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KOLLISION VON NEUTRONENSTERNEN
Durchbruch in der
Astronomie
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[ 1 GW170817 17 Aug 2017 12:41:04 UTC
First detection of a binary neutron start

mergers through gravitational waves
LIGO + VIRGO, PRL 119 (2017) 1611001

[ ] GRB 170817A ~1,7 s later
Observation of the same event through
electromagnetic waves (gamma-ray burst)

Fermi GBM + INTEGRAL + LIGO + Virgo, Astrophys.J.Lett. 848 (2017)

MULTI-MESSENGER SIGNALS
FROM NEUTRON STAR MERGER
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LIGO, Virgo

y-ray

Fermi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE, CALET, H.E.S.S., HAWC, Konus-Wind




ASTROPHYSICAL COLLIDER

T <70 MeV

-3

M. Hanauske, Journal of Phys.: Conf. Series 878 (2017) 012031
L. Rezzolla et al., Phys. Rev. Lett. 122, no. 6, 061101 (2019)

[] Violent Universe can now be What laboratory experiments
heard through gravitational waves can tell us about extreme

seen through electromagnetic radiation environments in the Universe?




LABORATORY STUDIES OF THE MATTER PROPERTIES
IN COMPACT STELLAR OBIJECTS

AutAuSyy =2GeV @ =16 fm 1~10"%3s p~2—3p,

T <70 MeV
““““““““““ | s |

p— p—
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[ ] Collision of heavy-ions at (ultra-)relativistic energies:

produce and investigate transient states of QCD matter
under extreme conditions of temperature and density

unique role played by electromagnetic radiation



SEARCHING FOR LANDMARKS OF THE QCD MATTER

PHASE DIAGRAM

250

Quark-gluon plasma

N
o
o

Temperature (MeV)
o
o
/ \

100

Hadrons
50

Nuclei

Baryochemical potential (MeV)

LQCD: A. Bazavov et al., Phys.Lett.B 795 (2019) 15-21
LQCD: S. Borsanyi et al. [Wuppertal-Budapest Collab.], JHEP 1009 (2010) 073
O. Philipsen, Lattice 2019, 1912.04827 [hep-lat]
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[] Vanishing ug, high T (lattice QCD)
[] Crossover

[1 No critical point indicated by lattice QCD at
g < 400 MeV, T >140 MeV
(for physical quark masses)

[] Large ug moderate T (IQCD inspired models)
[ Limits of hadronic existence?
[] 15t order transition?
[1 QCD critical point?
[] Equation-of-State of dense matter?

High up region —
large discovery potential!



SEARCHING FOR LANDMARKS OF THE QCD MATTER
PHASE DIAGRAM
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HADES Collab., Nature Phys. 15 (2019) 10, 1040-1045
A. Andronic et al., Nature 561 (2018) no.7723

[] Experimental challenge:
[ Locate the onset of QGP
[] Detect the conjectured QCD critical point
[] Probe microscopic matter properties

[ ] Measure with utmost precision:
[] Flavour production (multi-strange, charm)
[1 E-b-e correlations and fluctuations
[1 Dileptons (emissivity of matter)

Almost unexplored (not accessible) so far
in the high ug region
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beam axis

SHINE A LIGHT! When matter shatters

[ Electromagnetic radiation (y,y™)

Penetrating probe
~ mean free path length > size of the fireball

Reflect the whole history of a collision

No strong final state interaction
~ |eave reaction volume undisturbed

-15 -10 -5_ 0
X (fm)

[ ] Encodes information on matter properties
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Change in degrees of freedom
Restoration of chiral symmetry
Transport properties

Temperature, lifetime, acceleration, polarization "o o5 1 15 2 25
M, (GeV/c?)




TAKE HOME MESSAGE

Dileptons carry invaluable information in terms of their four-momentum

1 Spectrometer 1 Chronometer 1 Thermometer [J Barometer [0 Polarimeter
0.7GeVdN ImHg"M . U Tsope vs.M 0 " polarization via lepton
T~ T if —#M ~ cons O wv,vs.M angular distribution
0.3 GeV
- —_— T T —— '31"_”'0""""\' . S
© /N\t;gfl Vﬁiﬁ:ﬁ; 0-40% —S“ 120 Au+Au, s = 2.4 GeV h F [AutAu, J5 = 2.4 GeV ] ol Q_%\/u yqtN”uGev
3 10°F R E > I 0-40% centrality 1 0.1 0-40% centrality @ 10F 03<‘;\,|°er(gz\l,,ycz)<o45 *
o} . Toiope = 71.822.1 MeVkg ] = ool NN ref., nsubtracted N [ | HADES preliminary § | HADES preliminary
E“’ _4; ; “8-‘_ E 0.05[ 2 8- Fit ¢ x (1+A x cos?(c, ) n
Qw“) g g I—E 80 3 Bl = B S e — o E ] tig Wit A = 0.3+ 1.0(stal) + 0.5 (syst)
2 r ] et T — — S - > Of E = b 6| +
. | whE 9 | At
Z 107°F E 3 1 ]
510 ] S | ooy —, af \+\
Z"g L 1 40[ —— Fitto data: Ty, = Ty + 0.5M, () ] r 1 r ]
= 1 [ Goitemeammca ] Py -
T 10 3 201 SMASH 1.6 CG - L 21 -
E 3 o ——— HSD 4.0 B r ] i
L N bt AT T 1 ol i1 IR B
0.2 0.4 0.6 0.8 200 300 400 500 600 700 800 0 02 0.4 2-6 08 -1 05 0 0.5 1
M., (GeV/c?) Mo (MeV/c?) M, [GeV/c?] cos(a,.)
CG: T =65MeV; (Bee) =0.19 v, consistent with zero for NAGO Collab., PRL 96 (2009) 222301
HSD: T — . — 0.05 M, > 0.12 MeV/c? HADES Collab., PRC 84 (2011) 014902
: T =74 MeV; {fe) = 0.0 ee : E. Speranza et al., PLB 782 (2018)

