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OUTLINE

@ motivation: in-medium physics
@ the GiBUU transport model

@ dileptons from elementary reactions:
p+p d+p
p + Nb

arXiv:1203.3557 [nucl-th], accepted by EPJ

GiBUU

@ dileptons from heavy-ion collisions:
C+C
Ar + KCI

@ conclusions
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MOTIVATION: HADRONS IN MEDIUM

V. Bernard, U.-G. Meissner | Vector and axial-vector mesons

MESON MASSES

@ how do vector mesons behave inside a
hadronic medium?

e Brown/Rho, Hatsuda/Lee:
mass shift (restoration of chiral sym.)
my(p)/my =~ 1 —a(p/po) .
a =~ 0.16 +£0.06

e collisional broadening (LDA):
Ceott = p < Vielown >

@ QCD sum rules (Leupold, NPA 628, 1998)

[6ev]

ATGeV7] T —

@ coupling to resonances can introduce |
additional structures in the spectral |
function (Post, 2003)
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THE DILEPTON COCKTAIL

hadronic sources contributing to the dilepton spectrum:

=== =

Dalitz decays

0

direct decays T
— o —etey

0 +o
o p% = efe
P e —etey
°ow—ete 0.+
O w—Tmee
o p—ete B
o A — Nete
o (n—efe”) o _
—~ o (R— Nete™)

other contributions

o Bremsstrahlung:
NN — NNete™, tN — wNeTe™

J. WEIL DILEPTON PRODUCTION AT SIS ENERGIES



THE DLS PuzzLE(S)

. . UrQMD, Ernst et al., PRC 58 (1998)
e mid-90s: no one can fully explain

dilepton data measured by DLS in
few-GeV regime

P (2.09 GeV) p

doeldM (b/GeV)

e data wrong? models incomplete?

o today: DLS data fully confirmed

by new HADES data (better

. .. HSD, Bratkovskaya et al., PLB 445 (1999)
acceptance/resolution /statistics) e e T
Ca+Ca, 1.0 A GeV

o there are still two (theory) puzzles: PNt inmedium masses |

3

s
T

@ how to explain the elementary
(N+N) dilepton spectra?

@ are there additional 'in-medium’ wl 1
effects in A+A? T I CRICCR

M [GeV/c’]

do/dM [ub/GeV ¢]
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THE GIBUU TRANSPORT MODEL

o BUU-type hadronic transport model
o unified framework for various types of reactions
(7A, €A, VA, pA, mA, AA) and observables

o BUU equ.: space-time evolution of phase space density
(0r + (V3H;) V7 — (V#H) V) fi(7, t, B) = lean[fi, , -]

o Hamiltonian H;:

o hadronic mean fields, Coulomb, “off-shell potential”
collision term I.o:

o decays and scattering processes (2- and 3-body)

o low energy: resonance model, high energy: PYTHIA 6.4

O. Buss et al., Phys. Rep. 512 (2012),
http://gibuu.physik.uni-giessen.de

GiBUU

The Giessen Boltzmann-Uehling-Uhlenbeck Project
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RESONANCE MODEL

@ assumption: inel. NN cross section is dominated by Res.
production (at low energies)

o NN — NR,AR (R : A, 7 N* and 6 A* states)
@ based on Teis RM [z. Phys. A 356, 1997] with several extensions
e all m, n and p mesons produced via R decays (w, ¢: non-res.)
@ good descr. of total NN cross sections up to /s &~ 3.5GeV
pp— X np— X
40 T T 40
HADES Klinaetla+ %’Z ,,,,,,,
35 Nl;l\‘A: - N(m o 135
1 NA’ oo BYK - —-- |

Ginel [mb]

sqrt(s) [GeV] sart(s) [GeV]
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RESONANCE PRODUCTION

o NN — NA: OBE model [Dmitriev et al, NPA 459 (1986)]
p n

[
>

gﬂ
: a;

-
-

@ other resonances produced via phase-space approach
(constant matrix elements):

G (Mgl /
TNN=NR = e dpAr(p)pr ()
e |MAR|2/
N T dprdpa Aa(pa) Ar(12) PE(pa s p2)

o lately: introduced angular distributions do/dt = b/t?, a~ 1
(— A. Dybczak)
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HADRONIC DECAYS

o all resonance parameters, decays modes and width parametriz.
taken from: Manley/Saleski, Phys. Rev. D 45 (1992)

o Manley: PWA including 7N — 7N and 7N — 27N data

@ important point: consistency!

