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Introduction: Direct Photon Production in HIC

Microscopic view of

Thermal Photon Emission from a Heavy lon Collisions

thermal radiation

o e iaics v e final detected
Relativistic Heavy-Ion Collisions cle_disteib

Kinetic Quark Gluon Plasma .
freeze-out Hadronic phase
N Hadronization (QGP) phase
= 3 Initial energy
_ density WN—
) 2 q T n
3
". —N/\V
—> q Y p Y

. The photon emission rate depends
overtap zone ks 1 on density squared, integrated over
170-110 MeV — ' space-time evolution when

viscous hydrodynamics free streaming e matter expands

collision evolution e temperature dI‘OpS

t~0fm/c T <lfm/c T ~ 10 fm/c t ~ 10" fm/c
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Introduction: Direct Photon Production in HIC

QGP seen by partons QGP seen by photons » Photons ( contrary to partons) are

color blind probes

> By definition,
direct photon yield is equal to
inclusive photon yield subtracted

by hadronic decay photon yield

Direct photons are very important probes: for example,

i) for extracting information on the space-time evolution of the matter produced

in relativistic heavy ion collisions at the time of their production

ii) for providing evidence on thermal radiation from Quark Gluon Plasma
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Introduction: Direct Photon Production in HIC

> Direct photons —> thermal photons,

—> non-thermal photons

» All thermal media emit thermal radiation in

the form of photons or low mass lepton pairs

» Thermal photons originate from
® pre-equilibrium phase

® thermalizing QGP phase

Y, Y* from A+A

Non-thermal

Pre-equilibrium

Need to subtract decay and
prompt contributions
with high accuracy

n’ - yy

® hadron gas

“Prompt”
hard scattering

» Non-thermal photons originate from

initial hard scattering processes
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Introduction: Direct Photon Flow Puzzle

» Large yield and large anisotropy observed in Aut+Au
at 200 GeV by PHENIX

Challenging to explain the sources and emission rates:

difficulties to get the yield and anisotropy simultaneously

In order to help resolve this puzzle, PHENIX has
measured low momentum Y in
large systems:

® AutAu at 200, 62.4, 39 GeV, CutCuat 200 GeV

° observing direct photon scaling independent of center-

of-mass energy, centrality, system species

small systems
* ptp,dtAu, ptAuat 200 GeV

° observing direct photon excess in central pTAu within

~ 1—sigma systematic uncertainties
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Large yield from early emission ?

Large v, from late emission ?

The figures are from PRC 94, 064901

(a) Invariant yield

= Fireball, Primordial 1
— Fireball, Primordial 2
= Semi-QGP w/o viscous
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PHENIX measurements of low momentum direct photons

» Photon measurement techniques include

e*e identification 2007, 2010 setup
hat di v d . . 1 E/p and RICH PHENIX Detector Photons,
s that directly deposit energy into EMCals e TFCPC‘ neutral pion
. 0> vy

Virtual s that internally convert — ¢™e” pairs

Real ¥s that externally convert — e™e¢” pair

» Previous measurements of 2010 Aut+Au

datasets via external conversion method

are accomplished

® in the Readout Plane of HBD el

Photons :
magnetic field &

y—ete” !
e with the conversions at fixed radius: lim (= e*e- ) RS RIN [RSREAOTS
Mee—0
60 cm from the event vertex West T -
o X/X,~ 3%
® single e /e tracks used . .
g Conversions with the HBD backplane
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PHENIX measurements of low momentum direct photons

» A new measurement with 2014 Au~+Au dataset is

accomplished in the layers of Silicon Vertex Tracker

PHENIX Detector

PC
PC3 Central
Magnet  TEC

» The photon conversion position is reconstructed

using et /e pairs and magnetic field map

fa )

- r‘ ﬂﬁ’_

P E " ehel
oint 4

i
i
‘] Feuna P T

refel:énﬁa circle
of adius ¢

Aerogel

i ) ) West Beam View East
Trackmg conversion back to its

conversion point Conversions with the VTX layers

Visdimir Krachtryar: WIND 2020

Yor =we’L




PHENIX measurements of low momentum direct photons

> Conversions at any material (3" and 4" layers mostly)
o X/X,~ 14%
e 10 fold statistics