HADES Collab., Nature Phys. 15 (2019) 10, 1040-1045
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DILEPTON INVARIANT MASS SPECTRA

[1 ‘Primodial’ qq annihilation (Drell-Yan):
NN - e*e™X

: Low-mass Intermediate-mass
. dileptons (LMR) dileptons (IIVIR)

[ ] Thermal radiation from QGP and hadron gas:
qq » ete”, mtn” > ete”
Short-lived states A, N7, ...
Multi-meson reactions (‘4’): mp, tw, ™A, ...

[ Decays of long-lived mesons:

%1, w, @, correlated DD pairs, ...

Necessary ingredients:

2 25
M., [GeV/c?]

M? = (P,+ + P,-)?

~ Realistic emission rates
~ Accurate description of fireball evolution




ELECTROMAGNETIC PRODUCTION RATE

EM current-current . _ P _ »
correlation function HEMU"LP? ,uBaT) - —I/d4:17 e’ G(IO) «[JEM(I)*]EM(O)]»

] Photons characterized by “transverse” momentun:

dR OEM W
Determines both photon Po d3; =2 fB0o:T) gu Im T (M =0,p;up,T)

and dilepton rates

| Dileptons carry extra information: invariant mass
- Unique direct access to in-medium spectral function

dRy ot 1 y

L.D. McLerran, T. Toimela, Phys.Rev. D31, 545 (1985)
H.A. Weldon, Phys.Rev. D42, 2384-2387 (1990)
C. Gale, J. Kapusta, Phys.Rev. C35, 2107 (1987) & Nucl.Phys. B357, 65-89 (1991)
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EM CORRELATOR IN THE VACUUM e
Accurately known from e*e~annihilation R « Imlw#

102 J. Beringer et al. (PDG), Phys. Rev. D (2012) 010001
Low-mass regime % = [ Intermediate-mass regime
. . § I 0 S — u, d, s quarks

EM spectral function is T 10; Perturbative QCD continuum
saturated by I'ggt vector © 12/ (quark degrees of freedom)
mesons (VMD J© = 1~ for ol F

* . e} R R
both y* and VM, p playing N fw ------------------
a dominant role) R

mt - {

e+
p —1 :é | LMR | | | ”\/IR |
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vV NV
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2\ 2
ImITY4ec = z <@) ImD”aC(M) I vac — M—
em — v mllg,, = —

v:p,w,gb v

J.J. Sakurai, Ann.Phys. 11 (1960)




IN-MEDIUM SPECTRAL FUNCTIONS FROM HADRONIC MANY BODY THEORY

p meson in medium interacts with hadrons from heat bath

R. Rapp and J. Wambach, Eur.Phys.J. A6 (1999)

Additional contributions to the p-meson self-energy -10
1 vacuum
Dp(M,q,T,up) = — - T=122MeV, p,=0.3p
P [M2 —m2 — %500 — o5 — Zou] _g |-~ T=146MeV, p.=1p,
----- T=180MeV, p,=4p,
sZm S 6 g=03GeV
Z | 1 (O]
In-medium 2 \C 7 =
. Yo = MW VWA WA =
pion cloud prn \ , UMt An Q4
N ZT[ ] =
-2 +
R = A, N(1520),a, ... T
i P _:_-_——-:-,—-:;i': l ‘ .
Direct p-hadron 3 ./ —=aAA NN %0 02 04 06 08 10 12
scattering M [GeV]

h=N,m,K,..
~ p-peak undergoes a strong broadening

J. Alam et al., Annals Phys.286, 159 (2001) ~ baryonic effects are crucial

S. Leupold, V. Metag, U. Mosel, Int.J.Mod.Phys. E19, 147 (2010)
R. Rapp, Acta Phys.Polon. B42, 2823-2852 (2011) _



IN-MEDIUM EM SPECTRAL FUNCTIONS

Connection to chiral symmetry y.

