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From the big bang ...

» A millionth of a second after the big bang

Extremely high temperature & density =» protons and neutrons “boiled” into a
“soup” of quarks and gluons (Quark Gluon Plasma or QGP)
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The concept for the above figure originated in a 1986 paper by Michael Turner. Particle Data Group, LBNL © 2015 SupporTed by DOE
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... To the little bang at RHIC

» The main goal of Relativistic Heavy lon Collider (RHIC) is to create, identify and
study the QGP
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... To the little bang at RHIC

» The main goal of Relativistic Heavy lon Collider (RHIC) is to create, identify and
study the QGP
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EM radiation in heavy-ion collisions

» Photons are a unique probe for QGP

“Color blind” (do not experience strong interaction), provide a direct fingerprint of
its creation point

prompt phofons decay photons

>

QGP phase

thermal radiation
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EM radiation in heavy-ion collisions

» Photons are a unique probe for QGP
“Color blind” (do not experience strong interaction), provide a direct fingerprint of
its creation point

All thermal mediums emit thermal radiation in the form of photons or low mass
lepton pairs

prompt phofons decay photons
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EM radiation in heavy-ion collisions

» Photons are a unique probe for QGP
“Color blind” (do not experience strong interaction), provide a direct fingerprint of
its creation point

All thermal mediums emit thermal radiation in the form of photons or low mass
lepton pairs

prompt phofons decay photons

80-90% of the
photons are decay
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EM radiation in heavy-ion collisions

» Photons are a unique probe for QGP

“Color blind” (do not experience strong interaction), provide a direct fingerprint of
its creation point

All thermal mediums emit thermal radiation in the form of photons or low mass

lepton pairs

prompt photons

>

03/03/2020

QGP phase

thermal radiation

Wenging Fan — BNL Seminar

80-90% of the
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photons!

Direct photon =
Inclusive photon -
decay photon




EM radiation in heavy-ion collisions

» Photons are a unique probe for QGP
“Color blind” (do not experience strong interaction), provide a direct fingerprint of
its creation point

All thermal mediums emit thermal radiation in the form of photons or low mass
lepton pairs

80-90% of the
photons are decay
photons!

Direct photon =

| """, Hadron | Inclusive photon -
‘ X as
. phase | decay photon

QGP phase
i Estimate the prompt
photons from p+p
baseline

thermal radiation
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EM radiation in heavy-ion collisions

» Photons are a unique probe for QGP
“Color blind” (do not experience strong interaction), provide a direct fingerprint of
its creation point

All thermal mediums emit thermal radiation in the form of photons or low mass
lepton pairs

Difference

Dist = 1.0 Trefl = 20.0 € = 0.95

QGP phase

Extract temperature
Spectrum « eEV/T from thermal

Emission rate « T4 photon yield

thermal radiation
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Thermal photons in Au+Au collisions

exponential fit: Aexp(-pr/Te)

inclusive photon yield

hadronic decay photons

direct photon yield

— hard scattering contribution

(Ncon scaled p+p)

thermal photon yield

inv. slope Tes ™~ 240MeV

PRC 91, 064904 (2015)
| | | | | | i
10! L pp data ]
s L PRL 104, 132301 ]
f . €€ PRL 98, 012002 |
10" |-# PRD 86, 072008 -
107! '_g\\ Large | = PP _
o (& T excess | Au+Audata
107k below PRL 104, 132301 4
< L\ PRL 109, 152302 ]
> 103 ‘ 3GeV Nesent data ]
(0] i % 1V coll .
O
= 107*} /5NN = 200GeV
2% SNN = (V
S5 05|
> !
—|&
a 1070}
1077 |
1078 |
~
10_9 :_ | | | | | % I\ i F
0O 2 4 6 8 10 12 14
pr |GeV/c]
03/03/2020 Wenqing Fan

Tinit > 300MeV > T, (~150MeV)

— BNL Seminar




Anisotropic

“Perfect fluid”
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emission of direct photons

pressure
gradient

initial state eccentricity

dN

d(¢ — V¥a rp)

Py
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X 14 2v3c082(¢p — Vo grp) + ...