» There are more conversions at VIX than at HBD

Then one can measure Direct Photon RY with

the Double Ratio Tagging Method L e L | | R K
10 ........
incl chl 5 UAEILY (1T L ETEY oy ([N | | O O S S,
incl 4 0 <6f>( ) I R ), T
R Y VT Data % " 0.02 0.04 0.06 0.08 0é012 0.14 0.16 0.18 0.2
Y - ,)/hadron - ’}’hadron - yhadron
70 0 After R.Y 1s constructed
Y Y Sim
Nyincl /N, from real data we get the p—spectra
,Yhadron / ,YnO from simulation (invariant yield OY Cross section)
<e f> (conditional acceptance and efficiency) from simulation Yield = (Ry -1) x yhad
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Large Systems: Direct Photon p,-spectra

Direct photon data in Au+Au collisions at 200 GeV

PRC 91, 064904

PRL 104, 132301

E(a) I I I 1 (b)l I I I E
o’ T ' 200Gev ]
s 10°E F ® SNN = eV 3
:0 E 4 & AuAu Min. Bias x10° < 100 s [ ] § ] 10! e T T T T ;)p d;ta T ]
3L — 3 E
310 2 ° 0 AuAu0-20% x10° > 107! - 0L 0-92% o pRL104, 132301 |
S 2b . S % (minbias) °PRL98.012002
g 10 E o = AuAu 20-40% x10 >~ ]072 ] . ‘ v PR[? 86. 072008 ]
";; 10; & v pp |5 103 10 3 ) = ppfit E
3 E Turbide et al. PRC69 b|S \ i — 102k ' AutAu data
w 1F g 107 ! \" 4 PRL 104, 132301
o E — E s EONTI 1 A = PRL 109, 152302 ]
S107¢ 10 0-40% 1 2 \ ;E\)fr‘eﬁ?géa%gglapp fit ]
fg‘ ; E (C) I (d): : : : ; g 10—4 | § «“ ]
q.>10-2§r 101 r —an-scaled pp fit N i ‘{\ \/STZZOOGeV ]
s . * 2007, 2010 g‘g st
%10““; 10° ; {1 ¢
qu; 107 ] 107}
-G§ ]073 -; 10—8
107 E R
E - 1074 -
10_7—| .| ‘ I | | | ‘ I | L1 | L1 11 1? ]0—9 |
1 2 3 4 6 7 1073 §-3 !
p, (GeVic) 3 0o 2
0O 1 2 3 4 1 2 3 4 5
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Large Systems: Direct Photon p,-spectra

PRC 98, 054902 > We have also recent direct photon data
All three prspectra are
: - e from AutAu at 62.4 GeV and 39 GeV : .. .
- (a) Cu+Cu MB ] shown in minimum bias
—*— Cu+Cu 1 e from Cu+Cuat 200 GeV
17 o T XPtp 3
Lo TMXF?;p fit ] Quark Matter 2018, Hard Probes 2018
ol Al AT, xpHp fit

AutAu— v+ X, |y|<0.35 Au+Au— v + X, |y|<0.35

10 0-86%, |s,,=62.4 GeV 10 0-86%, |sy, =39 GeV
- + Fit o Exp[-pTITe"] T Fit o Exp[-pT.lTe"]
1 K1 T, = 0,214+ 0,026 + 0.045 GeV 1 b8 T, = 0.176 £ 0,027 + 0,070 GeV
L off - f off
10! f —— Extrapolated to 1 GeVic 107 g —— Extrapolated to 1 GeVic

T
T

1/2n p. d®Nidp_dy [(Gevic) ]
1/2n p. d®N/dp_dy [(Gevic) ]

|

- -

< 2

do [

rrll—rrrrrrrr| ||||\nT| TTTT

Ta-scaled pQCD

3 3
IIII|T|T| Illllm'_|_|-|-|T|'|T| Illllml TTIT

— u=05 [
104_5 10* “=‘1A0pT
E - = -~ u=20p, ey
L T S . ' 10° g g g g e T
I ; p_[GeVic]
||||l||lllllllllll|||l||||||ll|||l||||l||||ls T
115 ; Z(é:vféi 4 45 5 » Data from various colliding species and collision centrality selections at
T . . . .
different beam energies may constrain the sources of direct photons
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New results on Large Systems: Direct photon relative yield R},
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r Au + Au — y + X, \ s, =200GeV, 0-20% - Au + Au — v + X, \ s, =200GeV, 20-40%

