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Exploring the phase diagram of QCD matter

O What are the properties of matter under
extreme temperatures and densities?
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O Where are the phase boundaries located!?

a Is there a critical point?

d Where are the limits of hadronic existence?




Theoretical guidance

O Vanishing ug, high T (Lattice QCD)
O Crossover transition
0 g~ 1 GeV/fm? T ~155 MeV
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Theoretical guidance

- O Vanishing pg, high T (Lattice QCD)

0.9 O Crossover transition
Quark-gluon plasma
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O Large ug, moderate T
(effective, Lattice QCD inspired models)
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Searching for landmarks of the QCD matter phase diagram

ad Experimental approach:

N
N
o

Quark-gluon plasma O Recreate the conditions of the
deconfinement transition in the lab.

N
o
Lo

1;(;@%@ g g 7,57/ RHIC BES O Probe with highest precision different

regions of the QCD matter phase diagram
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| O Observables:
0" Hadron gas | O Flavor production (multi-strange, charm)

O Emissivity of matter (dileptons)

200 400 600 800 1000 . e
Baryochemical potential (MeV) O Higher moments of e-b-e multiplicities (B, S, Q)

Nucl. Phys. A 931 (2014)

LHCb STAR PHENIX NA-6 | HADES




Electromagnetic radiation

Photons and lepton pairs probe the interior of fireballs —“PET" of the fireball

O The dilepton signal contains
contributions from throughout the collision

O No strong final state interactions
—> leave reaction volume undisturbed

beam axis

O Encodes information on collisions (T, ug, T )

-15

15 -10 -5 0

T = 30 fm/c] xI[fm]

— In medium p and w SF
& QGP rates vs. time

The vector correlator is directly accessible in HIC:

dN, -o’
Y fB(qO;T)hrnl_I:V (M,q;u,,T)

M

d’xd*q n’M?

—> Unique direct access to in-medium spectral function




Two different perspectives

ArKCl 1.76A GeV
AuAu 1.23A GeV

Q If we know the in-medium vector spectral
function we can
= study the fireball evolution

O If we know the fireball evolution we can

= measure the in-medium spectral function B
13ftm/e\ o ntrcl

_J___ T I —
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The vector correlator is directly accessible in HIC:

dN —a? "
=% f%(q,; T)ImIT (M,q;u,,T)

0
d’xd*q n’M?

—> Unique direct access to in-medium spectral function




Characteristic features of dilepton invariant mass spectra

> Dilepton spectra represent the space-time integral of EM radiation

- Mass dependence allows separation of collision stages

CBM Simulation

Au+Au 20A GeV
LMR central collisions

O Heavy-flavor: cc =2 [l

IMR
“Planck-like” =T

O Final state decays (hadron cocktall):
n’, m 2> yete

EurPhys). A53 (2017) no.3, 60

Low-mass dileptons (LMR) M<I.] GeVi/c?
Intermediate-mass dileptons (IMR) M<I.| GeVic?




The experimental challenge ...

Lepton pairs are rare probes (BR < [0%)

at SIS energies sub-threshold vector meson production
2> M. x T'_ /T, decay per |0 mio events

There is no such thing as a free lunch

0 Large combinatorial background
O in e*e from Dalitz decays (n° 2 e*ey) and conversion pairs (e*e’)

O in w'u:weak m, K decays

O Isolate the contribution to the spectrum from the dense stage

O Low-momentum coverage!

DATA QUALITY
O The decisive parameters: Number of Interactions and Signal/Background
0O Range of B/S: 20 - 100 = B/S == 1,

o Effective sample size: S~ | X S/B reduction by factors of 20-100
o Systematics: 0S.¢/S.q = OB/B X B/S OB/B = 2...5% 107




The STAR detector at BNL

O Large acceptance hadron and electron ID

0 Time Projection Chamber
0 0<¢p<2m, n|<|
O Tracking, dE/dx

a Time-of-Flight detector
O 0<¢p<2m, n|<|
O Time resolution < 100 ps

-
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> 25 3 T
mom (GeV/c) mom (GeV/c)
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Dielectron mass spectra at \/SNN = 200 GeV
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Phys.Rev. C86 (2012) 024906

