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0 Production rates for dileptons and photons
© Bulkevolution

e Dileptons in heavy-ion collisions
@ Dielectrons (SIS/HADES)
@ Dimuons (SPS/NA60)
@ Dielectrons at RHIC
@ Dielectrons at FAIR/RHIC-BES

© Photons
@ Ssignatures of the QCD-phase structure?

© Conclusions and Outlook
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Production rates for dileptons and photons

hadrons/partons out ln hadrons/partons out

hadrons/partons in hadrons/partons in

@ Fermi’s golden rule = transition-matrix element for process |i) — ‘ f ’) = } f > +¢ (k)
@ QED Feynman rules
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The McLerran-Toimela formula

o result (derivation see (s, Appendices)

N o gt [ ame
d4Xd4q__% (q2)2 1- qg nMVIeret(M»q)nB(u'q)

spectral and thermal information!

M? = g - g: invariant mass/§ momentum of dilepton

u: four-velocity of fluid cell = Doppler effect on p and p; spectra!
electromagnetic current-current correlator

0
1y ©(X0)

() = f a*x expliq - )1 ()17 O)])

@ written in (local) restframe of the medium
probing medium with photons: same correlator for g- g =M? =0
@ then correlator < dielectric function €(w) of electrodynamics!

dn, any
w 5 =—
d4xd3qg 2m2

It (q°, §ns(u-q), ¢°=w=Ik|
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Radiation from thermal QGP: g ¢ annihilation

@ General: McLerran-Toimela formula

e _a qezod [ amd
d4xdq T3 (g2) 1— 72 NuyIm e (M, g)ng(u - q)

@ in-medium em. current-current correlation function

iMf(q) = f d'x expliq - x){[J4,(x),1,0)]),., O(x°)

@ Feynman diagrams: photon polarization
@ in QGP phase: gq annihilation
@ hard-thermal-loop improved em. current-current correlator
q
* *
v g
_1Hem,QGP =
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Hadronic many-body theory

hadronic many-body theory (HMBT) of vector mesons

[Ko et al, Chanfray et al, Herrmann et al, Rapp etal, ...]

mm interactions and hadronic excitations

effective hadronic models, implementing symmetries

good approximation: vector-meson dominance, Ji, o< p¥, wH, p#
dilepton/photon rates then o< Im Dy, (VM-spectral functions)
parameters fixed by phenomenology

(photon absorption at nucleons and nuclei, tN — pN)

evaluated at finite temperature and density

self-energies = mass shift and broadening in the medium

T B a,K,,...
p e P p l p
e N, K, =....

Baryons important, even at low net baryon density ng—ng
reason: ng-+ng relevant (CP inv. of strong interactions)
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Dalitz decays

@ Dalitz decay:
1 particle — 3 particles

o Viw—m+y*—n+lt+{

@ P,S:n—oy+r —or+lt+L-
@ R: Baryon resonances
AN*—>N+V-S>N+y* > N+ +0

@ vector-meson dominance
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Meson contributions

T=150MeV
g=0.3GeV

Im £/m, [MeV]

Re Z/m, [MeV]

[RG99]




In-medium spectral functions and baryon effects
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@ baryon effects important

o large contribution to broadening of the peak
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e responsible for most of the strength at small M
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Dilepton rates: Hadron gas «— QGP

@ in-medium hadron gas matches with QGP
@ similar results also for y rates

o “quark-hadron duality”?
-4

10— — —
: \\\ T=170MeV  — vacuum p
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Bulk evolution with transport and coarse graining

@ established transport models for bulk evolution
e e.g., UrQMD, GiBUU, BAMPS, (p)HSD,...
e solve Boltzmann equation for hadrons and/or partons
o dilemma: need medium-modified dilepton/photon emission rates
@ usually available only in equilibrium QFT calculations
@ one way out:

e UrQMD transport for entire bulk evolution
= use coarse graining in space-time cells = extract T, ug, Uy, ...
= use equilibrium rates locally

e fit temperature, chemical potentials, flow-velocity field
from anisotropic energy-momentum tensor [rvrsis

T =(e+P)u'u”—P g —(B—P)V*VY

o thermal rates from partonic/hadronic QFT become applicable
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Coarse-grained UrQMD (CGUrQMD)

e T,=170MeV; T > T, = lattice EoS; T < T, = HRG EoS
~ 300
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Coarse-grained UrQMD (CGUrQMD)

@ pressure anisotropy (for In+In @ SPS; NA60)