Large yield: emissions from the early
stage when temperature is high
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Anisotropic emission of direct photons

» “Perfect fluid” pressure
gradient
Px
initial state eccentricity final state anisotropy
dN
X 14 2v3c082(¢p — Vo grp) + ...
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Anisotropic emission of direct photons

» “Perfect fluid” pressure
gradient
Py
initial state eccentricity final state anisotropy
dN
x 14 2vyc082(¢p — Vo gp) + ...
- d(¢ — Vo rp)
> (a) Invariant yield . . .
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- Fireball, Primordial 2
o8 —— Sem--aGP wio viscous stage when temperature is high
w 1F Initial strong magnetic field N " T
i (b) Vv .Calorlme.ter . .
1 020 2 ®Cenversion Large v2: emissions from the late stage
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0.15 [ * .
102k : ﬁgJ " built up
0.1} m
10 | . .
0.05 | Challenging for current theoretical
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Integrated low pt direct photon yield — universal scaling

» Integrate the low pr direct photons and use dN../dn to compare data from

different beam energies, collisions species, and collision centralities
PRL 123, 022301 (2019)
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Integrated low pt direct photon yield — universal scaling

» Integrate the low pr direct photons and use dN../dn to compare data from
different beam energies, collisions species, and collision centralities

Universal scaling behavior in
all A+A systems

AN, /dy = A x (dN,,/dn)®

Source of photons must be
similar

Neoit X pQCD and Neon X p+p
follow same scaling at 0.1 of
yield

Onset of low pr radiation
excess at dN¢y/dn ~10?
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PRL 123, 022301 (2019)
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» Experimental observations

Direct photon puzzle

Large yield of low pr direct photons
Large anisotropic emission

Universal scaling with o ~5/4

» Challenging to explain by thermal source

What is the main source for

low pr direct photons?
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Tension with STAR direct photon measurement

1072
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Towards precision measurement with the “Golden Dataset”

» Theoretically

Modification in thermal

photon emission? 1000 ——

e e . = . 2014 Au+Au
Modification in prompt B 00 [ R R
photon emission? B g0 b—t—

—
Other sources of photons? 2 00 bbb
(pre-equilibrium? E -
hadronization? B field) 2
d 500 |
» Experimentally (to confirm S|
Y
and to study in more detail) E
. -; 300 i } H }
Experimental data needs % o | 2011 AutAu | 2010 AutAu_
more statistics % -
s i 2007 AutAu |
2014 Au+Au dataset 100 2004 AutAu
. 2001 AutAu
More conversions at the 0 " . 4 . s 0 b 1w e s a0
PHENIX silicon vertex detector Time [weeks in physics]
(VTX) (X/Xo~14%)
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How to measure photons?

Acceptance: |n|<0.35, A 2x90° Measure photon via its energy deposit at calorimeter
© good resolution at high pr

* | Electromagnetic Calorimeter:
« 2PbGl:0.8% + 5.9 %/E
« 6PbSc:2.1%+8.1%/NE

Measure photon via conversions Y — 6+ + e
© good resolution at low pr

* | Tracking:
: PHENIX Detect
« Drift Chambers (DC) - 16 e
dp/p=0.7% + 1.1%p . Magnet  TEC

 Pad Chambers (PC)
o=%1.7mm

« Particle Identification:

e RICH-ge?

« TOF East and TOF West:
* o7 = 100ps
« n/Kp;<2.5GeV/c
« K/pp;<4.0GeV/c

« EMCal timing:
* o7 2 600ps

West Beam View East
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How to

Acceptance: |n|<0.35, A 2x90°

Electromagnetic Calorimeter:
« 2PbGl:0.8% + 5.9 %/\E
« 6PbSc:2.1%+8.1 %/\E

* | Tracking:

« Drift Chambers (DC)
dp/Pp=0.7%+ 1.1%p

« Pad Chambers (PC)
o=%x1.7mm

« Particle Identification:

e RICH-g€f

« TOF East and TOF West:
* o7 = 100ps
« n/Kp;<2.5GeV/c
« K/pp;<4.0GeV/c

« EMCal timing:
* o7 = 600ps

03/03/2020

measure photons?

