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Why Heavy-lon Collisions?

= Particle physics: reductionism

temperature?

= Heavy-ion physics: phase transition?
Emergent properties of QCD

viscosity?
>» " Quark-Gluon Plasma_ . "

‘-—;-‘

More precisely:
"Material properties" of the QGP?

source: urgmd.org equation of state?

JMore Is different”

Philip W. Anderson,
Science, 177, 1972, p. 393
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figure credit: Jean Francois Paquet

pre-equillibrium
stage

QGP “hadron éa’s g “‘freez:e-‘.oﬁt ek

thermalization: 7w =1-2fm/c QGP — hadron gas at

hadronization: 7. ~ 10fm/c (LHC) T =~ 155 MeV
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Photons?

mean free path length = 500 fm
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ldeal tool to study the early hot QGP
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An Iconic Figures from another Field

CMB black-body spectrum (COBE)
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Recipe: Good data + well understood theory
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A Candidate for an Iconic

Planck-like

-lgure from Heavy lons;:

Photon Spectrum

—l
-

2 2
dy (c/GeV?)

Current proxy (here
from the LHC) looks

already OK, but
statistical significance

0-20% Pb-Pb |s, = 2.76 TeV

e direct photons (ALICE)

Z|S_101 |
“o _8.'_ 0 direct photon NLO pQCD needs to be |mproveo|
; , e scaled pp with nPDF
10" '. exponential fit: = exp(p_/T)
Tla \ ® T =297+ 12 + 41 MeV
& 1 0° .
o Ydirect -— 7Yincl — "“Ydecay
10 e
107 ’
ALICE, arXiv:1 509.0?324
1 0—6 1 1 1 1 1 | 1
0 5 10 15
p_ (GeV/c)
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Promise: [qap from QGP

T=1.2fm/c T=4.] fm/c

photons

= Produced over the entire
duration of the collision

» Tests our understanding of
the space-time evolution

» Access to Initial Tacp
» Expect more photons per
pion at low pr than in pp

= But: Slope Teff > Tacp due
to blue shift

QGP photon rate ry (lowest order):

E, T
2,—Ey/T
d3po<aa5T / log k2

Total emission rate:
fy OX T4
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Direct Photons at
R7 _ Yincl — 1+ “Ydir
decay Vdecay PHENIX, arXiv:1405.3940
(a) ,' | (b) ‘ ‘ '
conversion method
L6} virtual photon method |
1.4 { } l
ne i
ol bt it ] |
of ¢
0] S I I &_____ | .
0-20% 20-40%
(f) | | | | @ ‘
|® PRL104,132301 (2010) | Ay+Au |
¢ Present data VSnn = 200GeV
1.4
1.2} i ®icr
TR } . {
bl t 1A satttigy T
40-60% 1 60-92% | |
1 2 3 4 1 2 3 4
pr |GeV/c|

RHIC (Au-Au at /snn = 200 GeV)

Real photons (through
conversion):

q Y

Virtual photons
(at mee = My
extrapolated to mee = 0):
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Direct Photons at the LHC (Pb-Pb at /snn = 2.76 TeV)
18- ALICE 'r - T = sz%cl:li Vdir
- [ ]0-20% Pb-Pb 2.76 TeV -
1.4:— (o] PP, \/g 276 TeV © s ++ + + ] ’ydecay ’Ydecay
- ﬂ:q ]
1.2 | ole - = Excess in Pb-Pb
- + o|® ﬂﬂﬂlﬂ: g + + ‘ i |
e B B A A L 3 L e e e S A - = No low-pr excess in pp
?'2__ e R T ‘ + = Consistent with thermal
8 4720-40% Pb-Pb, |5, = 2.76 TeV ~ .
s 0, | S e radiation
A ! ]
u;>1.2f— — 4 ™
B B e+ \
1.0— —] o -.\
0.8 —
1.6— I__ e
1.4— — .\
N T - Y,
1.2— — 4 — W Freiemes
- mpnnnaep g Je .
o TR
0.8— 'ATUCE ar.X'|V|1l5109 07324 . |1|0 - + PHOS calorimeter measurement
P (GeV/c)
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Larger Ter at the LHC

