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Thermal Radiation from Hot & Dense Matter

e+ﬁ

® Black Body Radiation °

+ Real or virtual photons

» Sensitive to temperature & density
Boltzmann dist. with avg. inv. slope oc T, @
Photon flux oc T4

» Hubble expansion of matter ﬂ Y _
-> temperature drops red shift
-> Doppler shift: y photons emitted from moving matter <ZI

- Radial expansion anisotropic (elliptic flow):
modulation on Doppler shift

Y
—

=

ANV

blue shift

High yield - high T - early emission
Large Doppler shift - late emission

® Microscopic view of thermal radiation
QGP: hadron gas:

Emission rate depends on density squared

integrated over space-time evolution
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. detector

Electromagnetic Radiation in A+A Collisions

Hubble expansion: T=300-160 160-110
A+A beams

110 MeV

freeze out

\\-‘4‘; > /

; thermaliztio‘ﬂ/ £

collision hadroniztior®
O.1fm

1fm 10 fm
Initial gg-Compton

qg-Compton (deconfinement)

. np Scattering
Centrality dependence:

Hadron Decays
X Neour x N?h 1<a=s2 x Nep
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Photon Measurements with PHENIX

2007, 2010 setup

e*te- identification

E/p and RICH PC3  Central o O Photons,
pcy Magnet | neutral pion
Y, >YY

Calorimeter

Photons

y—>ete

ac magnetic field &
tracking detectors

lim (y*—> e*te™)

Mee—0

West Beam View East
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Direct Photons p+p and Au+Au at Vs, = 200 GeV
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PHENIX: Phys. Rev. C 91 064904 (2015)

I I I I | I

T~ 240 MeV

pp data
4 o PRL 104, 132301
F R o PRL 98, 012002
& . v PRD 86, 072008
B t Yy—>¢e¢€ — pp fit
= !.
Y Au+Au data

a PRL 104, 132301
= PRL 109, 152302

e Present data ~
—Ncon-scaled pp fit

VINN = 200GeV

%ﬁ\

_ “pQCD-ﬁt”i -

I 1 | | l |

0 2 ) 6 8 10 12
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@ Direct photon yield well

established

» pp consistent with pQCD

» AuUAu follows N, scaled
pp above 3-4 GeV

» Significant excess below
3 GeV in AuAu

» Excess has nearly
exponential shape with

Large direct photon yield
T, > 240 MeV > T,

(Need to consider exploding

source!)



Anisotropic Emission of Direct Photons

PHENIX: Phys. Rev. C 91 064904 (2015)

" (a) 0-20% " (b) 20-30% () 40-60%
i, [ BREe ]
o u.2f— m Calorimeter method ] B a * i
: " : EE@ |E|$E (I %ﬂ Iﬂ .
0.1 - - * U
D BN i
015-(d)0-20% RPN o1 _.{8)20.40% e j-l{i)ltllul-éﬁe;a. . R S
- !
i 5 [ﬂ S

Anisotropic emission of direct photons
with large v, and v,
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Direct Photon Puzzle

PHENIX: Phys. Rev. C 91 064904 (2015)

Many model calculations and
consideration™: e

S | (a) Invariant yield  (b) v, G
@ More traditional, large 8 101\l — rrovt s = @ ‘
. . - : — Semi w/o viscous
contribution from hadron gas L —;';fgmgmagm,,e,,"""’ fﬁEH B ¢
o Thermal rate in QGP & HG, I\ o.1f § ! @
with hydro (viscous/non viscous) 10"} -3 B
or blastwave evolution § 7
» Microscopic transport (PHSD) 107%F o (c)", e
. . [ [ "
. NeW early Contrlbutlons 10‘3 3 = @®Calorimeter
» Non-equilibrium effects f 015 S0
4
(glasma, etc.) 104? Au+Au 20-40% 0.1}
» Enhanced thermal emission in  (8,,=200GeV L 0 ﬂ . g}
i 1075k 0.05f grinay
Iarge_ B-flG'dS _ ] " Yield is from PRC 91, 064904 [ A H n H
» Modified formation time and e % 14 92 5 &
Initial conditions P, (GeV/c) P, (GeV/c)
® New effects at phase boundary .
» Extended emission Large yield and v, challenge

