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 QCD Phase Diagram

 What role can dileptons play?
 Some theoretical considerations

* Some experimental considerations

* The Dilepton Multitool
spectrometer, chronometer, thermometer,
barometer, polarimeter, multimeter

* Future prospects




QCD phase diagram
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LHC, RHIC, and FAIR provide access to low ps region > .\

T W, few times nuclear L

. matter densit
— Cross-over region Fig. 1. Schematic phase diagram of hadronic matter. pg is the 4

density of baryonic number. Quarks are confined in phase I
and unconfined in phase Il.

Sev.eral experiments/facilities give access to s ¥ Eaty Universs e RS
regions that both cover cross-over, possible 1 1
order PT and a conjectured CP

e AGS, SPS (NA61/SHINE)
* SIS18/FAIR (Hades)
e RHIC beam energy scan (BES)
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The Phases of QCD

Charting the QCD phase diagram

«%‘ Quark-Gluon Plasma
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* Turn-off of QGP signatures - suppression, elliptic flow ~f vewn © e 08
; ; B‘;or(:/on Csr(::mica?o:otenlgl)oue(l\:lio\(l)) N v

* First-order phase transition - changes in EoS due to attractive force
(softest point)

» “step” in mean transverse mass of identified particles
» non-monotonic behavior of directed flow slope at mid-rapidity (dvz/dy/[y=0)

* Critical point - divergence of the correlation length = non-monotonic
behavior of higher moments of conserved quantities

» experimentally, skewness S, and kurtosis k of event-by-event net-particle distributions
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e Some theoretical considerations




What can dileptons do?

© ParticleZoo.net

pre-equilibrium fireball freezeout

Dileptons are excellent penetrating probes

* colorless objects . no coupling to strongly interacting matter
e produced in various ways throughout the system’s evolution
* long mean free paths

* experimentally provide an additional “knob”: invariant mass



Dilepton invariant mass spectrum

* Primordial emissions, pre-equilibrium
— Drell-Yan, NN - ete™ X

— heavy flavor production (c¢, bb), quarkonia & open
charm

 Thermal radiation from QGP/hadronic matter
— QGP thermal radiation qg —» eTe™
— HG thermal radiation 7t~ — ete”
— in-medium p
— other 4m, multi-meson interactions, incl. p — a;mixing

* Long-lived hadron and resonance decays

e/w
— decays of light mesons of %, n, w, ¢ (incl. Dalitz decays) .
e'/p
* in-medium modification of vector mesons

— decays of quarkonia J/W, W’ and correlated DD pairs

* nuclear modification effects :
heavy quarkonia

open heavy flavor



Dilepton invariant mass spectrum

i S T e~ 3
* High Mass Range (HMR) 7 Dalitz-decays 3
M. > 3 GeV/c? 3 0,0 3
— primordial emission, Drell-Yan 3 H
— Heavy quarkonia: J/Y and Y suppression j j
* Intermediate Mass Range (IMR) £ ]
1.1 < M.< 3 GeV/c? E 3
— QGP thermal radiation E g
— Semi-leptonic decay of correlated charm E ! 4
heavy-flavor modification E— Drell-Yan —E.
e Low Mass Range (LMR) 3 g E
M,.< 1.1 GeV/c? E_ I;?(;Af/m Intermediat>e1-fm High-ManO?f?ngion ?
— in-medium modification of vector mesons OE' L 1' o e ' :la ' S ?:
— fireball lifetime measurement mass [GeV/c?]
— transport coefficients (electrical conductivity) ;
time scale

late

early

$93.(Q |9XY 40 Asa1nod



EM production rates

From thermal field theoryt, using EM current-current correlation function:

5
o i j ¥ el@%@(x) (([*(x),j*(O]) Ty, =

Tt — z eqqy*q = Suy*u —sdy*d —3syks
q

with the thermal emission rates

( ~
! )

e photons:
podfi% — £ (00 T) 1gw ImIlgy, (M = 0,p; up, T)
* dileptons: ) >
74
d:i%_ CZMZL(M)fB(pOrT) 1guv Imnu (M p; ,UB,T)

