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1.1 Quantum Chromodynamics (QCD)
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Well tested at high energies, 0°>1 Gel”
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0°< 1GeV? — Transition to “strong QCD”
» effective d.o.f. = hadrons: Confinement

* mass generation: M, = 940 MeV =3M,




1.2 Strong-Interaction Matter
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* De-confinement and mass de-generation at high T (pg?)
* Create 1n laboratory using heavy-ion collisions
* Microscopic structure + interactions?



1.3 Electromagnetic Probes of QCD Matter

— penetrating probe

* Photon Scattering off Nuclei
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1.4 Electromagnetic Spectral Function

Vacuum: e'e- — hadrons
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 Hadronic Resonances: p., ~Im Dy, * qq Continuum:
massive, confined degrees of freedom perturbative
In Medium:
- change in spectral shape, dofs? - corrections O(T?/M?)
- restoration of chiral symmetry? - measure temperature

- electric conductivity?



1.5 EM Correlator + Thermal Dilepton Rate
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2.1 Hadronic EM Current: p-Meson in Vacuum
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2.2 p-Meson in Matter: Many-Body Theory

interactions with hadrons from heat bath
— In-Medium p-Propagator

Dp(Maq;“’BaT) = [1\/12 — (l’np(o))2 - Ep’mt - z:pB - z:pM ]-1

* In-Medium p - @ ~ :®|
[ J — \ ,
Pion Cloud 2o = w/VV'Q\ oWV + AABANN
[Asakawa+Ko, Chanfray et al, Herrmann ‘@' <
et al, Urban et al, Weise et al, Koch et al, ...]
e Direct p_Hadron p R=A, N(l 520), aq, Kl’ 500
Scattering ZBM = \/@N\/‘
[Haglin, Friman et al,
RR et al, Post et al, ...] h=N, T, K, - oo

e estimate couplings from R— ph, vh
* comprehensively: scattering data (tN—pN, YN/A,...)



2.3 Constraints from Nuclear Photo-Absorption
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e constrain pNB couplings + non-resonant pion cloud

o 2nd 4 3rd ragonances melt
[Urban et al °98]



2.4 Production Processes from p Spectral Function

< Cuts (imag. parts) of selfenergy diagrams:
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2.5 In-Medium p-Meson Spectral Functions

Dp (Maq;uB9T) =1/ [M2 - (Inp(O))2 - ann B z:pB - z:pM]
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e p-meson strongly broadens in hadronic matter
* baryon density p; dominant effect



2.6 QOGP Emission: Perturbative vs. Lattice QCD
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collinear enhancement:
D, ,=(t-m )1~ la,

* marked low-mass enhancement

* comparable to lattice-QCD results
[Ding et al ’10]
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2.7 Dilepton Rates and Degrees of Freedom
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3.1 Dileptons in Heavy-Ion Collisions
ERIIER

Au+Au NN-coll. QGP Hadron Matter = “Freeze-Out”

Sources of Dilepton Emission:
o “primordial” gg annihilation (Drell-Yan): NN—e'e X

e thermal radiation
- Quark-Gluon Plasma: qq — ec'e , ...
- Hot+Dense Hadron Matter: #z7*m~— e'e, ...

« final-state hadron decays: #%n— ye'e”, D,D — e'e X, ...



3.2 30 Years of Dileptons in Heavy-lon Collisions
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* Robust understanding across QCD phase diagram:
QGP + hadronic radiation with melting p resonance



3.3 NA60 Dimuons at SPS (Vs=17.3 GeV)
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3.4 Sensitivity to Spectral Function
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4.1 Chiral Symmetry Breaking in Vacuum

* Mass splitting
within chiral multiplets

* Quantitative: Sum Rules

T Qm(]<(j(]>
fooo dssAp(s) = —27ms<0§B>

— _ [Weinberg °67, Das et al ’67;

Ap Pv =P4 Kapusta+Sh,uryak ‘94] ,
[Hatsuda+Lee °91
- QCD SRS Asakawa+Ko ’93,’

Leupold et al °98, ...]

» Sensitive to excited states:
predict a,(1950) state

[Hohler+RR 12]
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4.2 Mechanism of Chiral Restoration

Evaluate sum rules at finite T:

- In-medium p spectral fct.

- Lattice-QCD for chiral
order parameters
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* p-a, mass splitting “burns off” [also for ®w-o, N-N*(1535) [Aarts et a1 *17]]

* “chiral mixing” for M=1-1.5 GeV: m-a, annihilation or p’ broadening...?