Measure photon via its energy deposit at calorimeter

© good resolution at high pr
® low pr is contaminated by hadrons

Measure photon via conversions |y — et +e”

© good resolution at low pr

©) good purity at low pr after proper elD
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New conversion reconstruction algorithm

» Identify and reconstruct photons via external
conversion to e*e” pairs

Reconstruct conversion position using e*e” pair and
magnetic field map
Track conversions back to its conversion position
and reconstruct Photon momentum

A

reference circle
.-of radiusr

03/03/2020 Wenqing Fan — BNL Seminar
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» Identify and reconstruct photons via external 15
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0

New conversion reconstruction algorithm

conversion to e*e” pairs

Reconstruct conversion position using e*e” pair and 5

magnetic field map

Track conversions back to its conversion position 5

and reconstruct photon momentum

Resolution along the radial direction

__onvptT

Entries
Mean
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» Identify and reconstruct photons via external
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New conversion reconstruction algorithm

conversion to e*e” pairs

Reconstruct conversion position using e*e” pair and 5

magnetic field map

Track conversions back to its conversion position 5

and reconstruct photon momentum

Other systems: Au+Au, Cu+Au, 3He+Au, d+Au, p+Au,

p+p
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External conversion method

» Double ratio tagging method (R,>1 indicating direct photon signal)

Inclusive = Direct + Hadronic decay

incl

— y direct hadron
Ry - yhadron v o (R7 N 1)/}/

03/03/2020 Wenqing Fan — BNL Seminar
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External conversion method

» Double ratio tagging method (R,>1 indicating direct photon signal)

incl

Y

,yincl y”o
Ry T yhadron _ ,yhadron
o

Detector efficiency and acceptance for the
conversion photon cancel out in the ratio

Nincl — yincl ] % . % %
Nﬂ g % /Ee”{/e"/ <Eyf>

incl chl

= (/)2 v
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External conversion method

» Double ratio tagging method (R,>1 indicating direct photon signal)

incl chl
incl )/ﬂo <Ef > ( )
Data

R = Y Y Ny Reduce
Y yhadron - yhadm” B (,yhadron) systematics!
70 0
Y Y )Sim

Detector efficiency and acceptance for the
conversion photon cancel out in the ratio

Nincl — yincl ] % . % %
Nﬂ g % /Ee”{/e"/ <Eyf>

incl chl

= (/)2 v
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External conversion method

» Double ratio tagging method (R,>1 indicating direct photon signal)

incl

el Y
,ymc y,,o
Ry o 7hadr0n _ ,yhadron
y
Raw counts

*» Nincl/Nt28 from real data: # of conversion
photons/# of conversion photons tagged
as coming from mt°

PHENIX Detector

PC3
PC2

Central

TOF-

—weL

¥9¢

Aerogel

West Beam View East

(|2 )D

(

Ny

,yhadron )
0
v Sim

Conversions
from n° tagged

Conversions from
inclusive photons 13



External conversion method

» Double ratio tagging method (R,>1 indicating direct photon signal)

,yincl y”o
R’}’ _ ,yhadron _ ,yhadron _ (,yhadron
0
Y *y”o
Raw counts

*» Nincl/Nt28 from real data: # of conversion
photons/# of conversion photons tagged
as coming from mt°

Conditional acceptance and efficiency:
the acceptance for the second photon in
the EMCal from nt° decay given that we
already reconstructed the first photon
from a conversion pair

03/03/2020 Wenqing Fan — BNL Seminar
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External conversion method

» Double ratio tagging method (R,>1 indicating direct photon signal)

incl
R = Y _ ¥
Y ,yhad ron yhad(f)‘on
yﬂ

Raw counts

*» Nincl/Nt28 from real data: # of conversion
photons/# of conversion photons tagged
as coming from mt°

Conditional acceptance and efficiency:
the acceptance for the second photon in
the EMCal from nt° decay given that we
already reconstructed the first photon
from a conversion pair

Correct for other background sources

*¢ Cocktail ratio (other sources of decay
photons)
03/03/2020
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External conversion method

» Double ratio tagging method (R,>1 indicating direct photon signal)

el Y
,ymc y”o
Ry o ,yhadr on o ,yhadr on (,yhadron)
70 0
Y Y© JSim
Raw counts

*» Nincl/Nt28 from real data: # of conversion
photons/# of conversion photons tagged
as coming from mt°

Correct for detector effects
+»* Conditional acceptance and efficiency:
the acceptance for the second photon in
the EMCal from rt° decay given that we

Conversions from
direct photons

Conversions

i from
already reconstructed the first photon .
] i hadronic
from a conversion pair
decay

