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O1HOl M3 OCHOBHBIX II€JIEi SKCIIEPUMEHTOB 110 CTOJIKHOBEHUSAM TSI>KEJIBIX NOHOB
ABJISETCS U3YYCHUE CBOMCTB CUJIBHO B3aUMO/ICHCTBYIOIIECH MaTepuu, BOSHUKAIOIIEH
B 00J1aCTU TIEPEKPBITUST CTAJKUBAIOIINXCST UOHOB B PA3JUIHBIX COCTOSTHUSX. [lpu
OTHOCUTEJIbHO HU3KOH SHEprum B HECKOJBLKO ['9B Ha mapy HyKJIOHOB cO3mamHast
MaTepusi MOXKET XapaKTEePU30BATHCSI BBICOKUMHU OAPUOHHBIMU  ILJIOTHOCTSIME
U OTHOCHUTEJIIBHO HHU3KUMH TeMIIepaTypaMu. AzuMyTagbHas AHU30TPOINS,
BO3HUKAIONIAsT IPU CTOJKHOBEHWH &JIPOHOB, HECET IEHHYI0 WHQOPMAIIUIO O
CBOMCTBAX BEIECTBA B 00JACTH MEePeKpHITHsI. B 3Toif paboTe MBI IIPEICTABIISIEM
pe3yaIbTaThl CBOMCTB MACIITAOMPOBAHUSI HAIIPABJIEHHOI'O IIOTOKa IIPOTOHOB B
3aBUCUMOCTH OT HEPI'UU CTOJIKHOBEHHUS, a TaKKe pa3Mepa cucreMbl. Kpome Toro,
IIpUBEIEHO CpaBHEHHE ITOJIYYE€HHBIX PE3YJIbTaTOB C TEOPETUYICCKUMU MOJIEJ/ISAMU.

One of the main goals of the heavy ion collisions experiments is studying the
properties of strongly interacting matter created at different states in the overlap
region of two intercepting ions. At a relatively low energy of several-GeV per
nucleon pair created matter can be characterized by high net baryon densities and
relatively low temperatures. The azimuthal anisotropy or produced in the collision
hadrons is a valuable probe of the properties of the matter within the overlap
region. In this work we present the observation of the scaling properties of the
directed flow of protons on energy of the collision as well as the system size. We
alsl(l) elaborate on the directed flow of protons dependence on the geometry of the
collision.

PACS: 44.25.+f; 44.90.4+c

Introduction

The strongly interacting matter produced in heavy ion collisions at beam
energies of \/syy=2-4 GeV is characterized by the net baryon densities of
2-5 times greater than the nuclear saturation density [?,?]. This level of
compression is achieved due to the presence of the colliding nuclei remnants
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known as spectators |?]. We can estimate the time at which the accelerated
nuclei interpenetrate each other (¢,4s5), as

2R

tpass = ————
pass . )
sinh Ypeam

(1)
where R is the radius of the colliding nuclei and ¥peq, is the beam rapidity. In
non-central collisions the overlap region of two colliding nuclei is asymmetric.
Via the interaction of the constituents of the matter within the overlap region
as well as cold spectator matter this asymmetry transforms into azimuthal
anisotropy of the produced nuclei |?|. This anisotropy can be quantified
by decomposing the azimuthal angle distribution in a Fourier series with
respect to plane spanned on vectors of beam direction and impact parameter
(reaction plane) [?]:

p(d — Upp) = %(1 +2) vy cosn(¢ — Ugp)), (2)

where ¢ is the azimuthal angle of particle momentum and Wgp is the reaction
plane. The coefficients of the decomposition v,, are defined as follows:

U = (cosn(¢ — Ygp)), (3)

where the angle brackets denote the averaging over all particles in the collision
as well as all collisions. The coefficients of the first and second orders — v
and v, — are usually referred to as directed flow and elliptic flow respectively.
This signals are dominant in low energy heavy ion collisions and are sensitive
probes of the properties of the matter created within the overlap region. The
experimental measurements of the flow harmonics can lay a constraints on
the macroscopic properties of the matter existing for the brief moments in
the collision.

The analysis is based on the HADES data for Ag+Ag collisions at Fj;,
= 1.23A and 1.58A GeVcollected in 2019. The results were obtained in 2021
while in the HADES Collaboration and were not changed since.