L(M) is lepton space factor and fZ(p; T) is the thermal Bose distribution
* both governed by same underlying spectral functions
— but different kinematic regimes (lightlike and timelike)

t see e.g. Friman, et al., Lecture Notes in Phys. 814 (2011) 1



Connection with vector mesons

For lightest quarks

Im Il,,, is well understand in vacuum:

j“ = z eqC_I)/“q — %ﬂy”u == %Cz)/“d —%S_')/MS 1002. ‘
q £

10

or grouping into isospin states I = 1(p), 0 (w, ): s

P AL BT D, ol
_\/E]p +3\/§]a)+3]¢

1 ‘ 1 1 1 1 1 1 I I | 1 1 1 1 ‘ 1

3 loop pQCD

Inclusive:

I 1 1 I =

‘ g Naive quark model 4

i i

g i P ]
i\\-.:—’_"j/:/“; R S R I O S S

j* = (ay*u — dy*d) + tdy*d(uy*u + dytd) — Lsy#s |

which leads at low M :

1 2
Im Hem ~Dp i aDw +§D¢

vector meson dominance

e carry same quantum numbers as photons
e can directly decay into dileptons
 p(770) dominant source

¢ KEDR
o Oum of exclusive * BES E
‘ measurements
l | | | | | ‘ | | | I | I | l l | | | I | ‘ | |
0.5 1.0 155 2.0 23 3.0

Vs [GeV]
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In-medium vector mesons (1)

p meson will interact with hadrons in the medium

propagator will have various contributions to the self-energy

Dp(MJ q; TnuB) = (

/"

- -~

/
ZpTETE E \Q%QJ‘\\ 7

- P

in-medium pion cloud
N*(1520)...

2oBM = U

direct p-hadron scattering

strong broadening of p spectral function
— baryons are important

Z
M? —mp — Zonm — Zom — ZpB)
\\
- ,KQQQJ
a,(1260) ...

7 ‘\\
QOO M0
P Na = P

-10

p

ImD_ [GeV ]

ImD._ [GeV 7]

-10

vacuum
----- T=120 MeV
——————— T=150 MeV
————— T=180 MeV

............

' 15=330 MeV
vacuum
_____ T=120 MeV Pe=0.1po |
------- T=150 MeV Pe=0.7 po

————— T=180 MeV Pe=2.6 po

Rapp, Acta Phys. Polon. B42 (2011) 2823
11




continuum W ]
Ngl6, o
Ni=12

In-medium vector mesons (2) T e A AN .

08T
I ¢
QCD langrangian contains subgroup SU, (n¢)xSUq(n¢) , 0 5
e chiral symmetric in limit of vanishing quark masses < ,.!
— lattice QCD: dynamical formation of (qq)~ A |
breaks chiral symmetry -

— profound effect on chiral partners ORETNE A CoRA T 0T

(qq) = {qLqr + qr7q}) T [MeV])

02}

uollesoqe||0d 1sadepng-jeladdnpp

DN I | N S N e
=

0L e e

significant mass splitting between chiral partners i R g
p(770) - a;(1260), nucleon(940) - N(1535), o — 1t 0.06]- i ok ]z
g [ a1(1260)+cont §
* Weinberg (chiral) sum rules connect SFs to = O% 18
condensates: | Mg
® Jg¢ 0.02- N%EWMM =
= AR WA = s I G

fo — () = TA(9)) = mifiZ = ~2my(qq) e R,

/0N Bkl 70 2.0 3.0



Chiral symmetry restoration

* restoration of chiral symmetry manifests itself in mixing of V and A correlators

* p mesons melts in hot matter while a; decreases and degenerates

» chiral mass splitting “burns off”

Massive Yang-Mills in hot pion gas

M= 0 Mev 0.08 | ‘acuum : T=100 MeV T T=120 MeV
c
Mg, @@ =
1500 N LS
:L &
mp \ g
o
= 1000 g
%) 1 000 — . 2 23 L - ¥ L 2 - L L 5 a .
= § ,,,,,, HEVIRE ™ we s RGNV ] s (GeV?)
d T=140 MeV T=160 MeV
My <) Hohler, Rapp
SOOV S Annals Phys 368 (2016) 70
m o =
& %
mTT \
O | |
0 50 100 150 200 250 300
T [MeV]
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Chiral symmetry restoration: p-a; mixing

..............................