Correct for other background sources photons
¢ Cocktail ratio (other sources of decay

photons) Conversions from
03/03/2020 Wenging Fan — BNL Seminar inclusive photons



Experimental details — Nin¢//Ntas

» Ni"l/N'& from real data:

“* # of conversion photons/# of conversion
photons tagged as coming from r°

Nincl
‘ef>! i) \
N;'T Data

,),had ron

x103 Run14 Au+Au @ 200GeV, 0-20%
%‘ } } 1.4<p> <1.6GeV
9o | | _ N\
Run14 Au+Au @ 200Ge = |1 orsio=vasens et
— 108 — Eg 40+ } } sig (err) = 1.208e+
Q. 2 o | | VTX
O n Z | | )
T L | |  o~dom conversions
c = s 20+ | | —4~8cm
— o8 | |
Z C ... \ \ —8~14cm
T 10°F %) e -~ 14~200m PHENIX Detector
C [] —20~30cm
- o °© I | | ‘ | o PC3 1(\Z‘/Ieniral TECP y
= ¢ % 0.4 02 03 pcy neenet _
= ° o m,, [GeV]
4 B [
10 3 o
- e 0-20% .
= N TOF- -
: ® 20-40% ° . '\;
o e 40-60% o
10° ¢ ° I
- ® 60-93% L
E 1 1 1 | 1 1 1 | 1 1 | 1 1 1 | 1 1 1 m
0 2 4 6 8 10 PC1 PC1
pT [GeV] Aerogel
. Wes Beam View East
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» Nind/Ne from real data:

Experimental details — Nin¢//Ntas

“* # of conversion photons/# of conversion
photons tagged as coming from r°

Nincl
‘ef>! i) \
N;'T Data

,),had ron

0
s Sim

<1 03 Run14 Au+Au @ 200GeV, 0-20%
%‘ L 1.4 <p< 1.‘¥seev o
. —— frg - bkg
Q | defalrlt cut | — frg - bkg - residual
Run14 Au+Au @ 200Ge = ,,| | : |
= E g + | | peak mean = 0.137
E = \ \
— o peak sigma = 0.010
O - S | |
Q@ 1 06 L % } } residual = 5.870e+03
© g % 10 | \ # of sig = 1.064e+05
Z"" i .o:. } } # of fake sig = 1.994e+D3
5 °
O 100 '-.. . ! PHENIX Detector
E L g 0 = ‘ w‘%f&mﬁ ‘Mw‘wﬂmﬁwmfﬁWM‘ PC3 Central TE(I; &
4| L ‘ L Magnet
107 g ° 0 0.2 0.4 . T
= ‘ Mg, [GeV]
10% & °
= °
C ® 0-20% ¢
2 | _
10°E o 2040% TOF -~
E : O
- ® 40-60% 3
= I
10 = e 60-93% * L
1 __ 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 m
0 2 4 6 8 10
pT [GeV] Aerogel
Y
. Wes Beam View East
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N;'/ncl
Experimental details — <gf> ) 15 )Dam

yhadron
y Si
Event generation single n® events =
Simulated detector Decays, multiple scattering,
response to input bremsstrahlung, pair production
particles (photon conversion), etc
Runi4 Au+Au embedding, default cut
Detector response Scale/smear EMCal energy response _é 0.5 ; o 0.20%
correction Embed into EMCal tower signals from real data | V i * 20-40%
0.4 - © 40-60%
i ® 60-93%
PHENIX Charged tracks + associated PID variables 0sl :
Reconstruction EMCal clusters I s )
0.2F :
e*/- track selection S
Analysis conversion pair selection 01k g!:'
module EMCal cluster selection (e.g. Emin>500MeV,
shower shape) ol
0 2 4 6 8 10
p. [GeV]

Nt: reconstructed n’s from e*e'y

<gf>= .
Nin: reconstructed conversion photons from e*e

03/03/2020 Wenqing Fan — BNL Seminar 16



Experimental details — cocktail ratio

» Cocktail ratio (other sources of decay photons)

n® accounts for ~80% of all decay photons observed 'y

Use measured spectra or mr

scaling for heavier mesons 2

_ 2
g fo m, = \/ prtm
contributing to decay photons

decay kinematics

+

parent particle decay products  branching ratio
7° Yy 98.8%

7 Yy 39:3%

n ntnTy 4.6%

n Yy 2.1%

n ntny 23.0%

n wy 2.8%

w % 8.3%

03/03/2020

Wenging Fan — BNL Seminar

Nincl
€N 2o )
N;/r Data

( yhadron )
70
Y Sim

Meson Invariant Yields
1 rrrr *rrrrrrrr-rrrr-
— 7i° x50
—n x10
— o X0.1

—1' X0.01

0o "2 4 6 8 10
meson p_ [GeV]