LI Spontaneously broken in the vacuum
Chiral mass splitting “burns off”,

L] Bestoration of Xe ‘at finite T and ug rr_1anifests resonances melt
itself through mixing of vector and axialvector correlators

1 p meson melts in hot/dense matter, a; mass decreases and

ner with near ground- m C
degenerates with near ground-state mass Degeneracy of hadronic chiral partners
T T T T T T T T T T T T T T u = o Mev
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. 0.06 —_— Vector r — Vector 1 1000 \\
© - Axial-vector - Axial-vector _ \\ |
= oosf [ 1 g 800 — —
Q ~ 600
't &, ] o —m
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P.M. Hohler, R. Rapp, Annals Phys. 368, 70-109 (2016) C. Jung, F. Rennecke, R.-A. T., L. von Smekal,

M.P.M. Holt, P.M. Hohler, R. Rapp, Phys.Rev. D87, 076010 (2013) J. Wambach, Phys.Rev. D95, 036020 (2017)




,If you want to detect something new,

build a dilepton spectrometer”
S. Ting
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High Acceptance DiElectron Spectrometer Solenoidal Tracker At RHIC
HADES at SIS18, GSI STAR at RHIC, BNL

Fixed-target Experiment Collider Experiment
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dE/dx in TPC (arb. units)

LEPTON IDENTIFICATION
Electron identification by means of:

momentum, specific energy loss, velocity, RICH information

dE/dx in Time Projection Chamber

Pb-Pb
AN (s =276Tev

Velocity in Time-of-Flight

p/z (GeV/c)

All combined in a multivariate analysis (neural network)
~ Best purity and efficiency

mom (GeV/c)
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LEPTON IDENTIFICATION

Muon identification using absorber technique

P muon trigger and tracking
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THE EXPERIMENTAL CHALLENGE ...

[] Lepton pairs are rare probes (1?)

L] At few GeV energy regime Yieldpx Tee/Ttot There is no such thing as a free junch
~1 decay per 1.000.000 events

Just few steps ;)
[] Large combinatorial background

in eTe™ from Dalitz decays (7% —» ete™y)
and conversion pairs

in utu~ : weak m, K decays

Au+Au \s,=2.42 GeV 0-40%
NN ref., n, o subtracted

JdM,, (GeV/c?)!

47
exces

Z
©

[ ] Isolate the contribution to the spectrum
from the hot/dense stage

b1

1/N
3

[ ] Low-momentum coverage




DILEPTONS AS SPECTROMETER
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Are narrow in-medium vector
meson states with substantial
shifted pole mass observed?

[1 Disfavours “dropping mass” scenario (my,4~(qq))

| Excess dilepton invariant-mass spectrum strongly
supports melting of p, in particular due to
baryon-induced effects:

R = A,N(1520),a4, ...
NN NN
h=N,n,K,..
NAG60 Collab., Eur. Phys. J. C 59 (2009) 607-623

\\;_% CERES Collab., Phys.Let. B666 (2008)
Calculations: R. Rapp and J. Wambach, Eur. Phys. J. A6 (1999)



FROM SPS to RHIC to LHC

A. Andronic, Int.J.Mod.Phys.A 29 (2014) 1430047

SPS (Pb+Pb)  RHIC (Au+Au) g 108 TR T T T
— SEN =350 P
dN(p)/dy 6.2 20.1 > [ N ]
< B A A -
_ > I ]
produced baryons (p, p, n, n) 5 102? MAQ © -
0-p 33.5 8.6 o 5“%%&@ o ©® .
4 - A ) i
particpating nucleons (p - p)A/Z > 10 '_f .Q'*’ &9 ¥ é}j @f N
total baryon number 110 102 = g o T E
[ § o E ]
1L o % A n‘: Am
E‘ O ® K O I_( 3
A cp Op
] Although the NET-baryon density is different at SPS, RHIC w'lL” & * A KA
and LHC, baryon density is practically the same! E AGS Spc RHIC LHC 3
‘ﬂlllll 1 1 IIIIIII 1 1 IIIIII| 1 ﬁ-
L] Baryon effects important even at pg, . = 0! sensitive to 10 10° 102
Ps,,, = P + P5 (PN and pN interactions identical) Vs, (GeV)

LI RHIC, LHC: higher initial temperature, open charm
contribution becomes very significant

RRRRRRSSs:es:::esEsnmemmsmwwwy=ms=n ...