My Io |[M?|/167 [mb GeV?] branching ratio in %
rating [MeV] [MeV] | NR AR 7N 9N A PN oN wN*(1440) oA
P11(1440) R 1462 391 70 — 69 — 22p — 9 — —
S11(1535) Hhk 1534 151 8 60 51 43 2s+1p 1 2
S11(1650) | *** 1659 173 4 12 89 3 25 3p 2 1 —
Dn( 520) ok 1524 124 4 12 59 5s + 15p 21s
15(1675) ok 1676 159 17 47 53p
,(1720) 1717 383 4 12 13— — 87p — — —
1 (1680) kR 1684 139 4 12 70 10p +1p  5p +2p 12
33(1232) FREE 1232 118 OBE 210 100 — — — — — —
s,.(m?o) 1672 154 7 21 9 — 62p 255 +4p  — — —
D33(1700) * 1762 599 7 21 14 T4s +4p 8s
P31 (1910) RRRE 1882 239 14 — 23— — — — 67 10p
P33(1600) wE1706 430 14 — 12 — 68p — — 20 —
F35(1905) Hok 1881 327 7 21 12 1p 87p
F37(1950) FHEE 1945 300 14 — 38— 18 — — — 445
Pab(m)

MrRoa ro
R—ab(m) = Tr_,op——0s an(MO)

pas(m) = / Ap2pRAs(p2) As(02) 22 B2 (pas R) F2u(m)
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DILEPTON DECAYS

@ V = efe™ (with V = p,w, ¢) via strict VMD: () oc p=3
@ P yete™ (with P = 7r0,77, n') [Landsberg, Phys.Rep.128, 1985]:

dr _ 4aflpqy (1

w2\’
2

@ w — n’ete™ [Landsberg]:

2 2 2 2 3/2
I Ao 2
1 — Fo
( T - ma) (2~ mzr)2] )

@ A — Nete™ [Krivoruchenko, Phys.Rev.D65, 2002]:

dr 20 o (ma + my)? 3/2
= o me kol e+ = 47 [(ma = mu) = ] P

mymy

{ _ 2£ rwﬁﬂ'ow
dp ~ 31 p

@ important: form factors well restricted for 7°, 1 and w,
but completely unknown for Al

@ available models for Delta FF: Wan/lachello [Int.J.Mod.Phys.A20, 2005],
Ramalho/Pena [Phys.Rev.D85, 2012]
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DILEPTON DECAYS OF BARYONIC RESONANCES

@ how to treat R — NeTe™?
e option 1: do Dalitz decay (as for A), with proper form factor!
@ option 2: do two-step decay R — pN — ete™ N

@ consequence: dilepton contributions from all N* and A*
resonances, which have a p coupling

@ and: we get an 'implicit’ form factor from decay kinematics
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BREMSSTRAHLUNG

@ soft-photon approximation
[Gale/Kapusta, PRC40, 1989]:

N N
dMdEdQ 673 ME? Ra(s) S oo

5_(’771'1'"72)2 pn -
Tgé, (s),

Ra(s) = /1 — (m1 + m2)?/s, N N

s =s+M?>—2E\/s,

a(s) =

o used for NN, =N
@ NN: pn only (destr. interference in pp not treated)
o OBE: Kaptari-Kampfer [NPA764, 2006],

Shyam-Mosel [PRC82, 2010]

@ no electromagnetic form factors (!)
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RESULTS: ELEMENTARY REACTIONS

o if we want to investigate in-medium effects, we better make
sure we understand the dilepton signal from elementary NN
collisions (“in the vacuum”)

@ this is not a trivial task and represents the most important
prerequisite for understanding the heavy-ion collisions

e HADES has measured:

p+p at Exp = 1.25, 2.2 and 3.5 GeV

d+p at Ex, = 1.25 GeV
o all simulation results filtered through HADES acceptance filter
@ opening angle cut: 6 > 9°

o lepton momentum cut: p" < p, < pT
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P+P AT 3.5 GEV

do/dme, [Ub/GeV]

o first try: using PYTHIA string fragmentation model
[J.W., arXiv:1105.0314[nucl-th], 2011], [Agakishiev, EPJA48, 2012]

@ some tuning needed

o 'gap’ at intermediate masses
o lachello FF: improves agreement in mass spectrum,

but fails in p1

o Ramalho FF: gap persists

data ——
GiBUU total —

no A-FF p— e:e_ -— |z

lachello FF

i
hld

Ramalho FF

b
i

0 0.2 0.4 0.6 0.8 1
dilepton mass mg, [GeV]

0

0.2

04 06 08 10 0.