O Comparison to the simulated e'e
cocktail accounting for decays of
mesons, is consistent with data

Aut+AuU

Au + Au \s,, =200 GeV (MinBias)
pj"r>0.2 GeV/c 7°, &, JAp, P’
n®l<1 ,Iyeel<1 -~ m,n, o, bb, DY

— — ¢C PYTHIA
—— Cocktail Sum
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dN/dM,, (c*/GeV)

—— Rapp: broadened p +QGP
PHSD: broadened p +QGP

f
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Phys. Rev. Lett. [ 13 (2014) 2230

a Significant excess 0.3<M_.<0.8 GeV/c?
- true in-medium effect
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Dielectron mass spectra from Beam Energy Scan |

Phys.Lett. B750 (2015) 64-71
J. Butterworth et al., arXiv: 1 612.05484 [nucl-ex]

Model: Rapp/VWambach/Hees

d Isolation of the excess by
subtracting the measured
decay cocktall

Dielectron excess
—e— Au+Au 19.6 GeV 0-80%
Au+Au 200 GeV 0-80% '
APPSRl (| Acceptance corrected spectra
—— HG+QGP
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O In-medium broadened p spectral function consistently describes
the low-mass electron-positron excess for all the energies [9.6-200 GeV

a Strong change of net baryon density,
but total baryon density (=1 10) same at the SPS and at RHIC
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Coarse-grained transport approach

: ";M'

U

“Combine” the advantages of two descriptions: hydrodynamics & transport

U

Simulate events with a transport model

—> ensemble average to obtain smooth space-time distributions

A Divide space-time evolution into 4-dimensional cells
21 x 21 x 21 space cells (1fm?), 30 time steps =2 ~ 280 k cells

Q Determine for each cell the bulk properties like T, ug , w,
collective velocity

a Apply in-medium p & w spectral functions to compute
EM emission rates

—> parameterization of RW in-medium spectral function

QO  Sum up contributions of all cells

Huovinen et al, PRC 66 (2002) 014903
CG FRA Endres et al: PRC 92 (2015) 01491 |
CG GSI-Texas AAM TG et al.: EurPhys.. A52 (2016) no.5, 31




HADIES

Au+Au ys,=2.4 GeV
0~40%

d | XCe
CG GSI-Texas AGM Inclusive excess mass spectrum
— HSD A+p+nN,NN Bremss.

0 All known sources subtracted
__CGFra

O Fully corrected for acceptance

O Almost exponential spectrum up to
vector meson region!

f2(np+pp), n subtracted

—7 s
10°070.1 02 03 04 05 06 0.7 0.8 0.9
M., (GeV/c?)

0 Coarse-graining method works at low energies
O Supports baryon-driven medium effects at UrHIC (SPS and RHIC)!
O Robust understanding across QCD phase diagram




Centrality dependence

—
S
)

0.3<M,.<0.7 GeV/c?

O 1/2{np+pp) sublr.=‘I 37+0.18

o =1.25+0.13

) subtr.

Excess yield

Y
S
S

Au+Au V‘STIN=2.4 GeV

200 300
<A

part”

of the excess yield

Au+Au |'s,, =200 GeV

—— Rapp ® (A):0.30-0.76 Gech
00 (B): 0.76 -0.80 GeV/c?

——— PHSD A (C):0.98 -1.05 GeV/c®

b X Noay

+ (A) - cocktail

STAR Collab., Phys. Rev. Lett. [ 13 (2014) 22301

O Excess yield scales stronger than linear with mean number of participants

O Note the very similar A

par

a ~A_..° interplayV ® T,

part

. scaling independently of \/SNN




Dileptons as chronometer

STAR data: arXiv:1612.05484 [nucl-ex]
Model: R. Rapp, H.van Hees, PLB 753 (2016) 586
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—l— 200 GeV Aut+Au 2
200 Gev Aurdu (.40<M,<0.75 GeV/e