Decay Photon Yields

4
103 T T |_ ™ T

-
-1
— (1)

— all photons

So 71 T T T T T T S ST T (NN SN ST T T TR TR S T T S

107 1 2 3 4 5
photon P, [GeV]
17



N;'/ncl
Experimental details — cocktail ratio ekl ¥ )Dam

(yhadron )
70 .
» Cocktail ratio (other sources of decay photons) v /Sim

Meson Invariant Yields

n® accounts for ~80% of all decay photons observed T 10

Nhidron / 70

> 102 — n° x50
Use measured spectra or mr O, 1?0 ® —nx10
L] Ll ’_ —
scaling for heavier mesons = \/pi + m? g 1310} :";‘8'81
contributing to decay photons 2102 '
-3
~| 10,
N 107
210
C . 6
. . . O 10
Cocktail Ratio in MB g 107
-8
25:_ [ [ [ [ | [ [ [ I I [ [ [ I | I [ [ [ | I I [ [ ﬂ 10_9 o L L L . i
_ ....-....lllIIlllIIIllIlllIllllllllllllllllllll_: 107, > ) 6 8 10
1.2¢ — L ] meson p_ [GeV]
- ..I. N T
15F o 3 . Decay Photon Yields
115— - 5 :183””“'”'””;5‘0”'
. | | -
- ] —"
1.05Fg : —n
C ()
1F Coeoo by e ey e ey ey — all phOtOl’]S
0 1 2 3

So 71 T T T T T T S ST T (NN SN ST T T TR TR S T T S

10 1 2 3 4 5
photon P, [GeV]
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Systematic uncertainty on Ry

» Nircd/Nte from real data:
** N2 (%) extraction (~2%)
+*» Conversion sample purity (<1%)

Runi4 Au+Au @ 200 GeV, 0-20%

Energy scale and resolution (3%) — 10
o O\o - E scale (type B)
Conversion photon loss due to — - v efficiency (type B)
. . (I>)‘ L n° yield extraction (type A)
second conversions = material 8 acceptance (type C)
o e conversion loss (type C)
bUdget (3%) T e input P, spectra (type B)
. . B w/=° ratio (type C)
y efficiency (~“1%) 6~
. - oee ° ° °
Active area (1%) i ’ ’
Input pr spectra (1%) 4r
» Cocktail ratio: 21~
*» n/mn° ratio (2%) [
1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
*** Other mesons (<1%) 0= 4 6 8 10

P [GeV/c]

03/03/2020 Wenqing Fan — BNL Seminar 18



Systematic uncertainty on Ry

Energy scale and resolution (3%)
Conversion photon loss due to

second conversions = material
budget (3%)

y efficiency (~“1%)
Active area (1%)
Input pr spectra (1%)

03/03/2020

Fraction

0.5

0.5

Run14 Au+Au, embedding, default cut

Runi4 Au+Au, embedding

All sectors

- Active area (Acceptance) |

All sectors

e e
I
® 0-20%
® 20-40% -
o 40-60% 'Second photon loss
® 60-93%
Il ‘ Il Il Il Il Il Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il
i All sectors i All sectors
I .
miror
oosee * ° ° *

Wengqing Fan — BNL Seminar

8 s Shower shape cut
L s L
° . ® 0-20% ® 0-20%
# ® 20-40% ® 20-40%
® 40-60% ® 40-60%
® 60-93% ® 60-93%
1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il
0 2 4 6 8 0 2 4 6 8 10
ps° [GeV/c] p° [GeVic]
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Systematic uncertainty on Ry — energy scale

» Nincd/Nte from real data:

** N8 (1t°) extraction (~2%)

+*** Conversion sample purity (<1%)

“* Energy scale and resolution (3%)

Conversion photon loss due to
second conversions = material

budget (3%)

y efficiency (~1%)
Active area (1%)
Input pr spectra (1%)

n/m° ratio (2%)
Other mesons (<1%)

Run14 Au+Au, embedding, default cut

g | All sectors
s
o 1
©
© |
m -
' Energy threshold cut
- ] ]
0.5 s
B ° . ® 0-20%
, ® 20-40%
® 40-60%
® 60-93%
oo b b
% 2 4 6 8 10
p_‘ie [GeV/c]
PHENIX Detector

PC3
TEC

PC3 Central

Magnet

Aerogel

West Beam View East

Yyor =we’L



Systematic uncertainty on Ry — energy scale

» Use nt® mass to check energy scale and resolution

—_
()]

Normalized count [a.u.]