» Emission at hadronization understanding of sources, emission
rates and space-time evolution

\ *list not complete
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ALICE Direct Photon Results

ALICE: Phys. Lett. B754 (2016) 235

i EI LI | I LI | L | LI L I LI L I LI | LN I 1 Ié
L [ Pb-Pb |5, =276 TeV Aexp(-p/Te) 7
3 i ‘ "] 0-20% ALICE — 0-20% |
o 10 1 "% 20-40% ALICE — 20-40% =
N “la "+ ]40-80% ALICE E
J‘-‘ b—- | ) =
"i S 10k =
= E — 3
Q ¢ ]
z i ’ 4
-< 1 E
B 3
e - .
- '_' ‘_-;;..'- |
107 :l'j
B x 10"
0% e
E R l-. E
107k =
= Paqguet et al. x10° 3
[ arXiv:1509.06738 | ooy 3
| - Linnyk et al. v e
107 arXiv:1504.05699 .. Chatterjee etal. ~-_ 3
F - .v. Hees et al. PRC 85(2012) 064910 =3
- NPA933(2015) 256  + JHEP 1305(2013) 030 -
1(}_5—| L1 I L1 1 | L1 11 ] L1 1 1 I L1 1 1 I L1 B | | | I (==

0.5 1 1.5 2 2.5 3 3.5 a ’3’;
p. (GeVic)

ALICE and PHENIX results

® ALICE Pb+Pb 2.76 TeV
Large yield of direct photons
» Anisotropic emission

» Challenge to reproduce quantitatively
with theoretical models

o

consistent
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20% Pb-Pb, (s, = 2.76 TeV

[o]vl™ ALICE

vl %, ALICE simulation

vl ™, hydro, Paguet et al.

=== vy™ hydro, Chatterjee ef al.

- vl ™, PHSD, Linnyk et al.

Boxes indicate total uncertainties

T

1 2 3 4

e
P, (GeV/c)

ALICE: Phys. Lett. B789 (2019) 308
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PHENIX — STAR Direct Photon Comparison

PHENIX y—e*e: Phys. Rev. C91 (2015) 064904

STAR: Phys. Lett. B770 (2017) 451 71 Phys. Rev. Lett. 104 (2010) 132301
- {5, = 200 GeV: \/Sun = 200 GeV:
102k O Au+Au, 0-20% (STAR) B B Au+Au, 0-20% (PHENIX)
F & Au+Au, 20-40% (STAR) F + ® Au+AU, 20-40% (PHENIX)
. v Au+Au, 40-60% (STAR) 4 Au+AU, 40-60% (PHENIX)
103 £ Au+Au, 60-80% (STAR) B o P+p. {5 =200 GeV (PHENIX)
o P+p, Ys=200GeV (PHENIX) 3 T —— p+pfit, s = 200 GeV (PHENIX)
— p+pfit, {5 =200 GeV (PHENIX) [

h* ,,,,,, pQCD, 5 = 200 GeV

pQCD, Vs = 200 GeV

—y
g
A
T
I

ch

-

S
L4.]
T

dBNdepTdy /(dN_/dn)"** [(GeV/c)?]

10°% 3
10’ Au+Au 200 GeV 3
E (a) TR (b) -
L L | | I 1 | | 1 | | | | | | | | 1 | I"_ | | 1 | 1 | | | | 1 | | | | 1 | | | r.-
1 2 3 4 1 2 3 4
p, [GeVic] P, [GeV/c]

® STAR data significantly lower than PHENIX data

STAR - PHENIX discrepancy

remains unresolved
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New Experimental Data from Different Systems

® New PHENIX data

PHENIX: Phys. Rev. C98 (2018) 54902

» Vary collision energy: Au+Au at 39 and 62.4 GeV
» Vary system size: Cu+Cu at 200 GeV
o Small systems p+Au at 200 GeV (N.Novitzky’s talk)

PHENIX: Phys. Rev. Lett. 123 (2019) 22301

-
(=]