&\ [T I I I | I I I I | I I I I | I I I I I I I I I ]
o i ]
> B © (e |ALICE )
¢ 'O 0-20% Pb-Pb |5, = 2.76 TeV -
sl B — A exp(-pT/ T etr) ]
19 stat Sys
= o [ T, =304 119 £ 40% MeV -
% |9 1F o] PHENIX .
Q_ - 0-20% Au-Au |s, = 0.2 TeV .
o B _
_ Zm - — A exp(-pT/ T o) y e i
T.. =239 +25% + 7 %° MeV
2107 e _
AN = :
- o e
- _ :
i - :
1072 — e =
E q) ° E
- _ :
102L —o ) L] i
- [ e | E
- e 11
107 = ~
f 5 :
_5—| | 1 | | | | | | | | | | | | | 1 | L1
10°% | L |
P (GeV/c)

. Teff I_HC

» 0-20% Pb-Pb@2.76 TeV

» without pQCD subtraction:
Tert = 304 = 11stat + 40sys MeV

» with pQCD subtraction:
Teff = 297 + 12stat + 41sys MeV

= [ert RHIC

» 0-20% Au-Au@0.2 TeV

» Teif = 239 + 25stat + 7sys MeV
(op parameterization
subtracted)
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“lliptic Flow

spatial
anisotropy

N
— =Ny (1 + 2v» COS(290))

momentum
anisotropy
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Direct

0.2

0.15}

0.05

Photon

Puzzle

PHENIX, Quark Matter 2011

0.1}

----- Hydro. Thermal vy
_ Hydro.Thermal+Hard v
P Ydlr. VZ((I)Z)

| AuAu 0-20%

llIllllllllllllllllllllllll

—~——
PH ~ENIX

1 2

3

4 5 6
P [GeV/c]

= Around since 2011

= PHENIX:
"Data a challenge to theory"

= Theorist (Ch. Gale):
"Theory a challenge to the data"
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What'’s actually so puzzling”

Elliptic flow builds up gradually with time in hydro models:

0.045

0.04

0.035

Hydro model by R Chatterjee D. Srivastava

- Thermal Photons

AutAu@200 AGeV

QM — Quark Matter -
HM — Hadronic Matter i

n b=7 fm sum — QM + HM -

0.03 — _

0.015

0.01 |

0.005 |-

Expect large fraction of
thermal photons from
early times

Expect bulk of hadrons to
be produced at late times
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Direct-Photon Puzzle: Status
2 R
107 PHENIX —+— - 03
i Ea ThDirec} — ]
G 10t ) Prompt —— 0.25
% A "*\\ Non-cocktail ———
V \‘\ c\LT ~
S 100 \ Ne - 7 02
5 i \\ \\ T @_,
O NN ] >-NO. 15
z 10 \ \Em E
5 \\\ ‘%”:\\,‘ m O 1
= 10-2 _ \\ \{j\ - .
% NN 0.05
\. \?@%
. RN
< 1073 - Au-Au0-20% 0
- Vs=200 GeV ‘\\ o
P -4 L et N | |
é 103 - jl: } } } }i 1
= 2 { I -
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a O SR SRR N B S TSR EA R
O 05 1 15 2 25
5 pr (GeV)
aquet et al.,

arXiv:1509.06/38
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dn,y/dgb x 1+ 2v2 cos(2qb)

I'II

‘—=— PHENIX (2015)  Au-Au 20-40%

Direct
______ Thermal Vs=200 GeV |

L

05 1 15 2 25 3
pT (GeV)

= Challenging for hydro models to
. describe v2 and yield

= ALICE yqir and vo:
"No puzzle within current errors”
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ALICE

— Direct-Photon vo

?’>N T | T | T | R | T T L
05l 20-40% Pb-Pb, |s,, = 2.76 TeV B
: y dir
- ¢ , ALICE -
= Y ceo , ALICE simulation -
04— y % hydro, Paquet et al. _
i - vz °" hydro, Chatterjee et al. i
- e vl PHSD, Linnyk et al. 2
03— Boxes indicate total uncertainties -
0.2 + 1] _
SRR e :
i + * i | _
0.1 Bacue —
- — * —
: RS _..----‘-’.‘.'-'.‘ """" 2“'-1-11.1,...’_,_ ___________________ e :
0 |
[ 1 1 | | I I | [ 1 1 | | I I | J | | I I | I
0 1 2 3 4 3) 6
ALICE arXiv:1805.04403 p. (GeV/c)

7

Large v gir:

V2 dir =~ V2, decay

But no puzzle within the
current uncertainties
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Helmholtz Alliance
Extremes of Density and Temperature: Cosmic Matter in the Laboratory

EMM qapio :%eaC’[iOﬂ T@.S'( FOFCG on ExtreMe Matter Institute EMMI

the Direct Photon Flow Puzzle Direct-Photon Flow Puzzle

February 24-28, 2014, GSI, Darmstadt, Germany

= Feb. 2014, 25 participants (theory + experiment)

= Open Symposium:
https://indico.gsi.de/conferenceDisplay.py?confld=2662

= Detailed discussions on
» Averaging of v, over large centrality bins,
definition of v, In models

» Definition of decay photon cocktail in experiment and
models, contribution from short-lived resonances =S TG,

» Comparison of the space-time evolution
(hydro models, PHSD, parameterized fireball evolution)

» pQCD contribution in various models

» Initial flow, near Tc enhancement of photon rates, bremsstrahlung photons in
the hadrons gas, Glasma photons, role of fragmentation photons, ...