[ ® 2014 conversion method — ® 2014 conversion method

e i - $

L PH:-ENIX - PH:-:ENIX

C preliminary - preliminary

r f r 0

T R R S — I | I L -

C Au + Au — y + X, \ s, = 200GeV, 40-60% r Au + Au — v + X, \ s, =200GeV, 60-93%

[ ® 2014 conversion method [ ® 2014 conversion method

O~ i

L PH--ENIX L PH-ENIX

C preliminary preliminary

- @ C ¥

C peaE ® C e e &

C I L | L C R | | —1 "

0 2 4 6 8 10 2 4 6 8 10
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The most recent PHENIX
Ry results from Au+Au
measurements in four

centrality bins at 200 GeV
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New results on Large Systems: Direct photon relative yield R},
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3
CE— r Au + Au — v + X, \'s,, =200GeV, 0-20% - Au + Au — ¢ + X, \ s, = 200GeV, 20-40%
- e 2014 conversion method } - e 2014 conversion method
25 ¢ PRC91,064904 (conversion) __ ¢+ PRC 91, 084904 (conversion)
- ¢ PRL 104, 132301 (virtual y) % % - ¢ PRL 104, 132301 (virtual y)
¢ PRL109, 152302 (calorimeter) % { ~ ¢+ PRL109, 152302 (calorimeter)
© PH: ENIX ¢ — PH ENIX {
C preliminary i t - preliminary } { }
15 SRR o 4 {
:nﬁgégg}ﬁ} % - gt Bif
1 . 8 !"Mg
JR o -1 S S AR R N P R SRR =
Lf [ Au+Au — y +X, \s, =200GeV, 40-60% [ Au+Au— y+X \s, = 200GeV, 60-93%
[ e 2014 conversion method [ e 2014 conversion method
25 + PRC 91, 064904 (conversion) [~ ¢ PRC 91, 064904 (conversion)
[ ¢ PRL108, 152302 (calorimeter) r ¢ PRL 109, 152302 (calorimeter)
2~ O~
- PH “ENIX L PH ENIX
C preliminary % % 1 C  preliminary
1 3 : H
" o 1H : 1}
wtme g RAETOCE oty 8 SRRRIOI0EN J°
o5l L1 I I = I | | I L
0 2 4 6 8 10 2 4 6 8 10
p. [GeV/c] P, [GeV/c]

The most recent results

overlaid with the previous])/
pub]jshed PHENIX results

External conversion
method

Internal (virtual)

conversion method

Calorimeter method
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New results on Large Systems: Direct pboton relative yield R},
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3
CE— r Au + Au — v + X, \'s,, =200GeV, 0-20% - Au + Au — ¢ + X, \ s, = 200GeV, 20-40%
- e 2014 conversion method } - e 2014 conversion method
25 ¢ PRC91,064904 (conversion) ¢+ PRC 91, 084904 (conversion)
- ¢ PRL 104, 132301 (virtual y) { % - ¢ PRL 104, 132301 (virtual y)
¢ PRL109, 152302 (calorimeter) % { ~ ¢+ PRL109, 152302 (calorimeter)
© PH: ENIX ¢ — PH ENIX {
C preliminary i t - preliminary } { }
15 SRR o 4 t
RALTY i? } i - gt B
| ﬁ - il P
JR o -1 S S AR R N N B B B
Lf [ Au+Au — y +X, \s, =200GeV, 40-60% [ Au+Au— y+X \s, = 200GeV, 60-93%
[ e 2014 conversion method [ e 2014 conversion method
25 + PRC 91, 064904 (conversion) [~ ¢ PRC 91, 064904 (conversion)
[ ¢ PRL108, 152302 (calorimeter) r ¢ PRL 109, 152302 (calorimeter)
2~ O~
" PH ENIX © PH ENIX
C preliminary % % l C  preliminary
1 3 : H
E [ETTS l;] t t f E } } l
wtme g RAETOCE Cagy 0 BRERTRNAT
o5L Ll I I £ . | | L L
0 2 4 6 8 10 2 4 6 8 10
[GeV/c] P, [GeV/c]