T
-

_.
<

T

1/2r p_ d®N/dp_dy [(Gev/c)?
)

=
<
o

10

10°

Au+Au 62.4 GeV

= AutAu >y +X, |y<0.35 %
E 0-86%, | Sy, = 62.4 GeV E 10
= ; o
n * Fit o< Exp[-prme] =
= 9 T, =0214+0.026+0045GeV | & |
- g
L }-._ —— Extrapolated to 1 GeVic g 10"
E T‘-\_Q &
— L 'c
= o
= g 107
& o
[ A
10°

:E T,a-scaled pQCD
N u=0.5 P,
E‘ ........ u=10p 10
- w=20p_. kSTl

Lt | Lt | L ' | | -5
0 0.5 1 15 2 2 10

E AutAu— v+ X, |y|<0.35
E 0-86%, |S =39 GeV
= T Fit o Exp[-p,IT ]
3 i? T, = 0.176 £ 0.027 + 0.070 GeV
:_ —— Extrapolated to 1 GeVic
:E Taa-scaled pQCD
I n=0.5 P,
S p=1.0p
E u=20p T
L P R | ' IR I *11| I
0 0.5 1 1.5 2 25

3 35
P, [GeVic]

Au+Au 39 GeV

- (a) Cu+Cu MB

| —e— Cu+Cu

E o T,,xp+p
------ T, xp+p fit

-p_/B y
—— Ae ' +T, xp+p fit 4

_lllllllllllllllllllllIlIlIJlJ[JlJlIlIlIl]lllj

115 2 25 3 35 4 45 5
P, (GeVi/c)

Cu+Cu 200 GeV

Low p; direct photons in all systems

q\\\w Stony Brook University
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Analysis of 2014 Au+Au PHENIX Data

® New independent analysis of direct photon emission from data set

with 10x statistics
3

g 107
g AutAu =y X \'Syy = 200GeV, 0-20%
S . . 2014 conversion method
:} 10| , ¢+  PRC 91, 064904 (conversion)
£ or » +  PRL 104, 132301 (virtual y)
E“ .f * PRL 109, 152302 (calorimeter)
—_ |=‘..10_1 : % pz\n
S oy N, scaled pp fit: A| 145"
| - o/
! !
103 te
i A
-~ g
]
107 R
*
B
1071
_\-“\V_.‘_
PH ENIX
- preliminary
10—9 | | | | l | | | | | | | | l | | | |
0 2 4 6 8 10
first shown QM2019 p_[GeVic]
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0.3

0.2

Tdir
2

first shown QM2018

- Au+Au, I“SNN = 200GeV e PRCS4, 064901

j},dir, m |<035, 0-20% L PRL109, 122302 (BBC)
B ® 2014data

[ W, s

2 PH-ZENIX

L preliminary

Preliminary Results Consistent
with Published Results
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Axel Drees



New Insight: Vary System Size

® Vary size: collision system, centrality, Vs Compare data

dN . -
an dN:p
Is an experimental observable dn

® Measure system size via

dNch

~ Volume (V)

part

o Atfixed Vs en _ N
dn

- O Au+Au,\s,, =39GeV  (=1.25+0.02

(dN_/dn)"

10F

: dNch : - ,

» Varying Vs an energy density x V 104__. Au+Au, \"ﬂ = 62.4 GeV F‘“ﬁ
- m Au+Au, |s, =200 GeV
- ¢ Pb+Pb, s, = 2760 GeV
I ¢

i li havi 10%c " #"
@ Discovery of scaling t_)e avior | = [ PHENIX i v
» Connects bulk particle production = T 2 gy
and hard scattering processes I s, ¥
10° Q*?‘;

4

5 / 4- %% 1.U2Io-g("'sm] -1.94
coll SY(\/E) d’) 0 » |

10°

10°

VS [GeV]

10*

10° 10°
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Comparison of Different System Sizes

PHENIX: Phys. Rev. Lett. 123 (2019) 22301 ALICE: Phys. Lett. B 754 (2016) 235
Y ® Au+Au, 5,y = 62.4 GeV, 0-86% Sy = 200 GeV: ¢ Pb+Pb, ysy = 2760 GeV, 0-20%
1077 ¢ ¢ Au+Au, |5 =39 GeV,086% | B B Au+Au, 0-20% 5 B Au+Au, |5, =200 GeV, 0-20%