DILEPTON MASS SPECTRA FROM SPS to LHC ENERGIES

STAR Collab., Phys.Lett. B750 (2015) *‘R
STAR Collab., arXiv:1810.10159 [nucl-ex]
See also E.T. Atomssa, PHENIX, Nucl.Phys.A 904-905 (2013) 561c-564c
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ALICE Collab., Phys.Rev.C 99 (2019) 2, 024002 ALICE
AL L B B B L B L LA
Dat
102 ALICE L Cogcitail sum
= 10 Pb=Pb, |5y, = 2.76 TeV, 0-10% —— = v ce
o p, ,>0.4GeVic,|n |<0.8 n—=yee
I e e [—— ®—>ee & o—>nee
; 1 ¢—>ee & p>nee
) Jhp —ee & Jyp —yee
15} & aian € —ee (<N > scaling, PYTHIA 6)
=, 10_1 P bb — ee (<Nz‘;">scallng, PYTHIA 6
= 3
-2
3 g 107 Nammzi i
s
-~ Zcu 10—3
0% o\ T =
= 4 R.Rapp, Adv. HEP 2013 (2013) 148253 3
g 3.5 and PRC 63 (2001) 054907 —
s 3 PHSD, PRC 97 (2018) 064907 3
8 2.5 E
2 E
215 =
Re) 10
© 0.5 E
T 0 5
-0.5 : E

—_

02 03 04 05 06 07 08 09
my, (GeVic?)

0 01

L1 In-medium spectral function R. Rapp and J. Wambach, Eur. Phys. J. A6 (1999)
consistently describes the low-mass dilepton excess for SPS — RHIC BES — RHIC — LHC energies
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ARE WE CREATING A THERMAL MEDIUM IN EXPERIMENTS?

Hadron Yields and Statistical Hadronization Model

[] Factor 1000 in beam energy / factor ~2 in temperature

S 10 I Pb-Pb |5,y=2.76 TeV, 0-10% centrality | [l Hadron abundances described in framework of SHM
2 i KK K2 3 . .
T 102} e AR N [] Strangeness canonical treatment at low beam energies
o 3 E .
2 1o} 2T == ] O Include feed-down from *He, *H, *Li
i anaalFeoy ] D. Hahn, H. Stocker, Nucl.Phys.A 476 (1988) 718-772
1' s 1 ppm E. Shuryak, J. M. Torres-Rincon Phys.Rev.C 101 (2020) 3, 034914
107F i E w————————————————————————
o[ ] —*— »
102F E 107 —e— HADES preliminary |
Sf \ 1d - B S S -
10°F  © Data, ALICE ".'3.3'79 o 3 % 1} go. 2.4 Gev 1l 1 ppm
F Al A 1 NN~ <
104  — Statistical Hadronization T-—'——Ql-\ - = 0-10% most central .—'—_-_ o E
g ] 1072 | T=(64+1)MeV, p=(804+3)MeV -
105F  Ter = 156.5 £ 1.5 MeV y R=(9.0+0.3)fm, Rc=2.7+0.3fm . ]
F up =07 +3.8MeV 4o “He | 104 | X#dof=6.7 T
10-6? V — 5280 i 4'10fm3 "T"i'é a- T T T T T T t t t t t t ]
-
3 2 ] 2R B
3 TH
i BRI 51 !
8 e ar %0 ¢ | | x o ¢ °s *
b ve ¢ XX + I T R SR R o @
0'5_ E 0 1 1 1 1 L 1 1 1 1 L 1 1

o KKK ¢ ppP AAET

m|

+ - + = 3 3= 3 317 4 Crupy
QQ0dd He"He ;H zH "He"He Ap.nP d © 7t t °He n A K K: K ¢

A. Andronic et al., Nature 561 (2018) no.7723 —



COARSE-GRAINED TRANSPORT APPROACH

Bulk evolution from microscopic transport

Apply equilibrium rates locally

[0 Simulate events with a transport model
- ensemble average to obtain smooth space-time distributions

[0 Divide space-time in 4-dimensional cells
21x21x%21 space cells (1fm3), 30 time steps = ~ 280 k cells

[0 Determine for each cell the bulk properties like T, pg, l,, collective velocity

Use in-medium p & o spectral functions to compute EM emission rates
- parameterization of RW in-medium spectral function

Sum up contributions of all cells

25

—1
51
< 1
T
=1
T 1

CR:TR




THERMAL DILEPTONS at SIS ENRGY REGIME

HADES Collab., Nature Physics 15 (2019) 1040

‘I_ 7\ I T T T ‘ T T T ‘ T T T I |
ArS) \ Au+Au \s=2.42 GeV 0-40% |
% 10 NN ref., 1, o subtracted i
= + E
8 In-medium p: ]
—4 — |
= 10 e st
~ L —— CG SMASH ]
A B — HSD 7
8 I \\ pcollbroad. + A+ ]
s‘r <>]<) B -~ - Bremss. (NN, 71N) ]|
Z 10°F ~ =
© - P ]
® B / ]
Z i / i
~~
- 1 0_6 = / Vacuum p:
o — - HSD
B [ . suasH
N Y R Ll
0.2 0.4 0.6 0.8

CG FRA: Phys. Rev. C 92, 014911 (2015)

CG GSI-Texas A&M: Eur. Phys. J. A, 52 5 (2016) 131
CG SMASH: Phys.Rev.C 98 (2018) 5, 054908