Q.08 ff T=160 MeV
|  w— Vector
o [ d
% - Axial-vector
= 0
3
0.

QL0 as 1.0 1.5 20 25

na, » p' - It~

0/ (9107) 89¢€ SAyd sjeuuy ‘ddey “43jyoH

dR/dM2(fm™*GeV?)

1010 &=

107"
0.0

in medium

500.0

3 e=1/2
%
%' full chiral mixing
¢ -
.\ - ™ .
4 b "Q:“
-
vacuum
‘;(‘ )
! , |
1000.0 15000 2000.0
M (MeV)

2500.0

» mixing “moves strength from the axialvector
tO the VeCtOF Channe|" Rapp, Wambach, Adv. Nucl.Phys. 25 (2000) 1
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Outline

* Some experimental considerations
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The experimental challenge

di-leptons need large acceptance + high purity PID
— good momentum resolution
electron PID from a combination of a tracker with

time-of-flight (velocity), energy loss measurements
(dE/dx), or RICH (very high y thresholds)

information.

muon PID from employing hadron absorber with
tracking before and after the absorber

dileptons are rare probes: production rate is very
low
2o U X g
poTTT
large combinatorial background
— photon conversions from detector materials
— Dalitz decays from light mesons
— purity of muons, “fake” muons from weak decays

— signal/background can be as low as 1%

for example:

‘ Vertex spectrometer

3 T dipole
field along x

(<= Y
~

U5,

Momentum (GeV/c)

%J 1072018 Au+Au \s,, =27 GeV (MinBias)  Cent: 0-80%
(\5 = p$>0.2 GeV/c, lel<1, ly**I<1 —e— UnlikeSign
“é — LikeSign
gmf' —e— Signal
=
)
> before eff. corr.
o 10° oo “.’ :
*y ﬂﬁog
I ++ o -
10 QOM
I T 1, ¢
H STAR Preliminary s T+
U0 |0CR el TP (| i il riin o o (1 o o (| eI b, ol
0 0.5 1 15 25 3 3.5

M, (GeV/c?)

Muon spectrometer

.0 160-180 cm

NA60+

Muon wall

graphite

sssssss

 K-8% 170

K +8% 170
—c 8% 170
— e +8% 170

—p 8% 170
e +8% 170

—x 8% I70
=2 — = 48% 170

‘ log,{(P)

“Au + Au\[Syy = 200 GeV
- (MinBias)

Momentum(GeV/c)
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Outline

* The Dilepton Multitool
spectrometer
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SPS dielectrons spectra (CERES)

First observation of a significant LMR enhancement — PRL 75 (1995) 1272

S-Au 200 GeV/u
4

(d’n,, /dndm) / (dn,, /dn) (100 MeV/c?)"

p, > 200 MeV/c
©,. > 35 mrad
21<n <265
(dn_, /dn) =125
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CERES/NA45

Pb-Au 158 A GeV

nm/am 7%
pl>200 MeV/c
©,,>35 mrad

2.1<n<2.65

(@)

" 4

0

02 04 06 08

Vacuum p unable to describe this data
» Introduce in-medium modifications

e decrease of p mass (Brown-Rho)
— mass expected to scale with g-gbar condensate

* broadening of p spectral function (Rapp-Wambach)

— hadronic (baryons) scattering

Both rely on high baryon densities
Both showed good agreement with 158 and 40 AGeV

Gy T TR
m,, (GeV/c?)

G¢v (800¢) 999 91d

dashed = vacuum p; dash-dotted = DM; solid = RB

-4
10

<dN o /dm /<N, > (100 MeV/c?)”