10%E
E Lg;l?d?_zzis AGev i P" LI PJ. (GeV/fms)
= o, Cen::al T::el-l (x=y=2=0) === Anisotropy parameter x
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1j i ~.-"~"'~----'-.¢~.
107§
" lu,,.\uum,,,.nmu,“““‘\v,l.,.
10 AN,
KL T
103 ‘ | Ll ‘
0 2 4 6 8 10 12 14

Hendrik van Hee rankfur Electromag

Time t [fm]

September 12,



Dielectrons (SIS/HADES)

14/40



@ coarse-graining method works at low energies!
e UrQMD-medium evolution + RW-QFT rates

1
-
o

)

Ar + KCl @ 1.76 AGeV UrQMD
HADES acceptance, 0.1 < p <11 GeVic T
Coarse-Graining = n
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CGUrQMD: Ar+KCl (1.76 AGeV) (SIS/HADES)

o dielectron spectra from Ar +KCI(1.76 AGeV) — e*e~ (SIS/HADES)
@ m, spectra
e M, <0.13GeV

e
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CGUrQMD: Ar+KCl (1.76 AGeV) (SIS/HADES)

@ dielectron spectra from Ar +KCI(1.76 AGeV) — e*e~ (SIS/HADES)
@ m; spectra
@ 0.13GeVM,, <0.3GeV

e
<
)

0.13 < M,, < 0.30 GeV/c?

-
S,
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t

- A
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CGUrQMD: Ar+KCl (1.76 AGeV) (SIS/HADES)

@ dielectron spectra from Ar+KCI(1.76 AGeV) — e*te~ (SIS/HADES)

@ m, spectra
@ 0.3GeVM,, <0.45GeV

0.30 < M, < 0.45 GeV/c’
(C) ee

-

t

N
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CGUrQMD: Ar+KCl (1.76 AGeV) (SIS/HADES)

@ dielectron spectra from Ar +KCI(1.76 AGeV) — e*e™~ (SIS/HADES)

@ m, spectra
@ 0.45GeVM,, < 0.65 GeV
10+

T TTTTI
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CGUrQMD: Ar+KCl (1.76 AGeV) (SIS/HADES)

@ dielectron spectra from Ar +KCI(1.76 AGeV) — e*e™~ (SIS/HADES)

o m; spectra
o M, > 0.65GeV
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CGUrQMD: Ar+KCl (1.76 AGeV) (SIS/HADES)

@ dielectron spectra from Ar+KCI(1.76 AGeV) — e*te~ (SIS/HADES)

@ m; spectra

@ rapidity spectrum (M., < 0.13 GeV)
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CGUrQMD: Au+Au (1.24 AGeV) (SIS/HADES)
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o excellent agreement between models and data
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Dimuons (SPS/NAG60)
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CGUrQMD: In+In (158 AGeV) (SP

o dimuon spectra from In+In(158 AGeV) — utu~ (NA60) iwsis)
@ min-bias data (dNg,/dy =120)
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§ E <dN,/dn>=120, p,> 0 GeV =mimir Non-thermal p
L ==== QGP (Lattice
I HG-EoS + Lattice EoS ¢ )
S oSt Multi
g ; — SUM
s F For comparison:
% L Thermal p
= 107 (no baryons)
z E F Ttesr. g Perturb. qq
= =
3 £
o [
g10°=
E 2ya W
10°
0 0.2

Hendrik van Hee rankfur Electromag) 0 ions 2 19 /40



CGUrQMD: In+In (158 AGeV) (SP

@ dimuon spectra from In +In(158 AGeV) — utu~ (NAGO) wiwsis)

@ min-bias data (dN,/dy =120)
@ higher IMR: provides averaged true temperature (T); 5gev<m<2.4Gev = 205-230 MeV

@ clearly above T, ~150-160 MeV (no blueshifts in the invariant-mass spectral)
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CGUrQMD: In+In (158 AGeV)

o dimuon spectra from In+In(158 AGeV) — utu~ (NAB0) tzweis)
@ min-bias data (dNg,/dy =120)

o pr<0.2GeV
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CGUrQMD: In+In (158 AGeV) (SPS/NA60)

o dimuon spectra from In+In(158 AGeV) — utu~ (NA60) iwsis)

@ min-bias data (dNg,/dy =120)
@ 0.2GeV< pr <0.4GeV
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CGUrQMD: In+In (158 AGeV) (SPS/NA60)

o dimuon spectra from In+In(158 AGeV) — utu~ (NA60) iwsis)
@ min-bias data (dNg,/dy =120)