HSD: Phys. Rev. C 87, 064907 (2013)

| Thermal rates folded with coarse-grained
medium evolution from transport works at
low energies

| Radiation from a long-lived source
(t = 13 fm) in local thermal equilibrium

| Supports baryon-driven medium effects at
SPS, RHIC, LHC

Robust understanding of emissivity of
matter across QCD phase diagram
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ratio (exp, models / QED)

MESON CLOUD
Quark core
Exclusive analysis of pp — ppete” p

HADES Collab., PRC 95, 065205 (2017)
HADES Collab., 2004.08265 [nucl-ex]

8 T 127 0D Meson Cloud

[~ | = === R&P pion cloud / QED
7| == R&P / QED

- | === R&P quark core / QED| .
6| 225 S&M brems. / QED ~ Studying the structure of the nucleon
55 as an extended object

— [ |

= ~ Excitation of a baryon can be carried
S S A by the meson cloud
3
> - L] QED: point like y*NR, Heavy lon Phys. 17, 27 (2003)

L L] I&W: two component quark model, PRC 69, 055204 (2004)
¥ T T T T T T T [ R&P: covariant constituent quark model, PRD 93, 033004 (2016)
0"'l'|"|'l'l’T'l‘l'l‘f‘l'l'l-_l"_l—-l-l-l-1 PR AR T A I T T A O O T SO 1 .

015 02 025 03 035 04 045 05 [ ] S&M bremsstrahlung: PRC 82, 062201 (2010)
+ - 2 E. Speranza et al., Phys.Lett. B764 (2017) 282
Minv (e'e) [GeVicT] G. Ramalho, T. Pena Phys. Rev. D95 (2017), 014003,

D. Nitt, M. Zetenyi, M. Buballa, in preparation




DILEPTONS AS BAROMETER
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TRANSVERSE MASS DISTRIBUTIONS OF EXCESS ;e;;“;:;i;;::’

For each bin of u*u~ project transverse mass spectrum: my = \/p% + M?

(d°N,,/dndM)/(dN_ /dn) (20 MeV)™!

NAG60, Phys. Rev. Lett. 100 (2008) 022302 NAGO, Eur. Phys. J. C 59 (2009) 607 T SR

— M (GeV!
g' R dN,,/dn>30 NAGO In-In g * M(GeV) T (MeV) (©V)
g%+ 02<M<0.4 Gev | B4 T 116-140 1991213
L 0.4<M<06GeV | £ :‘?**ﬂ?_ﬂ,,_-- 140-20  193H16:2
St T 06<M<0.9GeV | = ] T, e, d— 20 -256 17H233
I 104+ R
= N 1.0<M<1.4 GeV A
-Z_ ] ] my spectra exponential for
= 10 mr—M > 0.1GeV (<0.1GelV??)
- ] Fit with — -2 ~ ex (—mT)
0 t t mr dmT € p Teff
LMR IMR ] Extract Tes¢ and plot vs M
0 0z 04 05 08 T Tz 14 16 8 T
m;-M (GeV) ’ 02 o e o8 m -M (1GeV)
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THE RISE AND FALL OF T, s¢ OF THERMAL DIMUONS

S 3507"NAGO In-In | [ 1 M <1GeV
O 1 dN./drb30 - dimuons r . .
- ¥ LMR I [] Strong, almost linear rise of T.zf
%5300 + ¥ LMR; W/o DY i with dimuon mass
=] ® IMR, w/o DY I
I [] Follows trend set by hadrons
o5 1 8 hadrons (i, 1, p, ®,0) [
) LI M>1GeV
2007 ? I 1 Drop of Terr by ~50 MeV
: + » [] followed by an almost flat plateau
150+
1004 I What can we learn from my spectra?
0 0.5 1 15 2 2.5

~ Origin of dileptons
NAG60, Phys. Rev. Lett. 100 (2008) 022302
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INTERPRETATION OF THE DILEPTON my (py) SPECTRA
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Expansion dynamics for 158A GeV In-In (schem.) ]

2
Teff ~ <Tth> + M<VT>

)

2

3 4 5

6 7 8

T (fm/c)

<v,/c>

0.5

0.1

0.0

] Hadron p; spectra: determined at Ty;p £ 0.
(restricted information)

| Dilepton p; spectra: superposition from

all fireball stages
[ Early emission = high Ty, low vy
[1 Late emission = low Ty, high vy

LI Final spectra from space-time folding over Ty, & v;
history from Tipnitiar — Tkinf.o.
note: small flow in the QGP phase

ForM > 1 GeV:
~ Tz independent of M, negligible flow
~ (T¢,)~200 MeV > T,

-> Early emission, dominance of partons!
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AZIMUTHAL ANISOTROPY OF VIRTUAL PHOTONS

R. Chatterjee et al., PRC 75 (2007), 054909

0.10
0.08 [

0.06 |

Vz(M)
24

0.04 [

0.02 -

il

Il

V(HM)