= Puzzle remains after checking various aspects of the data/theory
comparison
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Resolution of the
direct photon puzzle

N

experiment theory
_ decay photon COthi/ / \
early stage late stage (T = T.)
- Glasma” (— large Tef due to blue shift)
- transport models - TT+TT = T+T1+Y (e.9. PHSD model [1])
(e.g. BAMPS) 2] - "radiative hadronization""?
- Initial B field"”? - ...

Possible paradigm shift concerning role of photons as QGP messengers?

[1]: O. Linnyk et al, 1512.08126

[2]: M. Greif et al, 1612.05811 |
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Decay Photon Cocktall: ISOQUANT
Beyond mr scaling for n, w, N, ... SFB1225
mr scaling often used to model spectra of n, w, ...:

1 dn
pr dpT

x f(m7), mr= \/m2 + p%

— Include effect of radial flow (which breaks mr scaling)

e 0.7 2 111
= F ALICE n/m° (doctoral § s o8-
0.6 — thesis L. Leardini) = -
- - 1.06
- '§ - + 44 +
0.5_— < 1.04} ++ ¥ ++‘r.+
- — 3 - m
- Eo) B +{.+ {
0.4— > 1.02}- i,
AT » { +§++h
- \ ¥ ' L TR TR |
- . 1| SR rhossressecsacsacaneasaccsane A T Ty g
0.3 mr scaling T ook |
N (used, e.g, —— m,-Scaling i ¢ /yd
0.2— 0.96+ €Ca
- by PHENIX) —— K/ x Ratio L y
0.1 —— Two Component Model C.84 ?* deecay, mrT scaling
7 | | | | —e— Measured n)/ t Ratio 0.92
0 1 2 3 4 5 6 7 8 0.9_1111111111111111|1|111111111111|1|1111
p./(GeV/c) o 1 2 3 4 5 G
M | e
bachelor's thesis llya Fokin Pr

Know your baseline!
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—arly Stage: Glasma Contribution to total SO

Photon Yield might be Sizable SFB1225
dNep/dn = 687 at Npay = 353
0.25 . . . . . .
RHIC /sny = 200 GeV . Parametric estimate
0.2 ¢ thermal 1 Modeling of pre-
Glasma, === iy e
early-hydro mmmmm equiibrium stage.
0.15 1 1 "bottom-up thermalization”

current hydro models:
early-hydro + thermal

0.00 1 | 1 consistent weak coupling
l dn/dg: o1 flntﬁg:ated approach:
0 HITPET O PRotens Glasma + thermal

1 1I.2 1I.4 1.0 1.8 2
Qs |GeV]

arXiv:1701.05064 (J. Berges,

KR, N. Tanji, R. Venugopalan)
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Late Stage: Radiative Recombination®?

Y
quark
. T meson
antiquark _
Resonance like state
ReCo model Resonance decay

Fuijii, ltakura, Nonaka, Nucl.Phys. A967 (2017) 704-707
Young, Pratt, 1511.03147

= Naturally:
va(7y) &~ vo(hadron)

= | arge Te due to blue
shift

1+ 0
Ter = | ——= T
ff \/1_5

= "Saves" energy
conservation in
recombination models
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—arly or late stage producti

ISOQUANT

SFB1225

Constraints from Photon
C2 _ f(ﬁl; 52)
f(pP1)f(B2)
o 15:
| —— Basic

1.4

1.3

1.2

1.1

-+ Late enhancement
K+ = 0.5 MeV

with additional late time
source (enhanced photon
rate near T¢)

without additional
" late time source

N. Loher, O. Garcia-Montero, A. Mazeliauskas,
J. Berges, KR, J. Stachel, in preparation

0.1 0.15 02 0.25

0.3

q_ (GeV)

long  __

= Photon rate around ¢
iNncreased to describe
data

= Narrower correlation for
scenario with enhanced
photon rate near Tc

= \Will be hard to measure,
even In future high-
statistics runs at the LHC

projection of momentum

~ difference onto z axis
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Do the Data Speak for

hemselves”? Universal Scaling?