@ 0.4GeV < pr <0.6GeV
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CGUrQMD: In+In (158 AGeV) (SPS/NA60)

o dimuon spectra from In+In(158 AGeV) — utu~ (NA60) iwsis)

@ min-bias data (dNg,/dy =120)
@ 0.6GeV < pr <0.8GeV
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CGUrQMD: In+In (158 AGeV) (SPS/NA60)

o dimuon spectra from In+In(158 AGeV) — utu~ (NA60) iwsis)

@ min-bias data (dNg,/dy =120)
@ 0.8GeV< pr <1.0GeV
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CGUrQMD: In+In (158 AGeV) (SPS/NA60)

o dimuon spectra from In+In(158 AGeV) — utu~ (NA60) iwsis)

@ min-bias data (dNg,/dy =120)
@ 1.0GeV< pr<1.2GeV
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CGUrQMD: In+In (158 AGeV) (SPS/NA60)

o dimuon spectra from In+In(158 AGeV) — utu~ (NA60) iwsis)

@ min-bias data (dNg,/dy =120)
0 1.2GeV< pr <1.4GeV
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CGUrQMD: In+In (158 AGeV) (SPS/NA60)

o dimuon spectra from In+In(158 AGeV) — utu~ (NA60) iwsis)

@ min-bias data (dNg,/dy =120)
@0 1.4GeV< pr <1.6GeV
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CGUrQMD: In+In (158 AGeV) (SPS/NA60)

o dimuon spectra from In+In(158 AGeV) — utu~ (NA60) iwsis)

@ min-bias data (dNg,/dy =120)
@0 1.6GeV< pr <1.8GeV
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CGUrQMD: In+In (158 AGeV) (SPS/NA60)

o dimuon spectra from In+In(158 AGeV) — utu~ (NA60) iwsis)

@ min-bias data (dNg,/dy =120)
e 1.8GeV < pr <2.0GeV
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CGUrQMD: In+In (158 AGeV) (SPS/NA60)

o dimuon spectra from In+In(158 AGeV) — utu~ (NA60) iwsis)

@ min-bias data (dNg,/dy =120)
@ 2.0GeV< pr<2.2GeV
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CGUrQMD: In+In (158 AGeV) (SPS/NA60)

o dimuon spectra from In+In(158 AGeV) — utu~ (NA60) iwsis)

@ min-bias data (dNg,/dy =120)
0 2.2GeV<pr<24GeV
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(f) 22< p_<24GeV
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CGUrQMD: In+In (158 AGeV) (SP

o dimuon spectra from In+In(158 AGeV) — utu~ (NAB0) tzrweis)

@ min-bias data (dNg,/dy =120)
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CGUrQMD: In+In (158 AGeV)

o dimuon spectra from In+In(158 AGeV) — utu~ (NAB0) tzrweis)
@ min-bias data (dNg,/dy =120)
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CGUrQMD: In+In (158 AGeV) (SPS/NA60)

o dimuon spectra from In+In(158 AGeV) — utu~ (NAB0) tzrweis)
@ min-bias data (dNg,/dy =120)
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CGUrQMD: In+In (158 AGeV) (SPS/NA60)

o dimuon spectra from In+In(158 AGeV) — utu~ (NAB0) tzrweis)
@ min-bias data (dNg,/dy =120)
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Dielectrons at RHIC
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CGUrQMD: Au+Au (v/syny =200GeV) (RHIC/S

Hendrik van Hees (GU Frankfurt)
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CGUrQMD: Au+Au (/s yy = 200GeV) (RHIC/PHENIX)

101k4 Au+Au @ Vs =200 AGeV (0-10% centr.)

p; > 0.2 GeVic Coarse-grained UrQMD
V<1, ©,>0.1rad = Rappin-med p m,
1024} PHENIX HBD data —— Rapp in-med @ «=:x: n

Multi-pion e
QGP (Lattice)  sssns p (fo)

A

dN/dM,, in PHENIX acc. [1/(GeV/c?)]
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Dielectrons at
RHIC-BES/FAIR/NICA
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CGUrQMD: Au+Au (E,;, = 2-35 AGeV)
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Direct photons (RHIC/LHC)

Pr September 12, 2 26/40



Direct Photons at RHIC

@ same model e for rates as for dileptons

@ photons inherit v, from hadronic sources

2
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Effective slopes vs. temperatures

o effective slopes of photon pr spectra are NOT temperatures!
@ emission from a flowing medium = Doppler effect