- Hadrons & Thermal Dileptons '~

Au+Au@ 200 AGeV]
b=7 fm ]

0.00 b

2.9

3.0

LI Very cleans tool to diagnose the collective
expansion dynamics, i.e. origin of the
electromagnetic emission source

LI Challenging v, vs M analysis
[ Early emission (partonic matter) 2 small v,
[] Late emission (hadronic matter) > large v,

So far:
~ STAR v, of inclusive e* e~ (not of excess)
~ HADES v, of excess radiation (in prep.)
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DILEPTONS AS THERMOMETER

Acceptance corrected u* u~excess yield

T 107°
N In+In {5,=17.3 GeV L1 IMR spectrum falls exponentially
3
-6 — e NA60 Data ; dRy 5 _M
10 . L1 In the IMR the dilepton rate =2l oc (MT)Zexp(—7)
QGP

LI Independent of flow: no blue shift!/

total thermal

(T) = 205 + 12 MeV

~ the only explicit temperature measurement

above T, in heavy-ion collisions!
T, =235 MeV
T, =170 MeV

L ‘ L L L L L
0 0.5 1 1.5 2 2.5
Dimuon invariant mass M,,, (GeV/c?)

R. Arnaldi et al. (NAGO), EPJC 61(2009) 711
NAGO, Chiral 2010, AIP Conf.Proc. 1322 (2010)
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MAPPING QCD CALORIC CURVE (T vs g)

R. Arnaldi et al. (NAGO), EPJC 61(2009) 711

= 107
s NA6O "" V:;D‘;f o S [ K T go¥, R. Rapp and H. v. Hess, PLB 753 (2016) 586
; 10 ? : ié\ré\gd\u?nahadronic §250— v - TG et al.: EPJA 52 (2016) 131
o197l totalthermai ~ r T:205112¥§)l/
= 10 |_2007 /;NAGC/_//
f 0% B }/ //4'/
% 10,9i ; ____________ . _/:_J:?_ :?ji ___________ | Tpc=156%1.5MeV| A. Bazavov et al., Phys.Lett.B 795 (2019) 15-21
é E T, =235 MeV 4 1 507 i yz
510-107‘ Al A R RN N R r //

0 0.5 1 1.5 2 2.5 r - id

Dimuon invariant mass M,, (GeV/c?) 100+ / N;CIea: ||qu'|::i gas
- g phase transition

HADES, Nature Phys. 15(2019) 1040 - ‘FADEST_ 2aiMeV 12 . . ;
- T T — - | @ "Au+'Au, 600 AMeY
N Au+AU |5,=2.42 GeV  0-40% | 50 | 015G, 0 +*'Ag, A, 30-84 AMeV 1
S 103k NN ref., , ® subtracted B 10 | & “Ne+"""Ta, 8 AMev 1
8 Tope = 71.842.1 MeVikg B . T -«}»— ]
T2 0 8t
S 104 1 2 3456 10 20 30 100 200 2 . 7,5%
S . . ~ 1
3 Collision Energy |sy, (GeV) 2|
. 2 4 i

L 105

o 10 » §-(<E;>/<AD>-2MeV) i
z Signature for phase transition?
T 0 ~ phase transition may show up as a plateau! S T )

i ] . o 2. . <Eg>/<Ag> (MeV)

0T oe o8 ~ future high statistics experiments
M., (GeV/c?) J. Pochodzalla et al., PRL 75 (1995), 1040-1043
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THE DILEPTON CLOCK

System size dependence of excess

e\

Centrality dependence of spectral shape g~ 1 comp. sublracted -
- = Au+Au } + + * ]

> soor : i B * Ar+KCl J. -
2 ol T I 2 < [ o0 ++ -------------- ’f++ --------- ]
RN 2 R AN TV
e BT LAC : S . 1

1000; i%#éwm ﬁw# \ 25.--. .l. . + é_ ;L j _¢_ B

o\ “peclock” o B B

AR R VI (<Y 0 0.1 0.2 0.3 0.4 0.5

HADES, Nature Phys. 15(2019) 1040 Mee (GeV/cQ)
2 T 0.2<M<1.0 Gev
_; N excess/p +
c 7] " +
2 I
®
o P AT - S

] . ¢ A | continuum/p | Rapid increase of relative yield reflect the

> . A - number of p‘s / R’s regenerated in fireball

P A

4_Q¢A peak/p




DILEPTONS AS A CHRONOMETER

TG., JPS Conf.Proc. 32 (2020) 010079

92 dN/dyl, = 127 138 146 185 251

s~ 20F in ] Integrated low-mass radiation

5 . 0.3 <M, <0.7 GeV/c? & ) : I

= 18" - 0.3 <M < 0.7 GeV /c* tracks the fireball lifetime

"’,E1 6F 2 p U. W. Heinz and K. S. Lee, PLB 259, 162 (1991)

ha E i * H. W. Barz, B. L. Friman, J. Knoll and H. Schulz, PLB 254, 315 (1991)