dilepton mass mg, [GeV]

2 0.4 0.6 0.8 1
dilepton mass m, [GeV]
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P+P AT 3.5 GEV

@ now: use resonance model , .

data ——
@ p production via baryonic o GiBUU tofal ——
resonances v
o R— pN —ete™N S 00 b —>e:ey-'-" ]
[o)
(O] -
@ low-mass part enhanced by 3
- 3 e
light resonances (and 1/m R ]
factor from dilepton decay 5 ORI
width) 102 I ]
e+ |
-3 \
2 RPN\<6 107 f IR ‘ i
e
- 0o 02 04 06 08 1

—R\ dilepton mass mgg [GeV]
N
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AT 3.5 GEV: RESONANCE CONTRIBUTIONS

p—oe'e

- all Res. —
-~ S4(1620)

- Dg3(1700)

F5(1905)

p channel is given by a mix of
several resonance contributions

do/dme, [ub/GeV]

shape depends on the mass of the
resonance and angular momentum

of the decay

dilepton mass mg, [GeV]

contributions of single resonances e
. 1600 - 5.7(1535)
not well constrained, but good Mmfg:;ﬁggg
agreement in total < 1o [ Saezs
8 oo | M)
cross check from m/N mass spectra 2 ol
needed! (— A. Dybczak) 3 ool
400
200

s

o .
02 03 04 05 06 07 08 09 1
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P+P AT 2.2 GEV

. " data ——

GIBUU total

@ again: resonance production
gives improvement over
phase-space p

A—Ne'e ~——
D43(1520) .
P13(1720) -- --

e but: data suggest that
relative strengths of
resonance contributions are
not quite right

e D;3(1520) underestimated, ‘

P13(1720) overestimated? 0 01 02 03 04 05 06 0.7 08 09
dilepton mass mg, [GeV]

do/dm, [ub/GeV]

J. WEIL DILEPTON PRODUCTION AT SIS ENERGIES



/ D+P AT 1.25 GEV

t1.25 GeV
p+pa ° d+pat1.25GeV

G data —— ‘ data —e—
1L iB | 4
10 gy total —— GIBUU total
R 10’ T —efey - o
A—Nele n —>e*e'z R
—ee {
o Dhy(i528) A Ne'e — -
__ 10 E| 0 pn Brems. ---- -- i
= = 10 psee ——--
& > Di5(1520) ------
g 0] L S,1(1535)
= 4o {32 107 E
g g
i , S 42 —+ ]
10" El
10° E [ : \
N L L ‘>>\ - H L | L L L b \' L 3
0 0.1 0.2 0.3 0.4 0.5 0 0.1 02 03 04 05 06 07
dilepton mass mg, [GeV] dilepton mass m, [GeV]

@ p+p overall well described, d+p misses factor 2-10
@ reason not completely clear, OBE models might help
@ isopsin effects not completely understood?
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IN-MEDIUM EFFECTS IN P+A AND A+A

constrained by NN spectra:
e basic cocktail composition (in 'vacuum'’)
@ particle production from NN
o form factors (limited)

@ p spectral distribution in vacuum (non-triviall)

additional effects:

@ secondary collisions:
e mB — X: meson absorption, secondary production (7N — R)
e mm — X: most importantly 7w — p

@ modifications of spectral functions:
o collisional broadening: Tior = [Ngec + conr
o mass shifts? m* = m- (1 — p/po)
e may be important for: p meson, baryonic resonances
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OFF-SHELL TRANSPORT

o off-shell EOM for test particles
[Cassing/Juchem (NPA 665, 2000), Leupold (NPA 672, 2000)]:

. 1 1 0 or;

_;' — 2 i _—»R > i 5
£ 1—C2E[p op; ( )+X8p,]
. 1 1 8 8F

1 0 or;

G = EE[aaR(z)+X®E]’

o m?—M2 dxi ~0
X = r, 0 dt

@ needed to incorporate density-dependent self energies ¥ ;,
widths I'; ~ Im(X;) and spectral functions

@ but: neglecting momentum dependence
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P +

BNp AT 3.5 GEV

p +Nb at 3.5 GeV

‘ prelirﬁ.da!a D ]
GiBUU total ——

p%e:e: ”””
mﬁe)fer """
10 H u)i?c)OZ*z' 3
o after p+p@3.5 is fixed: good 3 - LKL
. L BN —
overall agreement in p+Nb T ]
moderate medium £
modifications (of VM s 10° 3
spectral functions) :
107 ; E
A i
0 0.4 0.6 1.2
p+Nbat35GeV dilepton mass mg, [GeV]
¢

do/dm,, [1b/GeV]

prelim. data —e—
vac

CB

CB+shift
shift

=l P P

H

L
0.55 0.6 0.65 0.7 0.75 0.8 0.85

L
0.55 0.6 0.65 0.7 0.75 0.8 0.85
gilepton mass m,, (GeV]

T i
0.55 0.6 0.65 0.7 0.