—
T T T T

0.5

Run14@AuAu, Simulation vs Data
| PbSc, 0.70 < (Ey‘+EY2)/2 <0.75 GeV/c
—— Data, 60-93%
—— Embed, 60-93%

—— Simulation

o, AP SIS | PR A S
c e Ly | I | I

0.05 0.1 0.15 0.2 0.25 0.3

0.15

©
—
N

n°(yy) peak mean [GeV/c?]
o
@

0.12\\\\\\\\\ TN I T TN T N N N N
0 1 2 3 4

m,, [GeV/c?]

Run14 Au+Au @ 200GeV, 60-93%

| PbSc, Simulation vs Data

Q
@@8@$ég§@g

Runi4 Au+Au, e'e’y simulation, loose cut

A
(S
3%}
Vv O central energy scale
0.4~ © energyscale +2%
| © energy scale - 2%
I 8 8
@ O
0.2 8
- g 8
@@9 change the over all
i energy by +/-2%
O 1 | | | | | | | | | | | | | | | |
O‘I .05 ;— 111 sys err. +2.8%
-— C 12 ¢ © o)
© 1_——%%%%—9——@———%————9——
o
0.95 :— ? sys err. -2.9%
0 2 4 6 8 1

5
(Ev1+EY2)/2 [GeV] Wenqing Fan — BNL Seminar

pie [GeV/c]
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Systematic uncertainty on Ry — energy scale

» Use nt® mass to check energy scale and resolution

Run14@AuAu, Simulation vs Data Runi4 Au+Au, e'e’y simulation, loose cut

— 1.5
:; | PbSc, 0.80 < (EY,+EYZ)/2 <0.90 GeV/c A\
S, b — Data, 0-20% T
= i  Embed, 0-20% \Y | © central energy scale
o L
o 1 0.4~ © energyscale +2%
S L
.GNJ © energy scale - 2%
g L
= - 8
5 0.5 I i 8
= - o)
s i 8
O o o
Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il 0.2 — @
0.05 0.1 0.15 0.2 0.25 0.3
m,, [GeV/c?] i . 8
015 Pun14 AurAu @ 200GeV, 0-20% @@@ change the over all
TR : - L
© | PbSc, Simulation vs Data energy by +/-2%
> | Energy asymmetry a<0.2
(O} L
O,
c -
80'147 999@@@%%8 O_||||||||||||||||||
e C sys err. +2.8%
~ 01 05 C JuSeN
] = r 1o © o o
) 4] 1i—— —-— o — o9 — —— 6 — —
o o C I o o) o
’; 013 I - (}lfl Q
= O Data 0.95 sys err. -2.9%
o n n n 1 n n n 1 n n n 1 n n n 1 n n n
& L O Embed O 2 4 6 8 1
- ee ]
) J 2 T T T S p [GeV/C
0 1 2 3 4 T ;

5
(Ev1+EY2)/2 [GeV] Wenqing Fan — BNL Seminar



Systematic uncertainty on Ry — material budget

Run14 Au+Au, embedding

c All sectors
S |
. ) B o
N2g (%) extraction (~2%) e |
) . (TH g0 © [ ) L] °
Conversion sample purity (<1%)
05
: Second conversion loss
Energy scale and resolution (3%)
“* Conversion photon loss due to L T S e
second conversions = material Py [GeVic]
PHENIX Detector

budget (3%)

y efficiency (~1%)
Active area (1%)
Input pr spectra (1%)

n/m° ratio (2%)
Other mesons (<1%)

Aerogel

West
03/03/2020 Wenging Fan — BNL Seminar

Beam View

East
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Systematic uncertainty on Ry — material budget

Nt22 (1t°) extraction (~2%)
Conversion sample purity (<1%)