Thus, we have four
independent
measurements from

separate datasets

Consistent with each
other within statistical
and systematic

uncertainties
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New results on Large Systems: Direct Photon p-spectra

-
o
w

¢
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o
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102} te

105

| Au+Au - y +X, |s,, = 200GeV, 0-20%

PH =ENIX
prel|m|nary
10-9 coo e by b by

2014 conversion method

PRC 91, 064904 (conversion)
PRL 104, 132301 (virtual y)
PRL 109, 152302 (calorimeter,

P2 \n
N, Scaled pp fit: A 1~1-p—T
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L # ¢ PRC 91, 064904 (conversion)
o ¢ PRL 104, 132301 (virtual y)
i 9’ ¢ PRL 109, 152302 (calorimeter)
= [ ] 2
p n
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°
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At high pr AutAu data
are consistent with Necoll

scaled ptp fit

Clear enhancement
observed below 3 GeV/c
in (semi-)central

Au+Au collisions
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New results on Large Systems: Direct Photon p-spectra

& 10°[ & 10°T
’SG | Au+Au — v +X, |s,, =200GeV, 40-60% g | Au+Au -y +X, |s,, =200GeV, 60-93%
(ﬁ i ® 2014 conversion method ;8, 1 ® 2014 conversion method At hlgh pT Au-l‘Au data
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& . N, scaled pp fit: A( 1+p—T) Q| T? N,,, scaled pp fit A( 1+p—T)
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107} v 107 CW The enhancement
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Small Systems: Direct Photon p-spectra

» Invariant cross section in p+p at 200 GeV. The last data are in red, the previously published data are in black

3 p+tp — y+X
(s = 200 GeV:
— 1072 = [e]int. conv.
37} £
NO r E Ext. conv.
>
8 c
ogel [ TENIX
c E preliminary
- F 1
PO
(o} E T
© F
~ L
mb i .
o 10° 5 i "
wr Iy
1078 | | L1 ‘ L1 | ‘ L1 | ‘ | ‘ | | I.

0 2 4 6 8
P, [GeV/c]
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E- d°s/dp® [mb GeV3c?]

p+tp—>y+X

Vs =200 GeV

E Int. conv.

PH-<ENIX
preliminary

2 4 6 8
P, [GeVi/c]

10

Above p;~5.0 GeV/c,
the published p+p data are from

calorimeter measurements:

PRL 109, 152302

The PHENX new p+p fit is made
by using three p+p data sets

Quark Matter 2018, 2019; Hard Probes 2018




Small Systems: Direct Photon p-spectra

> Invariant cross section in minimum bias and central p+Au at 200 GeV

E- d®c/dp® [mb GeV3c?]

—
<
IS

-_—
Q

—_
Q
(&,

Quark Matter 2018, 2019; Hard Probes 2018

p+Au - v+X
{syy = 200 GeV:
= /0-100 %, Ext. conv.
p2 \\n
T f(p)=Al 14T
\ o/

—
PH-“ENIX

preliminary

o

2

4 6 8
P, [GeVI/c]
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p+Au - y+X
Vsuy = 200 GeV:
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—
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o

2

4 6 8
P, [GeVic]
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>

Invariant cross section in p+p and
minimum bias d+Au at 200 GeV

Ed®/dp® (mb GeV?c?)

Data/Fit

PRC 87, 054907
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Direct Photon Scaling

» For a given center-of-mass energy one can compare data from different centralities

(or system size) using NPart or Ncoll-

» On the other hand, such a comparison is not useful for data at different energies.