<dN,,/dm,,>/<N,, > (100 MeV/c?)"

o
S
&

Bt
S
X

108 |-

Pb-Au 158 AGeV /0= 28 %
<dN,,/dn>=245
Rl
10 combined 95/96 data  2-1<N<2.65
p>0.2 GeV/c

©,.>35 mrad

RN

[ ;
0 02 04 06 08 1

T2 14 16
m,, (GeV/c?)

e
o .
4

| Pb-Au 40 AGeV 6/0,=30% |
X

<dN_/dn>=216 -

Ne]

2.11<M<2.64 _

. p>0.2 GeV/c —:}

* ©,,>35 mrad 8

=

o

S

L J N
w

o

[

| | 4
0 02 04 06

0.8 1 1.2
Mee (GeV/CY)

G/t (S002) T2 d3
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SPS dimuons spectra (NA60)

% 4000r
= E In-In NAGO — Rapp/Wambach
8 3500[~ semicentral —— Brown/Rho
< M RN i3 — - Vacuump
i e B c T
Excess in LMR p*u- — EPJ C61 (2009) 711 2 so0of <g>=140 % — cockt.p
* rules out: dropping-mass scenario % E allp e
, Z 2500 y
* very good agreement with Resonance  © . oy -
Width Broadening for M , < 0.9 GeV/c? 2000~ G
L / \ 8 '
F / Vo
15001 e LA
C | g | i ]
: R
1000 / vl |
A e
] q : o
soo- 'V SRVANRNONE ¥
B */ \\ "\" m, *A
- /| e TEC T S *‘N"- L P ---nm....“,,é,, '
ol T e e i i S IRTITI Bl S N iy, o o

0 0.2 0.4 0.6 0.8 1 1.2 1.4



RHIC dielectron spectra at 200GeV

v'STAR

< o | | -

= 0.01 - - 2

) Data - Cocktail ~ ;: = Rapp:vacuum p+QGP | O

¥ Q

(\D = ' — Rapp: broadened p +QGP-} ,S

Al g i

§ c o

8 17" PHSD: broadened p +QGP| o

3 ‘ 3

S N

N

O V)
<
Z
©

- | | | | ]

0.6 0.8 1
M,, (GeV/c®)

R. Rapp,PRC 63 (2001) 054907
0. Linnyk et al., PRC 85 024910 (2012)

» Data does not support vacuum p

» Within uncertainties agreement
between experiment and theory

TABLE VIIL Reduced x* for model calculations compared to

the excess data in the invariant-mass region of 0.3-1.0 GeV /¢’

Model % /ndf p value
Rapp: vacuum p + QGP 41.3/8 2.4 x 1077
Rapp: broadened p + QGP 8.0/8 0.32
PHSD: broadened p + QGP 16.5/8 0.040

dN/dm, (GeV/c?)"in PHENIX Acceptance

dN/dp_, in PHENIX acceptance [(GeV/c) ]

v PHENIX

—
¥
N

T T T ITTIT

T
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T TTTTTT

—
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I ER

T

Au+Au \'sy =200 GeV Min. Bias
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p broadening (Rapp)
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—
E

e [
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p broadening (Rapp)
QGP (Rapp)
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4oy,
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RHIC dielectron production from

(p+p)/(n*+1)

Excess established at RHIC by PHENIX & STAR

in-medium modification?
indications of chiral symmetry restoration?

RHIC Beam Energy Scan

explore low-mass range down to SPS energies

opportunity to determine excitation function

* dependence on temperature, total baryon density, and medium lifetime

normalized excess yield shows no significant Vsyy dependence

* nor does the total baryon density

BES Phase 1: limited precision to constrain model assumptions

especially for Vsyy < 19 GeV

5% M 00-05% 10'45 AL e A
AutAu O 05-10% 2 _—X STAR - .
0.4+ ® 10-20% Al [ 0.4<M,<0.75 GeV/c w
: O 20-30% > i
30-40% Q_C s
0.3+ /A 40-50% S e
1 7.7 GeV ® 5060% % 8o o X
' 32 60-70% N 2 8 -
0.2 or 70-80% - 6 B W
11.5 GeV 2% -°F
62.4 GeV — N Y Au+Au 0-80%
0.1 O B » Z A= Cocktail Uncert.
s o ¢ In+IndN/dn >30
39 GeV 130 GeV 200 GeV i O Rapp etal.
O 2| < Endres et al.
. Py b, SRS B, o, CGRERAE.T o, S [ ; : L ; L ."'VJ. PHSD )
0 50 100 150 200 20 30 40 60 100 200
NG ISy (GeV)

STAR
Au+Au 0-80%
p¢>0.2 GeV/c

Inel<1, Iy, J< 1

N

——c'e —— Cocktail Sum
— n%—yee === noyee
mHWm—aee & o-1'ee — n'-yee
¢a—>ee & ¢—mnee Jiy—ee