4.3 Lattice-QCD Results for N(940)-N(1535)

Euclidean Correlator Ratios ExponWass Extraction
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10— ( | -)| | T/T/1+[Ce\]771_C\ N
- positive parity - negative parity 20 1.20(3) 1.9(3) 10.209(28)(082)
0.76 1.18(9) 1.6(2) ]0.138(29)(130)
T =190 0.8¢ 1.08(9) 1.6(1) /0.197(39)(054)
T —159 0.95\1.12(14)  1.3(2)/ 0.052(35)(190)
T/T =127 N~
T/T=1.09 1 : : : ! : : :
/T =0.95 ! _ e + ) -
N T/T =0.84 I R _J. (G -G)N(GCT+G) 1
T/T =0.76 i :
_ T/T=0.24 I o | i
104 :_ | q0.6 ] f
04F i
107, 3 16 2 0 3 6 24 32 G;
ta, 0.2 § 7
: @
0 I | I | ? 2} ) o
[Aarts et al ‘17] 0 0.5 T"lf 15 2

e also indicates My«(T) — My (T) = M\"*¢
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S.) Electric Conductivity

* Generic transport coefficient (charge): o,4/T ~4n n/s ~2xT DAY

* Probes timelike long-wavelength limit of EM spectral function:

oa(T) = e*limy _ [ Pem(0,9=0;T)/qo |
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S.1 Unitarity vs. Landau Cut

GZ;W(Q,\, El; ]g2) =T Z Dw(zu, El) DW(QA — Zv, Ez)
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T 2dw
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5.2 Conductivity Peak in Hadronic Matter
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» Conductivity peak at zero energy
stronger interaction — broadening reduces peak + enhances shoulder

* Peak quickly disappears at finite 3-momentum (non-zero energies)



5.3 Sensitivity to Conductivity Peak

p-Meson Pion Cloud in Hot Anti-/Nuclear Matter
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* With w-baryon interactions: 6, ~ 10-40 MeV or /T ~0.1- 0.2

— 1nefficient in reducing o,

* much reduced upon inclusion of thermal-nw interactions: o/T ~ 0.05 - 0.04



5.4 Conductivity Peak in Thermal-Dilepton Spectra

__Central Pb+Pb s"°=55ATeV

<N >=1940  ---HAD 3-level ]
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* Only “shoulder enhancement™ detectable
» Factor ~2 increase due to reduced G

» Factor ~4 for q,*¢ < 30 MeV



6.) Conclusions: A Tale of 3 Peaks

e In-medium p spectral function (low-mass dileptons)

- strongly broadened in hadronic matter (liquid)
- resonance melting toward the hadron-to-parton transition

e In-medium a; Spectral Function (sum rules, intermediate mass)

- chiral restoration via evaporation of chiral p-a; mass splitting
- also for other chiral partners

» Zero-energy conductivity peak (very low-mass)

- extract o, from width rather than intercept



5.3 Functional Renormalization Group Approach
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e Quark-Meson model:
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. . . , [Tripolt
e qualitatively similar to hadronic many-body calculations! et al *17]



3.4 Low-Mass Dileptons: Chronometer
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e first “explicit” measurement of interacting-fireball lifetime:
TFB ~ (6.2:|:0.5) fm/c



Excitation Function of Low-Mass Dilepton Excess Yield

3.5 Fireball Lifetime
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* Low-mass excess tracks lifetime well (medium effects!)
* Tool for critical point search?

lifetime (fim/c)



2.5 Nuclear p and e"e” Photoproduction

(a) Production Amplitude:
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3% ">~ _ with resonances/ ixed mass -  — T
1 N with spectral function
IY 30 F I "E‘ N 4
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10 ‘.,-'""" ) -
[Oh+Lee ‘04, N/ . o I’YN_) pN i
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140 t
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(b) Medium Effects: _—
* p propagator 1n cold nuclear matter S
(3]
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yA—eeX __ N 2 . )] S~
t |Tpr0d| |Dp(M9q9uN)| 1-‘y"<—>ee g
dM .
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* Avg. in-medium p-width I'; = 220 MeV
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t-channel + resonances (p spectr. fct.!)
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2.4.2 Constraints II: tN— pN Scattering

Cross Section Sum

(T p=>p n) + (T p=>p'p) + (T p—>p p)

14 - + combined data

———- background (A ,,=310MeV)

12 - background+resonances

- - - - background (A nn=400MeV)

[Urban,Buballa,
RR+Wambach 98]

HADES

T P>l P

I PP -

1/2- (S

total

D13+...)
511+...)

———l

I
1.46

148

P
15
W [GeV]

152

e strong constraint on pion cloud coupling to nucleons
» similarly small cutoff in 1N — A — =N scattering!