» Therefore, for this purpose one can use an experimental observable such as the
charged hadron multiplicity at midrapidity, dN, /dn | N~09 by which the system size

is measured

» dN,,/dn |, itself has an interesting scaling behavior with N as shown in the

coll

next slide
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Direct Photon Scaling

F 0 AutAu, |5, =39GeV  0=1.2540.02 | > At fixed center-of-mass energy, dN,/dn ~ Ny~ Volume
104_. AutAu, |8y, = 62.4 GeV )
Em AutAu, |5, =200Gev  PHENIX | > At varying energy, dN_/dn ~ Energy denSIty X Volume
- ¢ Pb+Pb, |s,, = 2760 GeV
L . : 1.25 : :
. __Flt: 73"(\1'%) (@N_fdn| ) . o » N scales like (AN, /dn)'-*> for all energies with a
_ ' logarithmically increasing parameter (called specific yield)
28 E % )
10%E %%‘ Compare the system size with number of collisions:
- 1'%0 > N scales with AN, /dn, such as
- ?,‘l'
10F |7/ E—— 1 dNg\"
- 102 10° 10 Neoy =
F \ Sy [GeV] SY(vsyn) \ dn
10° 10° 10°
dN/dn | The specific yield, SY, is a function of energy /Syy
PRL 123, 022301 Sy(m) = log(m) - c,
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Direct Photon Scaling

PRL 123, 022301

® AutAu,\s,, =62.4 GeV, 0-86%

~ %
[ %
O P+p. vs =624 GeV

.* —
é 0O P*P.1s=63GeV
| 55 — pQCD, \s = 62.4 GeV
vL ... pPQCD, \s = 39 GeV
oo

10_12_|||||||||'|":|| QI

¥ AutAu,|s,, =39 GeV, 0-86% |

0 5 10
P, [GeVic]
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Direct photon p-spectra normalized by
(dN, /dn)*, where o0 = 1.25

ISR data from ptpat 62.4 GeV are included and normalized
The pQCD curves are also normalized

» PHENIX low beam energy 62.4/39 GeV data are above
Pr— 0.4 GeV/c

» The data at 62.4/39 GeV falls on top of each other

» At high-p, the 62.4 GeV normalized pQCD is consistent
with ISR data




Direct Photon Scaling

PRL 123, 022301

102 4 ® AutAu,\5,, =624 GeV, 0-86% | . VSun = 200 GeV:
o - g X AUTAULS,, =39GeV,0-86% o % B Au+Au, 0-20%
o % O PP 15=624GeV 18 ® AutAu, 20-40%
= [ +p, 1S = 63 GeV [
> g DFPlemoce . A AutAu, 40-60%
© g4 ® — PQCD, 1s=624Gev ‘ ”
(O] g _ T o P*p, \s =200 GeV
= [ ore PQCD, 15 = 39 GeV T .
= il : — p+p fit, ¥s = 200 GeV
0 - + = -
& [ T i +r. PQCD, ¥s = 200 GeV
/"\CH, 76
210 1
=
° B 1
\.C L L
[&]
< 8
S 10° +
= I
>
3 B 1
e f I
NQ 10
o100 T
=
“o
[ (a) ._ T (b)
-12]_ 4 i
1 0 I 1 1 1 1 | 1 1 1 1™ I 1 1 I 1 1 1 1 I 1 1 1 1 | | 1 1
0 5 10 0 10

P, [GeVic]
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P, [GeV/c]

Direct photon p-spectra normalized

by (dN, /7dn)%, where aa= 1.25

The pQCD curves and p+p fit are

also normalized

» All AutAu data are on top of each
other at low- and high-p at 200 GeV

> At low-p; they are distinctly above the
ptp data/fit/pQCD




Direct Photon Scaling

» Now we compare data at different

energies from 39 GeV to 2760 GeV
> Again all data coincides at low—pT

> We see the expected difference with

the energy and N_ scaling at high—pT

For A+A collisions this scaling picture
seems to be independent of
i) colliding species,
ii) collision centrality (system size),

iii) center-of-mass energy

PRL 123, 022301

¢ PbtPb, |s,, = 2760 GeV, 0-20%
B AutAu, |'s,, =200 GeV, 0-20% |
: ® AutAu, |5, = 62.4 GeV, 0-20%
[ B & CuCu, |5y, = 200 GeV, 0-40% |
— PQCD, ts = 2760 GeV
«ees PQCD, ¥s = 200 GeV

PHENIX 1
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0 5 10
P, [GeVic]

Direct photon
pr-spectra normalized
by (dNg, /dm)*,
where 0= 1.25

ALICE data from Pb+Pb
at 2760 GeV are

included and normalized

The pQCD curves are

also normalized




Direct Photon Scaling

| ¢ Pb+Pb, 0-20%, S, = 2760 GeV (PLB 754,235) |

3 ® Au+Au, 0-20%, |S,,, = 200 GeV (PRC 91, 064904) |

102 g AutAu, 0-20%, VS = 200 GeV (PRL 104, 132301) -
01 Au+Au, 0-20%, |S,, = 200 GeV (PRL 109, 152302)