200 GeV

-- DY-ee

19.6 GeV
'\ L/ x 3E4
27 GeV

x 2.5E2
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Outline

* The Dilepton Multitool
chronometer
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" > 3500
Dileptons as chronometer o T
8 3000: <dN,,/dn>=140 — = in-medium p+o
* p peak as a clock for fireball lifetimes e ErAGERFE
Renk/Ruppert —— sum
— see e.g., U.Heinz, KS.Lee, PLB 259 (1991) 162 % 2000}
©

* NAG60: “p clock”

— centrality dependence of excess yield SNk ++ _
— reaches up to 6 generations N A i A
0 0.2 0.4 0.6 0.8 ’\}] (Gé\Z/) 1.4
* Normalized excess yields in LMR track medium lifetime_ | J 1 1
w o =
— sensitive to onset of 15t order phase transition? 2 o] NA6OIn-n 2
— sensitive to anomalous variations in lifetime in vicinity of CP? = 85 ® excess/p 0.2<M<1.0 GeV 3
> _1 A continuum/p p/w=1.0
Rapp, van Hees, PLB 753 (2016) 586 7 1 b
25 ; ' - 20 1 A peak/p -
hadronic 0.3GeV <M < 0.7GeV 67 . 3
20 _QGP 5_: + ® 1‘ [£2
s 13 ; N T )
2 T o e - 4 A ]
15 ¢ - %) 1 A
= - = | ®
= == 10 £ 83 A s
J\‘: 10 + g,’e 22 A -
2 . A A, FAY A
5 5 R A AN £ A : 1 e
A o N
0 T 1 | i
3 | , r 50 100 150 200 250
10 100 dN,/dn

Wl

TTZ (6002) T9 Jfd3 ‘09VN



D C I h 75 Rapp, van Hees, PLB 753 (2016) 586 20
e pto NS as chronometer hadronic — 0.3GeV < M < 0.7Gev
20  QGP
. . .~ 15
* Integrated excess radiation Sl L
o o I = %)
— measured below free p/w mass 3 2o 10§
— results from HADES, NA60, STAR look promising » 10} s e &
=
* Experimental uncertainties are large 51 2
— high statistics measurements needed 2 , | :
10 100
)(10'6 v/ SNN (GGV)
PR T ' o PR ] 2) 9.2  dN/dy|. . 127 138 146 185 251
18 - —— 200 GeV AurAu  ,40<M ,<0.75 GeV/c T a0 D &l
e Bt | i 4 118 L el 0.3 <M <07 GeVic?
2o 16 —a— 624 Gev Aueau ] S 18 ; ;
-~ - —¥— 39GeV 16 o v16: g .
Z'-S 14 o Leew STAR preliminary l " R- E FOF : ‘+' I
T 12} == 17.3GeVintin l __14 = 514: : z*x . *%
S, B P = [ ] i
?ﬁ 10 o T —12 @ Z 12: 6 %
= 0 = 11. & DD ¥ }
; sl | ol 10 2 s 1
Z i ? - " & f—_') 8 e 1
% 8 __ I{ i ?*: l Tl_u:}rg(h:e‘nm_t_ 193 GeV _‘ ; = 7 6;
—~ 4l | l —624GeV =39Gev — 0 IR
=27 GeV 5 x C
P i, ™ B iz
y | S e 4 2 HADES NA60 STAR
10> 10° 0
dN, /dy 1 2 34567 10 20 30 100 200

NAG60O, AIP Conf. Proc. 1322 (2010) 1
STAR, PLB 750 (2015) 64
STAR, arXiv 1810.10159

Collision Energy |'sy, (GeV)

6/.00T0 (020T) ZE4u0D Ddr YnAieje
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Outline

* The Dilepton Multitool
thermometer,
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Dileptons as thermometer

Reall thermal dilepton radiation:

LMR - dilepton spectra saturated by light vector mesons %250

IMR - quark-antiquark continuum

IMR dilepton rate

dR” M % M

o < (7) e
M by construction Lorentz-invariant
independent of flow = no blue-shift effects
average over the system evolution