154



3.2 Massive Yang-Mills in Hot Pion Gas

Temperature progression of vector + axialvector spectral functlons

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

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

o.08f Vacuum + T=100 MeV 1 T=140 MeV

0.06 _— Vector + —_— Vector —_— Vector

~—— Axial-vector ——  Axial-vector ~——  Axial-vector

Prial8)fs

o.os} T=150 MeV T T=160 MeV 1 T=170 MeV

0.06 — Vector + —_— Vector
~—  Axial-vector ~—  Axial—vector

—_— Vector
—  Axial-vector

Prial8)fs

e supports “burning” of chiral-mass splitting
as mechanism for chiral restoration

. —  FADIF0)
. 5 04| 12T ag2
[as found 1n sum rule analysis] S ;‘T{f(g{ﬁffoff)
0.2 ST
(%)) F—— e
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5.4 Effect of Conductivity on Thermal Photon Rate

_ Hadronic Thermal Photon Rate
0 g~ 1 T T T [ T T T T T T T

[ eff
& T=150MeV, p." =02p, -- HAD
— HAD T

q,dR, /qu [ l/fm'GeV’ |

10-6() | 1 1 O,-) 1 1 1 O|4 1 1 1 ()l6 1 1 1 08 1 | 1 l
q, [GeV]

* Decrease 1n conductivity leads to increase 1n rate for q, > 10 MeV



4.) Direct Photons at SPS: WA9S

Thermal Radiation + pQCD Add mr—ny Bremsstrahlung

3
10" 7~ 10! y T y T v T v T v |
1¢° |
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--—- Hadron Gas L e sum+Brems |
————— QGP (T,=205MeV) | '
- pQCD (Ak’=0.2) | o~ 10°}
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)
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10 \ 10'} 2:36<y<2.95 !
0 1 2 3 4 00 01 02 03 04 05
[Turbide,RR q, [GeV] q, (GeV) [Liu+RR’06]
+Gale’04]
dNy T
e pQCD+Cronin at ¢, > 2 GeV 4o (0—>0)=—"F0gm ?



(1/Ng) N, /(dM dn) (20 MeVy”!

(1/Ng) ANy (dM dn) (20 MeV)y!

2.2 Transverse-Momentum Dependence

pr-Sliced Mass Spectra
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* spectral shape as function of pair-py
 entangled with transverse flow (barometer)



4.2 Fireball Temperature

Slope of Intermediate-Mass Excess Dileptons

IIII T T IIIII| I_

400f
1s0r. Central AA Collisions

3000
— -
> 2501
) C
= 2000
N -
= 150F
100
501

:I 1 IlllIII 1 1 Illllll
0 10 100

"% (GeV)

e unique early” temperature measurement (no blue-shift!)
* T, approaches T; toward lower energies

e first-order “plateau” at BES-II/CBM/NICA?



2.2 Chiral Condensate + p-Meson Broadening

l10rrreiitoonm—--—-—y+———7+—+ 11+ 9 ————— et
! T~ ""*-.‘- . . ]
i “e.. asqtad N;=12 & | 3 :
08 i asqtad N;=8 @ 7 : p(770)
s | pd N=8 W - TE
S | . , ' ~ 6f
& o6l = _ T
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S 04/ s i S af
S )
B stout continuum
02 —— HRG physical " ® 7 2 ]
== HRG distorted N;=8 ‘- i 1 .
— - HRG distorted ;=12 \\ \ [T ol E P
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T [MeV |
qq)) (T, uB) - OR2h : .
G - Z mZ P2 @) cffective hadronic theory

* X, = mg ¢h|gqlh) >0 contalns quark core + pion cloud

— 2 core | Z cloud __ @ -.:/‘0 N\@'\N /@wp

......

* matches spectral medium effects: resonances + pion cloud
* resonances + chiral mixing drive p-SF toward chiral restoration



2.1 In-Medium Vector Mesons at RHIC + LHC
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* Anti-/baryon effects melt the p meson
* ® also melts, ¢ more robust <> OZI



4.3 Comparison to Data: RHIC
Ideal Hydro Viscous Hydro

‘% 10 (a) Invariant yield Fooo i o < F !  (b) v,
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[Paquet et al °16]

e same rates + intial flow = similar results from various evolution models



3.2 Nuclear Photoproduction:

o Meson in Cold Matter

vT+A—ee X

/4

* Microscopic_Approach:

production amplitude + in-med. p spectr
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N 2606 |-

[Riek et al °08, ‘10]
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* p-broadening reduced at high 3-momentum; need low momentum cut



3.2 Massive Yang-Mills Approach in Vaccum

* Gauge p + a; into chiral pion lagrangian: Zuyu = J:

* problems with vacuum phenomenology

— global gauge?

* Recent progress:

- full p propagator in a; selfenergy

- vertex corrections to preserve
PCAC: / (—ImlIT%)

s

* enables fit to T-decay data!
* local-gauge approach viable

* starting point for addressing
chiral restoration in medium

ds = —

[Urban et al ‘02,
Rischke et al “10]
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5.2 Chiral Restoration Window at LHC

3 — 'vacuum hadronic _| MAEEE" S -
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* low-mass spectral shape 1n chiral restoration window:

~60% of thermal low-mass yield 1n “chiral transition region”
(T=125-180MeV)
 enrich with (low-) p; cuts



3.3.2 Fireball vs. Viscous Hydro Evolution

12

T T T I T T 1
0-20% Au-Au(s =200AGeV)

I

T (fireball)

<B> (fireball)
<T> (visc. hydro)
T .. (visc. hydro)
<B> (visc. hydro)

* very similar!

1 [van Hees,
1 Gale+RR ’11]

[S.Chen
1 etal ‘13]