1+(vr)
Tg~\| ——T
1—(vr)
0.35 T T
T (GeV) _

0.3 TGeV)  ——— |
025 === T ]
02 >~ T~ ]
0.15 T ]
01 7qT:2GeV ]
005 e -1
0 - \/ L L L L L
0 2 4 6 8 10 12

[RHH14]
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Direct Photons at the LHC

same model, fireball adapted to hadron data from ALICE ssris)
2 0.3 T

101 % ‘ ‘ hadron gas ———- ALICE prelim. ~ ®
10" \ . QGP —-— 0.25 0 totlal 9
= 00 [ primordial - - -- | ermaly ———-
(ﬂ> 101 \i N ® total 0.2 ¢ 1
[} -1 [ N 7 ] -
3 10 X .-® 5, ALICE prelim. . 0.15 | - 1
=102k \bif-im}’ ® ] X
S 10 St 0.1 | E ]
g 100 R e 0.05 u i
20t ST Bl Iy
10° F 0-40% Pb-Pb, lyl<0.75 AN U i | R m o m o
1076 . . . . -0.05 L L L L o
0 1 2 3 4 5 0 1 2 3 4 5
qr [GeV] qr [GeV]
@ large direct-photon v,
@ early buildup of v,; here developed already at end of QGP phase
@ emission mostly around 7, (dual rates!) =
@ = source has already developed radial flow and v,
o large effective slopes include blueshift from radial flow!
o still additional (hadronic?) sources (bremsstrahlung?) missing?!?
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Signatures of the
QCD-phase structure?
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QCD phase structure from em. probes?

@ hadronic observables like p; spectra: “snapshot” of the stage after kinetic freezeout
@ particle abundancies: chemical freezeout

@ em. probes: emitted during the whole medium evolution
life time of the medium = “four-volume of the fireball”

@ use CGUrQMD to study system-size dependence
@ study AA collisions for different A (wsis)

@ ‘“excitation functions”:
systematics of £*£~ (and y) emission vs. beam energy s, wiis)
similar study in (i1

@ caveat: phase transition not really implemented!!!
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Scaling behavior of thermal-dilepton yield

@ central collisions from C+C to Au+Au at E;, =1.76 AGeV

S ash m YOy Yol ()
_g E A Atmsrmnl
© =
E 45 n thermal e’e” . thermal e'e”
3 3.5 A Yield), wcoscev N Yield, y<o4cev
K=} E thermal - N3
s 3F 4 o
o F
25-
2F . &
150 %ﬂf
055
TS N SN RO AR AFUAVIN VAN RN RFAITIN A
00 20 40 60 80 100 120 140 160 180 200
Mass number A
4/3
o thermal-dilepton yield roughly o< the)rm o< A3 o< Atyperm O< N !

@ atlow(est) beam energies: lifetime of “medium” = time nuclei pass through each other
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Mass-temperature relation in dilepton emission

interplay between increasing volume and decreasing temperature of fireball
inIMR (T <my < Myep- <myy) biased towards early hot stages
only “background”: correlated DD decays, some Drell-Yan
otherwise emission from thermal QGP and hadronic sources
invariant-mass slope < true invariant space-time averaged temperature
no blueshift due to radial flow as in p, spectra (e.g., photons)

T1E Au+Au @ 35 AGeV (0-10% centr)

'M < 0.2 GeV/c?

0.2 < M < 0.6 GeV/c?

0.6 < M < 0.9 GeV/c?
——M > 1.1 GeV/c?

[EHB16b, EHB16a
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Dilepton systematics in the beam-energy scan

o thermal-fireball model s, erisisa

@ invariant-mass slope in IMR = true temperature!

@ no blue shift from radial flow as in py/my spectra
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Dilepton systematics in the beam-energy scan

o thermal-fireball model 6

@ beam-energy scan at RHIC and lower energies at FAIR and
o dilepton yield as fireball-lifetime clock

= : ‘ 20
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Conclusions and Outlook

@ General ideas

e em. probes < in-medium em. current-correlation function
dual rates around T, (compatible with y symmetry restoration)
medium modifications of p, w, ¢

importance of baryon-resonance interactions

@ Application to dileptons in HICs
e coarse-grained transport (here: CGUrQMD)
allows use of thermal-QFT spectral VM functions
applicable also at low collision energies
allows use of thermal-QFT models for dilepton rates
successful description from SIS to RHIC energies
consistent description of M and m; spectra!
effective slope of M spectra (1.5 GeV <M < M, ) provides (T)
e beam-energy scan at RHIC and FAIR = signature of phase transition?

@ Outlook

e signature of cross-over vs. 1st order (or even critical endpoint)??2?
e challenge: phase transition in (coarse-grained) transport???
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