Energy scale and resolution (3%)
“* Conversion photon loss due to

Fraction

0.5

Run14 Au+Au, embedding

All sectors

: Second conversion loss

0 2 4 6 8 10

second conversions = material Py [GeVic]
bud get (3%) PHENIX Detector
- S G e
y efficiency (~1%) /}Pcz T
/A
. o
Active area (1%) second
Input pr spectra (1%) conversion
o
=)
Il
&
n/m° ratio (2%) =
Other mesons (<1%) \
eroge
A
West Beam View East
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Systematic uncertainty on Ry — material budget

Run14 Au+Au, embedding

c All sectors
o .
5 -
(@]
(1)
E g0 ® o [ ] [ ] [}
0.5+
| Second conversion loss
“* Conversion photon loss due to O T T s T T e 0
. . ee
second conversions = material py” [GeVic]
bud get (3%) PHENIX Detector
FCS
1000 PHENIX Magnetic Field Iate second ) Yy
. : . /
\ configurations conversion
both coils = ++
= outer coil only = +
g inner and outer coi TOF- .
8 5000 opposedd= +-t ' ;
= 8
o I
K
e
0 """"" ‘I """"""" |"'|""""'| "|"'|"'|"'|"'|"'|""""|'"|' """"
0 20Igistance3 (r)?cm] 400 500 Actosel
Y
West Beam View East
22

03/03/2020 Wenging Fan — BNL Seminar



Systematic uncertainty on Ry — material budget

} Use Single v SimUIaﬁon to Run14 Au+Au, y simulation, p_1-2GeV/c

check the conversion £ [ Aisectors

HF f s % 20— P, LN
prOba bl I Ity / rad latlon Iength c |~ BEAM PIPE 0.13% (100%)  0.17% 0.04% (-)
(@) VTX PXL1 0.98% (100%)  0.99% 0.01% (-)
7 (7) I~ VTXPXL2 0.97% (100%) 0.99% 0.02% (-)
S | VTXSTRP1 3.50% (100%)  4.14% 0.64% (-)
— GJ %, % . -,
pCO’I’L’U f— 1 R ea’;p(_ § x / x O) E 0 _vrxsmpz 3.39% (100%)  4.14% 0.74% ()

(@) | Total 9.38% 10.84% 1.46% (-1.46%) -

(& .
-20 —
| |

50 ' ' ' 0
conversion Y [cm]

1000 PHENIX Magnetic Field

configurations

both coils = ++

outer coil only = +

inner and outer coild
opposed = +-

B,: [Gauss]
[
o
o
o

A
- AA
AA
0’““\@'\'"\ """ el el et e et ety Bt Bkl Aot el ol Il bl T el el el b--r-- i

400 500

00. 30?
istance r [cm]
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Systematic uncertainty on Ry — material budget

» Use single y simulation to
check the conversion

probability / radiation length

7
Pconv = 1 — Ext]?(—-gi‘)(/a)(o

» Conversions at small
magnetic field will merge
into the same cluster will be
reconstructed as photon

1000

Run14 Au+Au, y simulation, P, 1-2GeV/c

PHENIX Magnetic Field
configurations

¥ e both coils = ++

" outer coil only = +
inner and outer coild
opposed = +-

$<0.2T

B,: [Gauss]
[
o
o
r

03/03/2020

—
e All sectors
o -
Rd
% 20— P, LN
c L BEAM PIPE 0.13% (100%)  0.17% 0.04% (-)
e) VTX PXL1 0.98% (100%)  0.99% 0.01% (-)
) —  VTXPXL2 0.97% (100%)  0.99% 0.02% (-)
CT) | VTXSTRP1 3.50% (100%)  4.14% 0.64% (-)
) S VTX STRP2 3.39% (100%)  4.14% 0.74% ()
c O0—
(o) Total 9.38% 10.84%  1.46% (-1.46%) -
(& B .
-20 —
|
-50
Run14 Au+Au, y simulation, p_1-2GeV/c
— T
& 500 — All sectors
O, B Pim, e P @)
p e BEAM PIPE 0.13% (100%)  0.17% 0.04% (1) ; \
c —  VTX PXL1 0.98% (100%)  0.99% 0.01% () \ N\
o VTX PXL2 0.97% (100%)  0.99% 0.02% (-) ) 20N \\
B | VTXSTRP1 3.50% (100%)  4.14% 0.64% (-) 7 X S\ '\
e | VIXSTRP2 3.39% (100%)  4.14% 0.74% (-) / \ \
o VO e
= 1 ; il
c 0 |— pc+pct 0.85% (65%) 1.70% 0.84% (-) b4 ] ||
o RICH 2.11% (50%) 1.62% 0.49% (+) \ f !é
O —  PC2 1.77% (50%) 2.08% 0.30% (-) \ / o/ 4
AGL 6.89% (40%) 8.10% 1.21% () /
/
| TEC 4.46% (30%) 4.86% 0.40% (-) Arl ‘
PC3 1.48% (10%) 1.85% 0.37% (1) ~
L Total 31.66% 35.76%  5.07% (-4.10%) zoocm
Total (effective)  17.06% 19.61%  3.04% (-2.56%)
-500 — |, Lol N Lo
-1500 -1000 -500 0 500