O p+p, s = 62.4 GeV
O P+p, s =63 GeV
— pQCD, fs = 62.4 GeV

® Au+Au, ﬂsN =62.4 GeV, 0-20%

+ Cu+Cu, Y5y = 200 GeV, 0-40%
— PQCD, ¥s = 2760 GeV

.... pPQCD, Vs = 200 GeV

i ® Au+Au, 20-40% R
[ A Au+Au, 40-60% [

.... PQCD, ¥s = 39 GeV
= p+p fit, ¥s = 200 GeV

OT
)
>
O 1 0—4-_ - O P+P, Vs = 200 GeV -
Q)
=
& .... PQCD, ¥s =200 GeV |

PHENIX
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Comparison of Different System Sizes

PHENIX: Phys. Rev. Lett. 123 (2019) 22301

ALICE: Phys. Lett. B 754 (2016) 235

02l ® AutAu, Sy, = 62.4 GeV, 0-86% || Sy = 200 GeV: ¢ Pb+Pb, {syy = 2760 GeV, 0-20%
0 ¢ Au+A"Lb @ Z gg Sev, 0-86% || * B AutAu, 0-20% B Au+Au, sy, =200 GeV, 0-20%
qg p+p, Is = 62.4 Ge _ 20
S i o) e i ® AurAU, 20-40% ® Au+Au, |5, = 62.4 GeV, 0-20%
é{ - pQEDD fs - 62.4 GeV - A Au+Au, 40-60% * %gg; ’ i@z?%%oeiffv’ o
o 104k » — ' ' R O P+P, s = 200 GeV - ’
5 [ .... PQCD, fs = 39 GeV I ..., PQCD, ¥s = 200 GeV
P = p+p fit, Is = 200 GeV
0 .... pPQCD, ¥s =200 GeV |
N
‘:—-s. —6
10 PHENIX
M.C
[&]
prd
S g
— L
>
S
C\IQ- .b b
O4~-10 ..
=10 -
Z i
s b
~12
1 0 | | | | | | 1 | | I | | |
5 10
P, [GeV/c]
Axel Drees
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Comparison of Different System Sizes

PHENIX: Phys. Rev. Lett. 123 (2019) 22301

ALICE: Phys. Lett. B 754 (2016) 235

® Au+Au, Y5, = 62.4 GeV, 0-86%

107°F -
B ¢ AutAu, S, =39 GeV,086% |
O p+p, s = 62.4 GeV

O P+p, s =63 GeV
— pQCD, s = 62.4 GeV
.... PQCD, ¥s = 39 GeV

125 1(GeV/c)?]

syny = 200 GeV:
B Au+Au, 0-20%
® Au+Au, 20-40%

A Au+Au, 40-60%
O P+p, ¥s = 200 GeV

= p+p fit, ¥s = 200 GeV
.... PQCD, Vs=200GeV |

¢ Pb+Pb, Y5y, = 2760 GeV, 0-20%
B Au+Au, |5y, =200 GeV, 0-20%
® Au+Au, {5, = 62.4 GeV, 0-20%

+ Cu+Cu, YSy, = 200 GeV, 0-40%
— PQCD, 15 = 2760 GeV

.... pPQCD, Vs = 200 GeV

z 0® PHENIX
=
S
=107
>
-DI—
o
%1 10 ..'l'«. I
=10 [ .
zZ "-..'
f‘QD )
10—12 | | | | | | | | | | 1 | |
5 10
P, [GeV/c]
Axel Drees
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Comparison of Different System Sizes

PHENIX: Phys. Rev. Lett. 123 (2019) 22301

ALICE: Phys. Lett. B 754 (2016) 235

® Au+Au, Y5, = 62.4 GeV, 0-86%

¢ Au+Au, 5., = 39 GeV, 0-86%
O p+p, s = 62.4 GeV

O P+p, s =63 GeV
— pQCD, s = 62.4 GeV
.... PQCD, ¥s = 39 GeV

syny = 200 GeV:

I * B Au+Au, 0-20%
= ® Au+Au, 20-40%

A Au+Au, 40-60%

n O P+p, ¥s = 200 GeV

= p+p fit, ¥s = 200 GeV
.... PQCD, Vs=200GeV |

¢ Pb+Pb, ySyy = 2760 GeV, 0-20%]
B Au+Au, |5y, =200 GeV, 0-20%
® Au+Au, {5y, = 62.4 GeV, 0-20%

+ Cu+Cu, Y5y = 200 GeV, 0-40%
— PQCD, ¥s = 2760 GeV

.... pPQCD, Vs = 200 GeV

PHENIX

Similar thermal photon yield when scaled with

N, 125
d

independent of energy, centrality, or system size

q\\\‘ Stony Brook University
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Integrated Low p; > 1 GeV/c Photon Yield

PHENIX: Phys. Rev. Lett. 123 (2019) 22301

= 5/4
C p(dAVR(A) > 7, + X oAy o B | ANy, (dNen
S 102 ® Pb+Pb, |s,,, = 2760 GeV (ALICE) ——— dy dn
S E | Pb+Pb, |5, = 17.3 GeV (WA98) PH:-“ENIX
oL B Au+Au, \'syy = 200 GeV preliminary
O = M Au+Auy, {5, = 62.4 GeV " @ Universal scaling
o C @ Au+Au, sy, = 39 GeV
6 [ 7 CusCu, Y5y, = 200 GeV g » From 39 GeV
Y E A d+Au, sy, =200 GeV o t0 2.76 TeV
oF | Ep+Au, is=200 GeV s T » For all centralities
v 1071 PR s =200GeY el - » For different system
o - sizes
T 10%E
- - N,y scaled prompt photons | @ N, X pp: same scaling
S 4oL } PP IR, 1 = 200 oY at 0.1 of yield
- 1V E _pQCD, {s = 2760 GeV
= - /{/ __pQCD, {s = 200 GeV A " "
104 __pQCD, Vs = 62.4 GeV ® Apparent transition
E | 1 1 | - I| 1 | L1 1 1 I| l 1 L1 1 1.1 |
1 10 > 107 for dN,/dn ~5to 30

10
dNy/dn |

Universal scaling behavior!

Suggest similar source of low p; direct photons!
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Integrated Low p+ > 1.5 GeV/c Photon Yield

P(dA)+P(A) —> v, +X a=1.25 5/4
10°E" 1 Pb+Pb, {55, = 2760 GeV (ALICE) ANy — K dNcp
¥ Pb+Pb, {5, = 17.3 GeV (WA98) dy dn

B Au+Au, |'s,, = 200 GeV

10 ® Au+Au, |s,, = 62.4 GeV PH\/E_le
Au+Au, |s,, = 39 GeV 7N - .
¥ CusCu, |5, = 200 GeV preliminary .4 | @ Universal scaling
A d+Au, |5 = 200 GeV .- o From 39 GeV
O p+p, Is =200 GeV . ome a t0 2.76 TeV
= 10_1 ,_..ﬁ .
+ For all centralities

® Au+Au, s, = 200 GeV (STAR)
[¢]Au+Au, |5, = 200 GeV . u

» For different system

y (1.5<p_<5.0GeV/c)

— IIIIIIII Illllllll lllllllll IIIIIHII IIIIIIII| IIIIIIIII IIIIIIII| |

102 (2014 conversion method) ~__.-*"" :
sizes
N_,, scaled prompt photons
o 107 p+p fit, Vs = 200 GeV ® N, x pp: same scaling
4 —pQCD, \s = 2760 GeV -
% X — pQCD, vs =200 GeV at0.1of yleld
10 — pQCD, ys =62.4 GeV .
| Lo vl | ool > | Lol = . Apparent tranSItlon
10 10 10
dN/dn 1 for dN/dn ~ 5 to 30
n=

Universal scaling behavior with power

independent of p,!
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Models for Thermal Photon Emission