Results

Shown in the left plot of the fig. 1 is the directed flow slope of protons
dvy/dyly,,.—o at center-of-mass rapidity y., = 0 as a function of centrality
of the collision. The directed flow v; was initially calculated as a function
of center-of-mass rapidity y.m and then fitted with the linear function v; =
ag + a1 X Y in mostly the backward-rapidity range. The coefficient a; is
extracted as a slope value in each centrality class. The cubic ansatz v; =
ap + a1 X Yo + a3 X y>  was tested as well in a wider rapidity window and
no significant difference was observed. The systematical errors correspond to
effects not related to initial asymmetry of the collision (see |?,7]). We can
see that the dvy/dy|,,,,—o for collisions of Au+Au and Ag+Ag at the same

Yem



43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

?g F HADES preliminary _C‘i [ HADES preliminary _C‘i [ HADES preliminary
—20.65F > . z
%f’ I g 0.45[ . g 0.451 ‘
> « 2 2 50 (] L | o » e
© 055F i 2 [ " [ °
U (] m = 0.4 0.4 P
: - " . | : A
0.5 = L [
E e . -
0.45 5_ : 0.3 :_ ! A AU+AU@1.23A GeV 035 :_ - 4
0.4F E ® AgrA@1.23A GeV F
0.35 E_ 0.3 B Ag+Ag@1.58A GeV 0.3
E [e [ @
03 0.25[® 0.25F ™
0.25F = A
0.0k 1 1 1 0.2 L 1 1 1 0.2 L 1 1 1
0 10 20 30 40 0 10 20 30 40 i 0.5 1 1.5
centrality (%) centrality (%) <b>/A"? (fm)

Fig. 1. Left: Directed flow slope of protons dvi/dyly.,,—o at center-of-mass rapidity
Yem = 0 as a function of centrality of the collision; Center: Directed flow slope
of protons dvi/dy|,—o scaled on the beam rapidity as a function of centrality
of the collision; Right: Directed flow slope of protons dvi/dyl|,—¢ scaled on the
beam rapidity as a function of the mean impact parameter divided over the cubic
root of mass number of colliding nuclei (b) /A'/3 (relative impact parameter of the
collision).

energy are in an agreement within the systematical error. On the contrary,
the results for the directed flow slope of protons in Ag+Ag collisions at
higher kinetic energy is noticeably lower. The directed flow slope of protons
dvy/dy|y—o scaled on the beam rapidity as a function of centrality of the
collision is shown in the center plot of the fig. 1. The center-of-mass rapidity
is normalized on the beam rapidity ¥ = Yem/Ypeam such as projectile and
target rapidities are equal to £1. This transformation simplified the directed
flow slope dependence on centrality and the results for all three data-sets
are in agreement within the systematic error except for the central-most
collisions. In the right plot of the fig. 1 the beam-rapidity-scaled dv, /dy|,—o
is shown as a function of of the mean impact parameter divided over the cubic
root of mass number of colliding nuclei. The mean impact parameter was
calculated for each centrality class of the collision and then normalized to be
a representative value of the geometry of the collision despite the difference
in the colliding nuclei size. The normalization was applied with the idea that
the radius of the nuclei is proportional to the cubic root of the mass number
r oc A3, The scaled directed flow slope of protons dv;/dy|, - shows the
same dependency on the relative impact parameter of the collision (b)/A'/3
in all three cases.

The directed flow slope of protons dvy/dy|,—o as a function of colli-
sion energy ./syyis shown in 2. The results for E895 are taken from [?],
for the STAR-FXT from [?] and FOPI measurements from [?|. The val-
ues are presented without the scaling on the beam rapidity and the FOPI-
similar momentum criteria (u;0 > 0.4) is applied, which corresponds to the
pr > 0.3 GeV at Ej;,—1.23A GeVand pr > 0.35 GeV at Ej;,—1.584 GeV.
The points for Au+Au at E;,=1.23A GeVand Ag+Ag at Fj;,,—1.23A and
1.58 A GeVfollow the world data trend.
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Fig. 2. The directed flow slope of protons dvi/dy|,—o as a function of collision
energy +/syn: comparison with the world data. The results were taken from: the
E895 experiment [?], the STAR-FXT program [?| and the FOPI measurements |?].

Summary

The results for the directed flow slope of protons at midrapidity dv; /dyly =
0 are presented as a function of centrality and relative impact parameter of
the collision for Au+Au at Ey;,=1.23A GeVand Ag+Ag at Ey;,,—1.23A and
1.58 A GeV. Scaling the results on the beam rapidity reduces the dependency
of dvy/dyly = 0 on the energy of the collision. Scaled directed flow slope of
protons dvy/dy'ly’ = 0 shows the same dependency on the relative impact
parameter of the collision in all three data-sets. The obtained results for
dvy /dyly = 0 follow the existing world data trend as a function of collision
energy.
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