P N
75 0.8 0.85
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12¢ 4 12C A7 1.0 AND 2.0 GEV

C+C@20GeV
C+C@1.0GeV

data ——
GIBUU total

" data —— :

GiBUU total

7N Brems. ~——
Dy3(1520) ------
S34(1620) ]
o

do/dmg,

\

N | M P 1 NS RN
0 01 02 03 04 05 06 07 08 09 0 0.2 0.4 0.6 0.8 1
dilepton mass mg, [GeV] dilepton mass mg, [GeV]

o C+Cis a light system, can be described roughly by a
superposition of NN collisions

o 2 GeV data well described by GiBUU

@ some discrepancies at 1 GeV (<> “deuteron problem"?)
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WAr + IK3Cl AT 1.76 GEV

102 ‘ .
data —e—
GlBUUtotaI —_—
p—>e e o
10° H o—elel ~oo- 4
¢—>Oe e S 8T T 71
-\ 0 Te te Ea: F ]
R T —e’ eyt 70 ® Ar+KCI 1.76A GeV (b) B
f noeer s IR L o6 1aGe 1
A—Ne'e —— [ 1
b pnBrems. - - z% 6 0 CiC 2AGev E
ki ‘A‘ R I E 4
© I RN Dy5(1520) - - - - = cf . E
IRCRR: M T s;?ngog 173 5% E
° P nhe I me- ]S E - ]
© Dy T 4 - . E
IA Iy | [ C - |
10 |l 0 | 1€ 58 1{ St E
}\‘ \IJ‘:‘\ 1\; =z £ 1
e S b P - ]
L P TR T
I I i F 4
107 g 12 e b ng ]
HEAR £ e, ﬁ’ui%r S
N [ % 1
IR i 2 oL 1 A
108 bt — L3 = "o 02 04 06
0 02 04 0.6 0.8 1 M, [MeV/c?]

dilepton mass mg, [GeV]

o Ar+KCl seems to show some excess over NN/CC (~ factor 3)
e GiBUU with vacuum SF: discrepancy is smaller than factor 3
= we get some enhancement over 'reference cocktail’,
but: still room for in-medium effects
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7A; + 9744 AT 1.25 GEV

@ ‘“prediction”, waiting for data

GiBUU total

D,5(1520)
S31(1620)

' w
LN

T — —

0.4

J. WEIL
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CONCLUSIONS

@ elementary p+p reactions well understood
with resonance model description
(higher resonances are important!)

@ some problems remaining in d+p (at low energy)

@ p+Nb: good agreement with data
(moderate medium modifications)

@ heavy-ion reactions:
minor deviations in C+C
investigation of medium effects in ArKCl (VM + Res)
waiting for Au + Au data

= we are close to understanding the elementary data,
more investigation of medium effects needed!
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Back-Up Slides
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A DALITZ DECAY

A - N e'e (solid: Krivoruchenko, dashed: Wolf)

M,=1.23 GeV
M,=1.43 GeV

63 GeV
83 GeV
03 GeV ;

Mp=1.
Mp=1.
Mp=2.

1 1.2
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P + P @ 3.5: pr AND RAPIDITY (RES. MODEL)

transverse momentum pr [GeV]
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P + P @ 3.5: pr AND RAPIDITY (PYTHIA)

transverse momentum pr [GeV]
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P+ P @ 2.2: pr SPECTRA

p+pat2.2GeV

wf . ¥ T “Gata —— 14 10
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p—elel ~ -
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AT PRODUCTION CROSS SECTION

pp = pA* data ——
data fit ——
pp - AF X (Fr) —
pp - pA° (Fr) — -
pp - A'X (Res) — |
pp - pA+ (Res) ——
pp - A'X (Py) —
pp — pA” (PY) ——

Opp [mb]

10° +

sqrt(s) [GeV]

J. WEIL DILEPTON PRODUCTION AT SIS ENERGIES



RATIO P4+NB/P+P
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C+C@1.0GeVv
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C + C @ 2 GEV: pr SPECTRA
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Ar + KCI @ 1.76 GEV: pr SPECTRA

Ar + KCl @ 1.76 GeV
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