[
=}

—h— 62.4 GeV Au+Au
—N— 39 GeV

27 GeV y .
Ty STAR preliminary

Theory lifetime:
- =200 GeV  --193 GeV
=24 GeV ==39GeV

ch
[
=

—=— 17.3 GeV In+In

[
—

o
o)
=
S
Z
S 12
o
o)
=
S

excess

lifetime (fm/c)

(dN

=173 GeV

o e S 00

a Normalized excess yields for the mass
region 0.3<M<0.7 GeV/c? is proportional
to the lifetime of the interacting fireball
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Dileptons as thermometer

Measurement of radiating source temperature

NAG60: H.J. Specht, AIP Conf.Proc. 1322 (2010) |
Model: R. Rapp, H. van Hees, PLB 753 (2016) 586

2 — .
NAG0 Data ——— a M,,>I GeVcs ~ exponential fall-off

w T TN
= B+ hadronic o > Planck-like’

> [1=205+12 MeV

v Agrees with Rapp/Wambach SF;
partonic emission dominant

—
S
=
P
=
1
E
=
l-h-"—l
ad
=
=
=
-

=
=
-

02 04 06 08 1

: : e xrp 2
Dimuon Invarnant Mass Muu (GeV/co)

total thermal AN 3 M
| > fit to range M=1.1-2 GeV
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Dileptons as thermometer

Measurement of radiating source temperature

0-40% centrality

—— single Boltzmann °

TS|0pD = 72 t 4 MeV/kB

HADES
Preliminary

o
N I

x2/ndf = 3.92/13

HIH*I;

02 04 06 08
M., [GeV/c?]

Ratio to fit

a M, <I GeVc? ~ exponential fall-off
-> ‘Planck-like’

dN 3 M
> fit to range M=0.1-0.8 GeV

> [=72+4 MeV

v Agrees with coarse-grained approach
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Dileptons and QCD phase diagram of matter
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3

Excitation functions
Q Fireball lifetime
O Emitting source temperature
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Energy dependence of low-mass excess

a Yield in low-mass window tracks
fireball lifetime

- Search for anomalous fireball
ifetime around phase transition &
critical point

0.3<M,,<0.7 GeV/c®

HADES 0~40% STAR 0~80% Nucl.Phys.A931(2014)
0.3¢M,.<0.7 GeV/c? STAR 0--80% Note619

o 2019 - STAR at RHIC BES |l
o 2024 - CBM at FAIR

10 100
Collision Energy (\'s\,) [GeV]

Dilepton yield determined by interplay

Quite moderate energy dependence '
h
between temperature andV & Tt 1o

coll
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Energy dependence of intermediate mass slope

N
N
(4]

O Measures the emitting source temperature
(true, no blue shift)

> Measure T, (note, T, <T, ., caloric curve”

- Plateau around onset of deconfinement?
[see e.g. M. D'Agostino et al. NPA 749 (2005) 5533]

>
L]
=
-
Q
(5]
b
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w

10
Collision Energy (Vsyy) [GeV] o Precision measurements are the key

o 2024 - CBM at FAIR




STA R d I e | eCtrO n S ; Au + Au |s,, = 200 GeV (Central) "
ongoing analysis T ool 4

(c) random ee 1PYTHIA ep, )

— --=-- (d) random ee (PYTHIA e p_w NPE R, )
Au +Au SN N - 200 G ev Gl : Cocktail sum (with PYTHIA(&H

O wug<<T, Le.vanishing net-baryon density

O Lattice QCD computations are most powerful

[0 Measure p spectral function and “calibrate” EM rates
O Extract fireball temperature (IMR)

Heavy Flavor Tracker

decay length Y (cm)

Dielectron reconstruction with HFT

Q 10 20

[0 Reduce uncertainties on charm contribution T ey e e

y conversion in HFT detector material
—> use excellent vertexing to reject it
(looks promising, statistics Runs 10,1 1,14,16 ~4x 0%
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STAR dielectrons
Beam Energy Scan Il
2019 - 2020

tn

[ PHSD expectation at BES-II

—e— data for M=[0.4-0.75] GeV/c?

