Universität, 60438 Frankfurt, Germany
II.Physikalisches Institut, Justus Liebig Universität Giessen, 35392 Giessen, Germany
Institute for Nuclear Research, Russian Academy of Science, 117312 Moscow, Russia
Physik Department E12 & Excellence Cluster Universe, TUM, 85748 München, Germany
Department of Physics, University of Cyprus, 1678 Nicosia, Cyprus
Institut de Physique Nucléaire (UMR 8608), CNRS/IN2P3 - Université Paris Sud, F-91406 Orsay Cedex, France
Nuclear Physics Institute, Academy of Sciences of Czech Republic, 25068 Rez, Czech Republic
Departamento de Física de Partículas, University of Santiago de Compostela, 15782 Santiago de C.a, Spain
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• HADES has collected high-statistics data on A+A and elementary collisions, including exclusive 
channels.

• Data mark the “lowest-energy” point of the beam-energy scan to explore the QCD phase diagram  

• Interesting observations in sub-threshold strangeness production.

• particle production in agreement with SHM

• Fluctuation signal 

• Strong effects from detector response - still under study

• Unfolding seems tobe more stable than correction method

• Next at FAIR Phase-0 @ SIS18: 

• heavy collision systems and pion induced reactions. 

• Bright future for the investigation of Compressed Baryonic Matter with CBM 
(and HADES) at FAIR.



In-medium f 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 (q<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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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].
We would like to dedicate this paper to our friend and

colleague Vladimir Petrovich Koptev, who died in Jan-
uary. Support from the members of the ANKE Collab-
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