PHENIX, Hard Probes 2018

10°

p(d.A) + p(A) =1 +X

—l
o

® Au+Au, \s, = 62.4 GeV
0 Au+Au, \sy, = 39 GeV
v Cu+Cu, sy, = 200 GeV
*| d+Au, |s,, = 200 GeV
* p+Au, \s, = 200 GeV
O p+p, Vs =200 GeV

—h
<
1 IIIIII|_L

(pT > 1.0 GeV/c)

(iNY/dy_L
S 9
I IIIIIII| I IIIIIII|

—
't
N
IIII|

‘Y—_
# Pb+Pb, {5y = 2760 GeV PH <ENIX scaling with a = 1.25

B Au+Au, \s,, = 200 GeV preliminary

N, scaled prompt photons

—pQCD, Vs = 2760 GeV
—pQCD, Vs = 200 GeV
—pQCD, Vs =62 GeV

o=1.25 = Rather universal

= Onset for
& dNen/dn = 10-20

p+p fit, Vs = 200 GeV

10 10° 10°
dN_, /dn |nzO

a=1.25 2 Ngscaling =

photons related to initial parton scattering?
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Do the Data Speak for Themselves”? Universal Scaling?

PHENIX, Hard Probes 2018
p(d,A) + P(A) = v +X T o=1.25 = Rather universal

# Pbi+Pb, {8y, = 2760 GeV PH-<ENIX scaling with a = 1.25

B Au+Au, \sy, = 200 GeV Taal
® Au+Au, \s, = 62.4 GeV pre“mmary = Onset for

0 Au+Au, \sy, = 39 GeV "9."'/ dNCh/dr] = 0—20

v Cu+Cu, sy, = 200 GeV -
*| d+Au, |s,, = 200 GeV ‘&.éf*
107" * p+Au, \sy = 200 GeV

10°

—
o
T

(p_> 1.0 GeV/c)
| IIIIH_I|L

|— § O p+p, Vs =200 GeV \ WA98
10-2L- (Pb-Pb, 158 A-GeV)
=l ‘
E>— N i + N, scaled prompt photons
- 1 03 I p+p fit, Vs = 200 GeV
— —pQCD, Vs = 2760 GeV
B —pQCD, Vs =200 GeV
1 0_4 B // —pQCD, Vs =62 GeV

10 10° 10°
dN_, /dn |nzO

a=125 2 Ncascaling = photons related to initial parton scattering?
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Do the Data Speak for Themselves”? Universal Scaling?

PHENIX, Hard Probes 2018
p(d,A) + P(A) = v +X T o=1.25 = Rather universal

# Pbi+Pb, {8y, = 2760 GeV PH-<ENIX scaling with a = 1.25

B Au+Au, \sy, = 200 GeV Taal
® Au+Au, \s, = 62.4 GeV pre“mmary = Onset for

0 Au+Au, \sy, = 39 GeV "9."'/ dNCh/dr] = 0—20

v Cu+Cu, sy, = 200 GeV -

* d+Au, \sy, = 200 GeV ,&—?*'

1 0_1 * p+Au, \s, = 200 GeV
O p+p, Vs = 200 GeV

10°

—
o
T

T WAO98

(p_> 1.0 GeV/c)
| IIIIH_I|L

I_

1072 (Pb-Pb, 158 A-GeV)
> = *
RS, : t
> 1 N,,; scaled prompt photons Ceres

107 +p fit, Vs = 200 GeV - :
o 10 E | —BQ%D, Is = 2760 GeV (S-Au, 200 A-GeV)

= —pQCD, Vs = 200 GeV
10_4‘ —pQCD, Vs = 62 GeV

10 10° 10°
dN_, /dn |nzO

a=125 2 Ncascaling = photons related to initial parton scattering?
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Do the Data Speak for Themselves”? Universal Scaling?

PHENIX, Hard Probes 2018

o _ .
0 = p(AA) +pA) = 1, + X S~ a=1.25 = Rather universal

- 8 Pb+Pb, |5y, = 2760 GeV PH-<ENIX scaling with a = 1.25
—~ 10 m AusAy, |5, = 200 GeV pre”minary )
‘S" = o AutAU, [y = 62.4 GeV e = Onset for
O 100 Au+Au, {sy, = 39 GeV g 10
Q) 1§_ v Cu+Cu, s, = 200 GeV ‘.,l"' dNCh/dr] =10-20
O [ Md+Au, (5 =200 GeV .ot
— 107 1= * p+Au, s, = 200 GeV -H|Y
AI— = O p+p, Is =200 GeV \ WA9S
o B
= o2l (Pb-Pb, 158 A-GeV)
5" *
E>_ 3: i + N, scaled prompt photons Ceres

Y E +p fit, Vs = - .