Other bulk temperature measurements rely on hadron
yields and spectra

— chemical and kinetic freezout
— separation between T, ., and T, grows with Vs,

400F g
. S
3501 S
- =J
300F z
[ 0
- =
= 200F ¥ 1 &
b | - & 1 =
= 150F % e
[ 4 U
100 +-oT (M=1.5-2.5 GeV) 1
50F T, =
:I 1 I 1 11 |
¢ 0 100
1/2
s (GeV)
200F ' s =
I l wof T A—. e e e e v =:
L ,‘.‘. = )
150} & & &
9 . T 1 /|
el O0; %; 1 World Data:
= k Ta Tk. il T4  SIS: HADES, (FOPI)
— i 1 @ ¢ HADES Preliminary o AGS: E802,E866,
50 A Sk World data -2 E877,E895, E917
] ® ® STARBES g 5PS: NA49
i L --- T, Andronic et al. 1 RHIC: STAR
0 Sl= Tch Cleymans et aI & LHC: ALICE
1 1 00 1000

\/_ (GeV)
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LMR temperature measurements

At SPS/RHIC energies
* predominantly thermal dileptons from in-medium p
* include Breit-Wigner in T fit
* recent STAR results at Vs, = 27 and 54 GeV show
similar mass spectra and extracted T
» compared with NA60 at 17.3GeV

—=— STAR Au+Au 54.4 GeV (0-80%)
—e— STAR Au+Au 27 GeV (0-80%)
—¥— NABO0 In+In 17.3 GeV (chh/dn > 30)

= STAR Preliminary

P .

o Jdami

—
=
o

ch

T 1 l"‘l]ll]
o

1 1

fit by (a*BW+b*MJ”) x eMT {3

(d®N=°**S/dM/dy)/(dN _/dn) (20 MeV/c?)’

i3
E Toun 4%V 2174 + 15 MeV
S400F - = [ Thehu27GeV - 167 + 20 MeV
© FE STAR Preliminary | - Tnen 17360V _ 465 4 4 MeV
= 350 = '
~ F YYIMR % LMR STAR . 18 TR OV S R S N —
F300F ¢ MR ¢ LMR NA6O (In+in) = o= - o - i (Ge\}iﬁz)
- a I
250 F =
C O LMR STAR BES-| B
200 - STAR, PLB 750 (2015) 64-71 =
T STAR, arXiv:1810.10159 Hﬂh 8
= - O =@ : |
150 l?‘“’l ss 1 » temperatures close to T, and T,
100 1 T, LQCD 4 ¢ emitted from hadronic phase
C oT,SH T,GCE eT,SCE 2 B < d . | d oh e
50 ;Tch SH: P. Braun-Munzinger et al. Nature 561, 321-330 (2018) —: pre Omlnant y aroun p dS€E tranSItlon
0 - T., GCE/SCE: STAR PR(i 96, 044904 (2017) i 3
1 10 10°

=
=
®
5
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LMR temperature measurements at higher p;

Nat.Phys.15 (2019) 1040

B ) A - T BTy L wny A Pt e Y — T e Te=TeTeT T = =TT o o
& 102k ; Pl T T T T T T T]
D Au+AU [syr-2.42 GoV| T 107 Bogg HADES  [hoouczssoovod] _
© 103k < > E HADES work in progress g
o, : (Tirapar? = 71:8£2.1 MeV/ky 3 = § Cocktail + NN sub. .
23 107%E HADES = = 46’ = -
D AT . ., R :
g 10 ? —g Q C 1
£5 . sl - ST H0E -
Z TONE= =] % E dNAM,, o M2 exp(-M.o/KT) ]
w a C - HADES data 0-40% § 2, B ¥°IN=1.4 ;
Z 10” EE —— in-medium p spectral function 35 z 10‘10? kT =779 +1.2 +18 +3.0 +06 MeV 3
B - ﬁS:E — M2 < oxplM_CT) 2 = ; 130 T 2ys - 2.3, 06 -
RSV |, S | S S U, | e S 4], 5 L1 L 1 S O, OV | M| N | O | O
O"PN0 2R’ 0.4 T 10l “T0 R 1 . 12 107200 300 400 500 600 700 800 900
e*e” invariant mass [GeV/c?] M, (MeV/c?)
: S400F 7] ERN
At lower energies 2 ..b STAR Preliminary EL
= = =
* higher baryon density (uz~ 700 - 900MeV) a00f- W - i
o o o o o = ¥ LMR HADES 41—
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IMR temperature measurements-
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Outline