104
| m py>0.5GeV = py>0.5GeV Sli)%e.ss
101 * py>1.0GeV Slopes 101. = p¥>1.0Gev e ’
v pY>1.5GeV v py>15Gev M 1.17
4 o ‘
| Thermal y _.-n 1.09 0° Thermaly _» ¥ 4 1.24
> 10° _- S 1 R ,,“/ %
b ”’r 2 1-18 b ,,’ ” ’,'
> - g > - » ¥
2 ol e 1.26 > . 0-1 P
-1 - L] 1 s ’
.Q 10 ”x’ "” v b 0 ”f‘ ’,I
‘,' ",,* ‘, "’/
> -
102 - o 1072 - ‘/ VSnn = 5020 GeV
‘ VSnn =200 GeV
103 . . : 10-3 e ; :
102 103 10? 102 103 104
Npin Npin

® Models of thermal photon emission show similar scaling behavior
» Small dependence on energy a(pT)
» Significant p; dependence dN <chh>

Y _
» Islarge than power observed experimentally dy k dn

Thermal photons:

a(pr) ~ 1.43 > 1.51 for pT > 1 - 1.5 GeV
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T
tons

¥)
aly)

a=1.28 +0.07

c{]"‘"\ : T T T T TT I| T T T
o — PHENIX/ALICE Direct Pho
:q>) _« Pb+Pb 2760 200 GeV
0] — = Au+Au 200 GeV (real
— o Au+Au 200 GeV (virtu

A TE ¢ Cu+Cu200Gev
Q_l— -+ Au+Aub24
— B Au+Au 39 GeV
2|3 i
|'D fit to PHENIX data:
4l — kN
10 = ?FEE.
---- k Nch e
[ --- kNI
10° |

c{]"‘"\ i T T T T TT lilo T T T
o PHENIX/ALICE Direct Pho
:q:; 1L * Pb+Pb2760 200 GeV
O - = Au+Au 200 GeV (real
E - O Au+Au 200 GeV (virtu

A | 4 Cu+Cu 200 GeV
= + Au+Au 62.4
= 10"
- — fit to PHENIX data:
Zls F_ k NG
C--- kN
----- k N.' (Paquet)
10°

LS R [ Y

tons "
L ’ .

¥)
aly)

L a=1.23+0.07
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Universal Scaling

dN, v (@Nen “
dy —\ dn

® Data: universal scaling
o from 39 GeV to 2.76 TeV
» independent of centrality
» independent of p; cut

® Thermal Model:
o Ny, x pp: same scaling at 0.1

of yield
® Apparent transition
for dN_/dn ~5to 30

Observed system size

dependence not expected
for thermal radiation

Axel Drees



“Thermal Photon Puzzle”

1)“."!- ] : c(]"""\. T TT | T T T T TTT | T T T T T TTT |
2 10 (a) Invariant yield 0.2 0 ~ PHENIX/ALICE Direct Photons
e —— Fireball senario i %; 1 * Pb+Pb2760 200 GeV —
Z"a — Semi-QGP w/o viscous L 0] = 3
“olo —— PHSD 0.15¢} == Au+Au 200 GeV (real ) ]
w 1 E‘ Initial strong magnetic field LD — O  Au+Au 200 GeV (virtual v) —
i 0.1} A | 4 Cu+Cu 200 GeV ]
B3 [ = £ Au+Au 62.4
10 0.05 o gt o S _
s — fit to PHENIX data: 3
>‘ — —
10—2 - 0 2—|U - — Kk Ngh ]
ozl ©v, PHENIX - KNGS |
2 - 1.51 7
10_3 = .Caloritm?ter A k NCh (Paquet)
0.15) @Conversion 10 ; ;
f 4| - ]
10 E Au+Au 20-40% 0,1— L ‘I' Lol 1 Lol
[ \'s,,,=200GeV 10 102 mst
105k 0.05 -
dn
- Yield is from PRC 91, 904
11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 0 = -
0 ® Experimental observation
P, (GeV/c) P, (GeV/c)

o Large yield of low p; direct
photons

¢ Large Anisotropic Emission

What is the source of low p, s Universal Scaling with o ~ 5/4

direct photons?