S 107E /l _58% i Ezgggogggv (S-Au, 200 A-GeV)

B - pQCD, Vs =200 GeV

1074 —pQCD, Vs = 62 GeV [also STAR data
— ! Lol ! L1 ||||||2 ! L1 ||||||3 |OwerthanPHEN|X]
10 10 10
AN,/ 1

a=125 2 Ncascaling = photons related to initial parton scattering?
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Conclusions

= Direct photon puzzle still with us
= Currently mostly at RHIC
= Something rather fundamental in heavy-ion collisions not fully understood

= Possible paradigm shift:
Photon production dominated by late stage around 7.7

= High statistics LHC data will help solve the puzzle
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jet in-medium

bremsstrahlung  jet-plasma :
prompt photons g Jphgtons decay photons

re-e uilibrium\
; pf?otons

thermal radiation

1-2 fm/c 10 fm/c figure credit: Chun Shgg}



Extra Slides
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(Conjectured) QCD Phase Diagram

i Ding, Karsch, Mukherjee
early universe, 1504.05274

RHIC, LHC O O
, O ( % )
O Quark Gluon Plasma
~155MeV bk = = = = = _® O O
O
"Cross-Over" ©
O
O/000 ~ ®
@ Hadron Gas @ @

1st order phase transition

® o

Nucle

LB
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What is the question?

What happens if make nuclear
matter

= hotter and hotter?

= denser and denser?

solid — liquid @ gas — plasma — hadron gas & QGP
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et the data Speak:
—mpirical Scaling Law for ny VS Nhadron

INn recombination

N~ X N
models: g h
Parameterization: N, o< ny
Biorken expansion
) P o~ 2

(only QGP):

Realistic hydro model: - B
Ore > 1 Gev/e Qo N\1.6 1.7

Jean-Frangois Paquet,
Hard Probes 2018

QGP at fixed temperature T
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A Candidate for an lconic Figure from Heavy lons:
Planck-like Photon Spectrum

ALICE, arXiv:1509.07324

= Will eventually belong to < 10 . |
the set of few lessentlall g 0-20% Pb-Pb {5 = 2.76 TeV
plots in heavy-ion physics k)
Z% 1 e direct photons (ALICE)
3 Along with “o _8.'_1 0 ____ direct photon NLO pQCD
< e scaled pp with nPDF
» Raa (parton ener loss =1 02 o exponential fit: « exp(p_/T)
p gy ) — T
L s \ ® T =297+ 12 = 41 MeV
» Elliptic flow £ 107 ‘
> ...
10~
107
Ydirect -— 7Yincl — “Ydecay
106 TR B S T T R T
0 D 10 15

ke,
_|
G
)
<
)

Current proxy (here from the LHC) looks already OK,
but statistical significance needs to be improved
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Direct

Photons: PHENIX vs. STAR
102 A. Drees, Hard Probes 2018
: A+A/p+p—>y“+x =125
- @ Pb+Pb, |5, = 2760 GeV
—~ 10E W Au+Au, s, = 200 GeV
‘S’ = @ AU+AU, |5y = 62.4 GeV e
O - 0 AutAu, \'s,,, = 39 GeV e
O TE v curcu, {5 = 200 Gev o g
o C 0 p+p, Vs = 200 GeV ’_,.x" .
- 10-1 W Au*Au, \Sy = 200 GeV (STAR) .-
A - g
- F
Q .
N’ —2 .
> 10 =
o - N,y Scaled prompt photons
g‘ 103 p+p fit, {S,p, = 200 GeV
: — PQCD, Vs, = 2760 GeV
. — PQCD, \$,y, = 200 GeV
-4 — PQCD, \s\ = 62.4 GeV
10 E_ 1 1 lllllll 1 1 lllllll 1 1 lllllll

10

10?
dN/dn |

10°
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Direct

Photons:

PHENIX vs. STAR

g
c\\l ]O‘3 _
—_

X1 STAR wee@s
Thermal+prompt e

- Au-Au 0-20%
- \s= 200 GeV

llllllllllllllll

0 05 1 15 2 25 3

ot (GeV)
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