;f14, 5 Z** 1 g R. Rapp, H. van Hees, PLB 753 (2016) 586

g 12F } ° % 0o L] High statistics measurements needed

© L - I

< 10 ¢ *

o C S

2 8 éa. t

> E r -

w 6F

N

5 . Signature for phase transition (and critical point)?
2; HADES NAGO STAR ~ latent heat ~ longer life time ~ extra radiation
O 2 34567 10 20 30 100 200

Collision Energy |sy, (GeV)
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DILEPTON SIGNATURE OF A FIRST-ORDER PHASE TRANSITION

100 T=10 MeV
[ ——  u=290 MeV |l
. . . —80 ———  u=297 MeV ||
| EM SF from analytically continued FRG flow equations @ = 5 AW —— u2esMev |
— o ]
. 60 ®©
LI Dilepton rates at CEP T=10 MeV, u=292 MeV < 60 I
= - > 2
R.-A. Tripolt, C. Jung, N. Tanji, L. v. Smekal, J. Wambach, Nucl. Phys. A982 (2019) 775 T a0 = ‘q% L\m
C.Jung, F. Rennecke, R.-A. Tripolt, L. v. Smekal, J. Wambach, Phys. Rev. D 95, 036020 (2017) J a 1 L\X’\’\MWL
20 Izo 7
0 0 %80 02 04  o0s 08 ‘130
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; ,‘H‘HH‘HH‘HH‘HHHHH“H“:q;a |— [T 7T T T T T T T
. . . . . . . §120? Hydro Wlth PT E :—E, Do- 2'4j — inmed. SF rate
(| Dilepton radiation in hydrodynamical simulations F110f 18 S g — qarete
C 13 [ C
C 10 o -
. . . . 100F 12 o
| Factor of ~2 extra radiation in case of hydro with PT g D £ 1
90F i - ' 1.8
o 10 o] F
F. Seck, TG, A. Mukherjee, R. Rapp, J. Steinheimer, J. Stroth, arXiv:2010.04614 [nucl-th] 80: '(% 1.6
See also F. Li and C.M.Ko, Phys. Rev. C 95 (2017) no.5, 055203 o ; r
70F H 1 § 140
60; [ - 3 1.2; y
50f 3 o 002 04 06 08 T 12 14
C B 2
CRC-TR 211 487 Ll ! | | M. (GeV/c?)
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SIGNATURE FOR CHIRAL SYMMETRY RESTORATION

Dey, Eletsky and loffe, Phys.Lett. B252 (1990)

3 T T T T T
[l Changes in yield and shape at M,, > 1.1 GeV due to p — a4 chiral mixing 25 L A |
‘ — 2L 4 - -
L1 \/syny < 6 GeV: negligible cc, decrease of QGP, 2r b =0 vil®)
significant reduction of Drell-Yan (pA measurements!) 15 - A o
) ma, > y* > I (chiral mixing) is a dominant hadroni in IMR WA gt
Ta; 2y (chiral mixing) is a dominant hadronic source in il 7 \(/ e
/ 5_.-_/
O 1 1 1 1 1
0 05 1 15 2 25 3
o @UGH SIS 8 Ry mixing, S(GeV?)
R . &« ?ﬂ»&n 4 1_ Q,,&ER - & " TN ap R.Rapp, J. Wambach, Adv.Nucl.Phys. 25 (2000)
<> v P iy 7 P
+ covidabkimb a 2 ¢ 2Tl e s e=1/2
BTN :\:.(" 3 \
Ww E 10 % .'_\ M_\ V-A mixing
Med! oot ‘ ., 30% more yield
4 Ny wmn. e e = [ in medium / .y
1 W\/\/\%—/\/\/\W Z oL / S
M Qa—e B8 il el tham tompoaton 2|
M > i- CC\/ Mj > 10'10? oD T
10-UO.O 50‘0.0 ‘ 10‘00.0 15(‘)0.0 ‘ 201)0.0 ‘ 251)0.0

M (MeV)
Guy Chanfray, 1999 Lecture Notes
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“You may say I'm a dreamer... | )
76, Nucl Phys. AS82 (2019) ... but 'm not the only one

CBM, EPJA 53 3 (2017) 60

Program needs high precision data
SIS100 CBM,,,,

O--- ,A._‘.-A‘...‘. O

L [] High intensity beams
J-PARC-HI  SPS NAB0+

[] Multipurpose detectors:
Large acceptance, high efficiency

Trigger-less, free streaming read-out
electronics with high bandwidth online
event selection

HIAF CEEZLI_’j BM@N.’UH}
\ZR== u

sPHENIX
——-e

AHE% NICA MPD
Punnnh [1 High-performance / scientific computing
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~ Strong interest internationally
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RESUME AND PROSPECTS

[] Unique possibility of characterizing properties of hot and dense
QCD matter with dileptons