® Challenging to explain by

thermal source
q\\\‘ Stony Brook University 18



Outlook

Relativistic nuclear collisions: The emergence
of a "standard picture”

~20fm/c

Initial state ‘ Pre-"equilibrium” ’(QGP‘ ’Hcdromzohon Thermal freeze-out

Pre-hydro
’ KoMPoST ‘

Relativistic hydrodynamics UrQMD/SMASH - h\:‘. (/](<,i/kf;\ii(l;‘{/(’
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Outlook

Role of large B-field? Additional light from hadronization?

~20fm/c

Initial state ‘ Pre-"equilibrium” ’(QGP‘ ’Hcdromzohon Thermal freeze-out

| Pre-hydro
| Glasma |
[ omposT |

Relativistic hydrodynamics UrQMD/SMASH Jin; Chaner e
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Outlook from PHENIX

Role of large B-field? Additional light from hadronization?

v 9

~20fm/c

Initial state ‘ Pre-"equilibrium” ’ QGP ‘ Hadronization ’ ’ Thermal freeze-out
Pre-hydro
® Small system data sets ® High statistics large systems
o p-Au, *He-Au, d-Au » Au-Au, Cu-Au
o “engineer” collision geometry » More precise measurements
o Search for onset of QGP s New Iinsights into thermal photon
puzzle

q\\\‘ Stony Brook University 19 Axel Drees



Backup
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Undated p+p Reference for Direct Photons

» Fitting function |gN 2\

6.74x10° 2.10 -3.30

pQCD inspired function

The fit <1GeV is motivated by Drell-

Yan measurement [Ito, et al, PRD23,
604 (1981)]

Systematic errors include the fit errors,
different functional forms

q\\\‘ Stony Brook University 26

p+p — v +X
Is = 200 GeV

EI Int. conv.
B Ext. conv.

2|
f(p)=A| 1"

/

-
PH- ENIX
preliminary

4 6 8 10
P, [GeV/c]
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PHENIX Direct Photons from p+Au

E- d®o/dp® [mb GeV2c?]

—
=l
(&3}

q\\\‘ Stony Brook University

III\HII ll[l”ll
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Dependence of Integrated Direct Photon
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Power independent of p; cut
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Integrated Photon Yield p+ > 5 GeV/c

PHENIX: Phys. Rev. Lett. 123 (2019) 22301

10—1;_A+A}"p+p—}‘}"dir+)( o= 1.25
= [# Pb+Pb, \sy, = 2760 GeV PHENIX
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Comment on p+ > 5 GeV ALICE data

ol ¢ Pb+Pb, sy = 2760 GeV, 0-20%
10777 \! B Au+Au, s, =200 GeV, 0-20% 0%,
o ® Au+Au, s, = 62.4 GeV, 0-20% :
o + Cu+Cu, Ysy = 200 GeV, 0-40% 104}
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. mao 6
& kit
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Systematic uncertainty of

PQCD calculation

nPDF: CTEQ6.1M/EPS09
[ ] JeTPHOX CT10, BFG2

} ALICE

scale uncertainties
PDF uncertainties

[ | yeTPHOX EPSO9, BFG2

— J-F Paquet

PHENIX

5 10
P, [GeV/c]

@ Comparison Data to N, * pQCD

» Agreement moves higher p+
with increasing Vs

» Exponential + pQCD would move
to lower p; with increasing s

» Significant if scale uncertainties
dominate pQCD uncertainties
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Focus on low p+ Region

q\\\‘ Stony Brook University
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@® Similar inverse slope
o T~ 270 MeV for all spectra 0.9 < pT <2.1 GeV/c
» Independent of centrality and Vs from 39 to 2760 GeV
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More Detailed Look at Low p+ Range
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@ Dileptons form beam energy scan

» Au+AuU collisions

Vs =19.6, 27, 39, 62.4 and 200 GeV

» Fully corrected dilepton excess

AN,
» s dependence as Excess/ y -
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| %<1, |Yee|<1 |:| b—ee & p—nee \:I Jiy—ee

“ cC—ee == DY—ee
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STAR Dileptons
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