' == p+pfit, {5, =200GeV ]

Exponential fit to scaled
PHENIX 200 GeV Au+Au
and
ALICE 2760 GeV Pb+Pb
in the central 0-20% bin,
in the range of 0.9 to 2.1 GeV/c

# Pb+Pb, |, = 2760 GeV, 0-20%
" B AutAu, |, =200 GeV, 0-20% |
® AutAu, |5y, = 62.4 GeV, 0-20%
+ CuCu, |5, = 200 GeV, 0-40% -
— pQCD, 1s = 2760 GeV
... PQCD, \s = 200 GeV

I~ Fit=AExp[ pT/T ” |
|  Fitrange P, €[0.9 GeV/c, 2.1 GeV/c]
- Ty =0.278 40.029 GeV/c

— The Fit is made with the stat and syst uncertainties —
I of thg data points combined in quadraturg
PRI B | ST SR VAT T A O Y A Y Rl

Normali Yield / Fit ratio is equal to E

PHENIX

2, 125 -
o'N,/ep,dy / (N, Jdn | )'** [(GeV/c)?]

ks
<
S

1 . daNIJd‘pTdy [(GeV/c)?

The same slope in fitted
F"'T,,.O.Jre.m (N, /an 1 )"*

pr range ~ 280 MeV 3 of
E n:-g . 7]
L COZ "‘.,.."
The spectra are not 3 I 3 ° T ]
exponential over large - + ] O H o vl L 1
i 1 5 10
pr range P, [GeV/c]

\@ Vladimir Khachatryan: WWND 2020 p, [GeVic]




Direct Photon Scaling

» Direct photon prspectra can be quantiﬁed by integrating the invariant yield from a min Pr value

—2
_ 107 *; X AutAu,\s,, =39 GeV, 0-86% |
DA | % o PP 1s=624GeV
S O P+p, 15 =63 GeV
% — pQCD, 15 =624 GeV

7 .... pQCD, 1s = 39 GeV
[ ™9

® AutAu,\s,, = 62.4 GeV, 0-86%

|
\

A

VS = 200 GeV:

W Au+Au, 0-20%
® Au+Au, 20-40%
A Au+Au, 40-60%
o P*p. Vs =200 GeV

= p+p fit, \s = 200 GeV
.... PQCD, {s = 200 GeV

¢ Pb+Pb, |s, = 2760 GeV, 0-20%

B AutAu, |5, =200 GeV, 0-20%

® AutAu, |5, = 62.4 GeV, 0-20%

+ Cu+Cu, |5, = 200 GeV, 0-40% |

— PQCD, ts = 2760 GeV
.... PQCD, ts = 200 GeV

PHENIX

.,
i

For example,

integrate from 1.0 GeV/c

P, [GeVic]
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Direct Photon Scaling

Integrated direct photon yield above p = 1.0 GeV/c

PRL 123, 022301

» Another representation of the direct photon

10%g :
= AtApHD o 7, + X o=1.25 scahng
—  [® Pb+Pb, {5\, = 2760 GeV PHENIX
—~ 10 W AutAu, {5y, = 200 GeV . .
g S e AUt fo = 2.4 GeV o > The integrated yield grows faster than the
i ~ [8 AutAu, {5, = 39 GeV A R
O TE v curcu sy =200 Gev _r",' mU1t1P1101tY
o = O p+p, Vs =200 Gev [
10 » The plot seems to show a universal scaling
o  F behavior in A+A collisions
107
e =
‘Z"%- 3: N, Scaled prompt photons > Neoll X pQCD and Neoll X p+p follow the
T 107 D 12 = 2960 e same scaling trend at ~ 0.1 of yield
- =pQCD, s = 200 GeV
10_4_ =pQCD, s =62 GeV

T e AN, /dy = A x (dNoy/dn)"”
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Direct Photon Scaling