—a— BES-II projection w/ iTPC
Rapp's model

=
in

11

STAR preliminary

w
w b e

(=]
tn

(]

Improve statistics for existing low energy samples

[y
tn

i
—
—

e
=
2
Z
=
=
2
P

w

w

S

L]
=
=4
=
[

Quantify lifetime and baryon density dependence
of the p spectral function

=
tn e

Disentangle various model calculations

Heavy Flavor Tracker

Inner TPC upgrade

Installation of eToF (CBM Phase-0)
Collision energies /7.7,9.1, 1 1.5, 14.5, 19.6 GeV
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Compressed Baryonic Matter experiment at FAIR
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Collision Energy (\'sy,) [GeV]

WI“ play p]ay d In | T, exp (QGP+in-medium)
the exploration of the QCD phase £ il ! i e

diagram in the region of high net-
baryon densities

2 25
m,,, (GeV/c?) M, [GeV/c?]




"It you are out to describe the truth,
leave elegance to the taillor” (A. Einstein)

HAID

Proposal for experiments at
SIS18 during FAIR Phase-0

Properties of hadron resonances
and baryon rich matter

High statistics mw+p, t+A, p+A A+A

Results in elementary collisions provide an
important baseline for current and future
explorations in HIC
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‘Resume and prospects

There is no mission impossible

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

O Robust understanding of low-mass dilepton excess radiation by p-baryon
coupling (at top RHIC, RHIC BES, SPS and SIS |8 energies)

O Enable unique measurements

O Degrees of freedom of the medium
0 Restoration of chiral symmetry
O Fireball lifetime

O Emitting source temperature

Thank you

for your attention!
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Electromagnetic radiation to probe fireball

_ aEM L(M)
- 3 2 f ( Onn ]In Hg;’d( q:/'lB)D
-~ M
Photon
self-energy
vacuum
I-loop pQCD
Maive quark model
E+ p _?r '."" - E"' ?. “."l q
— W exclusi . Inclusive :‘
., .3..9. eme s " measurements ",
e T | , . ] "4
Hadrons:Im D, , , qq continuum
0 Change in degrees of freedom O Emitting source temperature

O Restoration of chiral symmetry

O Transport coefficient (charge)

Q Total yield &< fireball lifetime
28




Spectra normalization

O Normalization to number of neutral pions

Yield dN/dyl_,

O Fireball dominated by incoming
nucleons at lower energies

O Number of charged particles N, not a
good proxy for thermal excitation energy

0-10%
10-20%
20-30%
30-40%

Centrality class | (N-) per event | (N+) per event | (N0) per event

0-10 17.05 9.75 13.40
12.20 6.75 9.48
8.85 4.80 6.83

6.35 3.45 4.90




0 meson in hot and dense medium...

. interacts with hadrons from heat bath =
additional contributions to the p-meson self-energy in the medium

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

vacuum
T=122MeV, p,=0.3p,

-—-- T=146MeV, p,=1p,
T=180MeV, p,=4p,

q=0.3GeV A In-medium pion cloud @
{1

p / N \\ ,:
o= D ’v\/\.+'\/m\,

O Direct p-hadron scattering
R=AN(1520),a,K,.

The p spectral function strongly broadens in the s P
medium because the p couples to baryons! gE M

h=N,mK
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Characteristic features
excess radiation

hadronic =====--
QGP
total thermal

In+In 2 pru+X

e e N

12 14 16 1.8 2 22
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Dimuon Invariant Mass M““

NA6O: H/. Specht, AIP Conf.Proc. 1322 (2010) |
Model: R. Rapp, H. van Hees, PLB 753 (2016) 586

of

Spectrometer

O Shape and yield
=> restoration of chiral symmetry

Chronometer

O LMR dilepton yield
- fireball lifetime

Thermometer

O IMR slope = emitting source
temperature (true T, no blue shift)

Barometer

O Inverse-slope analysis, v,
-> fireball acceleration
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