* The Dilepton Multitool

barometer, polarimeter, multimeter
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Dileptons as barometer

m+ distributions:
take medium flow into account

1 dN mr

)

Tery

mrp dmp

oefexip( —

* LMR: inverse slopes show mass dependence

—Tek linearly rises, and peaks at m,
—radiation pushed by radial flow

* IMR: no indication of mass dependence
—sudden drop of T+ by ~50 MeV
—dominant source from hadronic to partonic matter
— T~ 200 MeV

1 o hadrons (n,p, ,9) &, dimuons
] v LMR
350 = LMR, w/o DY
] 3 ® |MR (this analysis)
- ‘
300 A Ny
: Y59 A %
250—: Y v/,.r’ Ya L X
1 YA~ Ly
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Dileptons as barometer

Azimuthal anisotropy

challenge: isolate v, of excess dielectrons

» to distinguish between HG and QGP need
uncertainties <4% ...

Chatterjee et al, PRC 75 (2007) 054909
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Dileptons as a polarimeter

Use the angular distribution of dilepton rates

dR
d4CIdQl
anistropy coefficients A:

= N(1 + Ag cos? 6; + 4, sin? ; cos 2¢; + -+*)

— give info on y* polarization
— relate to production mechanisms

* e.g., \g=+1(T) for DY, and -1 (L) in rut annihilation
integrated over M, q, y coefficients Ay < 1%
— expect small, but finite polarization in a thermal system
— consistent NA60’s null finding within uncertainties
need high-statistics future experiments

— systematic study of all relevant process required

dN/dIcos8l (a.u.)
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Dileptons as multimeter: electrical conductivity

T 1 —82 lm 0.010; i
O-el( ) q;—>0 do 0.005]
» wide range of theory predictions
: 0.001

Electrical conductivity defined as
Yot = O-elE”

Can be extracted from EM correlator in the zero- 0-0502 |

momentum, low-energy limit:

IInHem(QOrC_I> =0, T)

0.100F |

Ue|/T

left: spectral peak at -
a,=0.1, 0.2, 0.3
(sharpest to broadest)

Below: leading large q°
(Born term)

Spectral wt p/q° T

2LT£090/yd-day ‘1aqoy ‘D100

Energy q°/T

e.g. Greif, Greiner, Denicol, PRD93 (2016) 096012
Atchinson, Rapp, J.Phys.Conf.Ser.832 (2017) 012057

________ LN ]
| & =-® HMBT, Atchison & Rapp
y . Boltzmann eq., Greif et al.
| i 3= A=A Chapman-Enskog, Ghosh et al.
L i, I e A ——| === ChPT, Fernandez-Fraile & Nicola
’ ""‘-—-—-_-_-____-_/___‘___{_.——-——":_ —_— SYM, Huot et al.
///// FRG-VMD, Sass & Tripolt
) .- .
L /_,-/ 1| === Hologr. mod., Finazzo & Rougemont
’’’’’’’’’ I { —e Lattice QCD - Aarts et al.
80 100 120 140 160 180
T [MeV]

Experimental challenge:

low invariant m

ass and low p;

precise knowledge of (elastic) cross sections

among hadrons

I RS S I )
My, (GeV/c?)
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Outline

* Future prospects
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Future Prospects

Letter of Intent NA60+ (2022)
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ECT* 2015 Workshop
“New Perspectives on Photons and Dileptons ...”

Future Measurements
* high statistics
— high interaction rates
— large acceptance
* precise references
— cocktail (mesons, HF, DY)
— multipurpose detectors

 good control on
backgrounds
— materials: conversion rejection
— e*" u*" purity
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Summary

Dilepton measurements provide access to
wide range of unique physical observables

— lifetime, temperature, transport properties,
chiral symmetry restoration, ...

Potential of accurate dilepton

measurements is well demonstrated at SPS,

SIS18, RHIC, and LHC energies

— combined with new theoretical developments
and insights

For future experimental progress high-

statistics data is key

— an increasing world-wide effort to map out the
QCD phase map and deliver its landmarks
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