[l Robust understanding of low-mass dilepton excess radiation — R o
through p-baryon coupling (at LHC, RHIC, SPS and SIS18 energies) There is no mission impossible

[] Complementary program on exclusive measurements in
7, p induced reactions with HADES

[] Enable unique measurements
Degrees of freedom of the medium
Restoration of chiral symmetry
Transport properties
Fireball lifetime and temperature [] Future experiments aim at utmost precision measurements
for rare probes (dileptons and photons)

[] New theoretical developments are expected to provide
chirally and thermodynamically consistent in-medium
vector-meson spectral functions (e.g. FRG, lattice QCD)

~ substantial progress in understanding of QCD phenomena
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COMPONENTS OF EM PROBES

Degrees of freedom of the medium

1e-05

dNp/deo & ' ' LI Thermal dilepton rate in 2-flavor QCD:
p=0

1e-06

[ HTL curve is for a thermal quark mass ZL =

1e-07 BW-continuum: wy/T=0, A,/T=0 —— T
wy/T=1.5, Ay/T=05 ——
HTL —— |

Born

[1 Born rate is obtained by using the
free spectral function

1e-08 +

1e-09

1e-10

fe-11 |

T H.-T. Ding et al., Phys.Rev.D 83 (2011) 034504

1e-12

e 180MeY Spectral function merges into QGP description
= =180Me

10°k . ~ G immed - Direct evidence for transition hadrons to

T aeh i quarks & gluons

N
r

dR/dM? [fm™ GeV?)
6; 8& )

R.Rapp, J. Wambach, Adv.Nucl.Phys. 25 (2000)




COMPONENTS OF EM PROBES

Transport properties

0.04 T T T T T T T
¢ Current work with medium effect H i
0.035 2 Curentw _ Electric conductivity
A s Frailectal. - probes soft limit of EM spectral function
0.03k attice - Aarts et al. _
o '. ==+ SYM - Huot et al.
"Le Holographic model - Finazzo et al.
0.025 = ¢ = : ° . = Current work without medium effect = a
(T) = —e2limgq o [=— ImTlgy (q0,q = 0;T)
< R i opm(T) = —e“limg 5 Imllgy(qo,q =0; T
— " a ®e A qO
) * = .
® " L] [ ] A
O oosf ¢ ® . -
o
MR O @ ; “oeee,
- | |
0.01 ——————————————————"ﬁﬁ—-&.e-v-—‘-
0.005 = & E -
0= 3 - S. Ghosh, S. Mitra, S. Sarkar, Nucl.Phys. A969, 237 (2018)
M. Greif, C. Greiner, G.S. Denicol, Phys.Rev. D93, 096012 (2016)
-0.005 1 . | . 1 . |
0.1 0.12 0.14 0.16




Dileptons as polarimeter

Angular distribution of dilepton rate in the photon rest frame:

dR

m = N(l+/\9C05295+)\¢Sin2(9@cos2¢g+ )

i i ici — PT—PL
with anisotropy coefficients A, e.g. \y = "

» angular distribution of dileptons gives information on
polarization of v* and thus on production mechanism

» virtual photons from (unpolarized) thermal sources are
polarized!

» systematic study of all relevant processes needed!
[E. Speranza, A. Jaiswal, B. Friman, Phys.Lett. B782, 395-400 (2018)]

[E.L. Bratkovskaya, O.V. Teryaev V.D. Toneev, Phys.Lett. B348, 283 (1995)]
[E. Speranza, M. Zétényi, B. Friman, Phys.Lett. B764, 282 (2017)]
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CHIRAL SYMMETRY of QCD Functional Renormalization Group (FRG)

1.0 T T T T
""" m, —my =120 MeV
—_— 1, — 1y = 150 MeV
| QCD Lagrangian has chiral symmetry (y.) in the 08f - = momeimmey
= = my—my— 160 MeV
limit of vanishing quark masses B Lattice: W8 Continuum
0.6 i
L1 x. is broken spontaneously by dynamical <T j=0
formation of a quark condensate (1)) 0.4} .
I Quantitative agreement of the quark condensate 02l 1
with lattice QCD (for both FRG and sum rules)
W.j.Fu, J. M. Pawlowski and F. Rennecke, Phys. Rev. D101, no.5, 054032 (2020) 0.0 . L L i
P.M. Hohler and R. Rapp, Phys. Lett. B731 (2014), 103-109 0 >0 100 150 200 250 300
S. Borsanyi et al. (Wuppertal-Budapest), JHEP 09, 073 (2010) TMeV]
Vacuum EM spectral functions from sum rules from aFRG
—ImIly/rs ~ImI/rs od T= 0 MeV, u =0 MeV
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0010}
i | o1
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Data: R. Barate et al. [ALEPH], Eur. Phys. J. C 4 (1998) 409 C. Jung, L. von Smekal, Phys.Rev.D 100 (2019) 11, 116009

P.M. Hohler and R. Rapp, Nucl. Phys. A892 (2012) 58-72