Integrated direct photon yield above p = 1.5 GeV/c

Quark Master 2019 » The data from the last PHENIX Au+Au 200

PAANP(A) = v, + X
®! Pb+Pb, {5, = 2760 GeV

3

IlIIlIII I‘TIIIIIII ILRLLL

B Au+Au, |s,,, = 200 GeV
® Au+Ay, |5, = 62.4 GeV
| Au+Au, (5., =39 GeV
¥V Cu+Cu, ysy, = 200 GeV
A d+Au, |5 = 200 GeV

- © p+p, Vs =200 GeV

s
o o

dN/dy (1.5< p.< 5.0 GeV/c)
o

¥ Pb+Pb, {5, = 17.3 GeV (WA98)

ALICE) a=125 GeV measurements are shown as well

» The data is consistent with the observed
scaling behavior in A+A systems

» STAR AutAu 200 GeV data show the scaling

[~ ¥ Au+Au, |s,,, = 200 GeV (STAR) .
E [JAu+Au, |5, = 200 GeV ’ behavior too
10_2;_ (2014 conversion method)
Z . * » However systematically lower as compared
- N, scaled prompt photons ’
107 p+p fit, 5 = 200 GeV to the PHENIX data
- — pQCD, {5 = 2760 GeV
o —pQCD, fs = 200 GeV
10 E‘ —_pQCD, s = 62.4 GeV IN./d A IN FARY
L 1 21 1 1 1 l 1 L i 1.0 1 11 l L L . L1 L L Ll / : X ( / )
1 10 10 10° v/ QY ch/ar}
chh/d'r] In-O
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Possible Connection Between Small and Large Systems

» There seems to be another trend coming from small systems, different from that of large systems

» Both trends suggest an “transition region”: QGP turn off/on ?

P(d.A) + p(A) = v, + X

¢ Pb+Pb, \{S_NN = 2760 GeV
B Au+Au, \s, = 200 GeV
® Au+Au, \s, = 62.4 GeV
8 Au+Au, |5, = 39 GeV

¥ Cu+Cu, Ys,, = 200 GeV
#| d+Au, \s, = 200 GeV

* p+Au, \s, = 200 GeV

O p+p, Vs = 200 GeV

. 10?
More perlpheral

A+A data - 10

as well as =
small system data 8 1

can fill the o
“transition region” A 107

'—
M

_ 1072

RS

ptAu and d+Au

data in between
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preliminary L

-
=
Bt

N, scaled prompt photons

p+p fit, Vs = 200 GeV
—pQCD, s = 2760 GeV
—pQCD, Vs = 200 GeV
—pQCD, Vs = 62 GeV

Onset of low-p;

radiation excess

at ~5-20 7

Quark Matter 2018, 2019;
Hard Probes 2018
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Summary

» PHENIX has measured low momentum direct photon data in Au+ Au at 200, 62.4, 39 GeV;
Cu+tCu at 200 GeV; pt+p, ptAu, dt+Auat 200 GeV

» Recent measurement in Au+ Au at 200 GeV with higher statistical precision is consistent

with the previous measurements in Au+ Au at 200 GeV within experimental uncertainties

» Discovered a new scaling behavior in large systems

® ata given center-of-mass energy, the low and high-p, yields scale with N,

® across different energies, N is proportional to (dN, /dn)'-*>

e for all energies, the low-py yield scales like (AN, /dn)'-*°

» Observed excess of direct photons in central p+Au at 200 GeV within syst uncertainties
® above N_ scaled reference p+p yield
® these data suggests QGP turn off/on - like transition between p+p /A+A systems
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Large Systems: Direct Photon p,-spectra

T T T T T T T T T T T T

2 \ | ]
107 Direct photon data in Au+Au 0-20% at |'s,, = 200 GeV
. m PRC 91, 064904

e PRL 104, 132301 E

;-. 4 PRL 109, 152302 |
= '. —N,,, scaled p+p fit .
— i |
‘}/‘_\ 10 - ‘- Direct photon data in p+p at \,‘S—NN =200 GeV 4
L L 0 PRC 87, 054907 B
% L & o PRL 104, 132301 b
0] | & PRC 87, 054907 |
= r — ptp fit PRC 98, 054902
3 104 ’
o Previous three PHENIX 1ndependent direct photon
©
z measurements are in good agreement with each other
el
'—
o —7
510

—

(@]
L
[=]

P, [GeVic]
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Possible Connection Between Small and Large Systems

Upcoming and
future possible

measurements

10%g
= p(d.A) +p(A) - 7, + X Y —a o=1.25
— = S
* Pb+PD, ysyy = 2760 GeV PH <ENIX .. ...060

S 105 m Au+Au, |5, = 200 GeV pr el
“S - e Au+Au, \s,, = 62.4 GeV U-+u 200 (feV,.—"
O . 8 Au+Au, \s = 39 GeV “,__.i
(D E v Cu+Cu, VSNN =200 (}eV Au+Au 200 GeV. ‘.,_" .
o —  [# d+Au, s, =200 GeV =% g
T o' * prAu, {5y, = 200 Gev .- Hly
A a = O p+p, (s =200 GeV Cu+A&u 200 GeV
= - '*A —
- 10 _J utAu 19.6 GeV
S = He+Au00GeV
E?— — N.,; scaled prompt photons
S 1 03 + — p+p fit, Vs = 200 GeV

= d+Au 200 GeV —pQCD, Vs = 2760 GeV

~ —=pQCD, Vs = 200 GeV

+ . — =
104 PFR276TeV . pb 5020 Gev PQCD, Vs = 62 GeV
= I A w1 1 4T T —» o I Lol
bl o dN . /dn | 107 10°
ptp 0.9 TeV ptp 14 TeV ch n IleO

\B9) Viadimir Khachatryan: WIND 2020




Direct Photon Scaling

Integrated direct photon yield above p = 5.0 GeV/c

PRL 123, 022301

107 A:ﬁgig:q%t);so GeV o=1.25
= *YONN T
— T (W AutAu, \s,, = 200 GeV PHENIX '
L 1072 © p+p. 1§ =200 Gev .
% = e p+p, Vs =62.4 GeV
O 10
o =
To} -
A 1074
— =
Q_ (—
—— 75 [—
> 107°E
RS, =
Z:=- ol N Scaled prompt photons
5 107 p+p fit, /S = 200 GeV/
= —pQCD, {s = 2760 GeV
B =pQCD, s = 200 GeV
107 —pQCD, Vs = 62 GeV
E 1 |||||||| 1 II\\Illl 1 IIII\Il

10
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2 3
dN,y/dn | ! 10

» The AutAu yield at 200 GeV is

® consistent with N_,, X ptp
® consistent with N_;; X pQCD

» The Pb+Pb yield at 2760 GeV is
® 25% —30% above N_;; X pQCD




Large Systems: Direct Photon v,

I (a) 0-20%
0.3 Direct photon v,
e Conversion method

~ [ m Calorimeter method
> 0.2

S
T oe® e |

[ (b) 20-40%
" PHENIX 2007 and 2010
Au+Au 200 GeV

- b
Rl

| ]| Y S S T N ST T S S (N S S T T Y

-
il

PRI B

[ (c) 40-60%m

i

|

=

0151~ (d) 0-20%

0.1

s 1w I

- (e) 20-40%

T

- (f) 40-60%

PHENIX
v, 3 results
in Aut Au
at 200 GeV

il

1

PRC 94, 064901

0 2 3

P, (GeVic)

i |

The vertical lines are statistical errors, the boxes are systematic errors
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Large Systems: Direct Photon v,

v, in Aut Au 0-20% centrality bin at 200 GeV

v, in Aut Au 20-40% centrality bin at 200 GeV

The vertical lines are statistical errors, the boxes are systematic errors

| AutAu, | s, = 200GeV o PRCY4, 064901
0.3 4 In|<0.35, 0-20% e PRL109, 122302 (BBC)
B e 2014 data
- —~——
021 PHENIX
_ - preliminary
ESYN B
0.1 I"h
i e + + ¢
A DR
_0.1_ 1 I 1 | | | 1
0 5 15

10
P, [GeVI/c]

0.3

0.2

Ydir
2

0.1

| Au+Au, | s, = 200GeV

Ly

dir. In|<0.35, 20-40%

e
Tree
[ e
ol

PH -ENIX
preliminary

e PRC94, 064901
e PRL109, 122302 (BBC)
e 2014 data

» Higher p; reach is accessible as compared to the previous v, results
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