Wengqing Fan — BNL Seminar

conversion Y [cm]
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Direct photons in Au+Au collisions

3
- Au+Au — y +X, |, = 200GeV, 0-20% T Au+Au — v +X, sy, =200GeV, 20-40%
2.5 :_ ® 2014 conversion method [ ® 2014 conversion method
2 prER @ T
~ PH -ENIX - PH ENIX
- preliminary - preliminary
15 - @
- g - g o
NN CCCL OO
1 _____________ -_— - - - - _ - - - - T T T T = —_—
05 B 1 1 1 | 1 1 1 | 1 1 1 | 1  — B 1 1 1 | 1 1 1 | 1 1 1 | | | |  —
T Au+Au — y +X, \sy, =200GeV, 40-60% T Au+Au — y +X, s, =200GeV, 60-93%
2.5 | ® 2014 conversion method | ® 2014 conversion method
. PH <ENIX - PH<ENIX
- preliminary $ - preliminary
15— —
i ¥ C 8 B . @
- o[ele] [ - o o
1______________,___ ___‘@B _____________
0.5 B | | | i 1 B 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | I 1
0 2 4 6 8 10 2 4 6 8 10
P, [GeV/c] P, [GeV/c]
03/03/2020 Wenqing Fan — BNL Seminar

A new measurement
with improved
statistical precision
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Direct photons in Au+Au collisions

3
o T Au+Au — y +X, |s, =200GeV, 0-20% - Au+Au — v +X, |5, =200GeV, 20-40%
~ e 2014 conversion method { ~ e 2014 conversion method
o5 ¢ PRC91,064904 (conversion) __ ¢ PRC 91, 064904 (conversion)
-+ PRL 104, 132301 (virtual y) { } - ¢ PRL 104, 132301 (virtual y)
I ¢ PRL109, 152302 (calorimeter) { } ~ ¢ PRL 109, 152302 (calorimeter)
L oiEr B i o }
- PH ENIX ¢ - PH :ENIX {
- preliminary i ¢ - preliminary { } }
15 s @ — }H’H !
naltd % | : gt B
R RN -+- - R oK
1 T T T T %— ————— — — T — — — ——
05 B 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 1 _ 1 1 1 | 1 1 1 | 1 1 1 | 1 1
f T Au+Au — y +X, |5, =200GeV, 40-60% T Au+Au — y +X, s, =200GeV, 60-93%
| e 2014 conversion method | e 2014 conversion method
2.5 [ ¢ PRC 91, 064904 (conversion) ¢ PRC 91, 064904 (conversion)
¢ PRL 109, 152302 (calorimeter) - ¢ PRL109, 152302 (calorimeter)
" PHENIX - PH ENIX
- preliminary }&]{ } - preliminary
Pt IE
N : 4 1 - [ } } ] ‘
ERITTY ¢ - } {
f ey § ORCEC 0 Chlgy ® BRI TRRCR
0.5 B 1 1 1 | 1 1 1 | 1 1 1 | B | | | |.
0 2 4 6 8 10 2 4 6 8 10
P [GeV/c] P, [GeV/c]
03/03/2020 Wenqing Fan — BNL Seminar

A new measurement
with improved
statistical precision

Consistent with
previous published
results using
conversion method,
virtual y method,
calorimeter method

Full overlap with the
published low pr and
high pr
measurements
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Prompt photons in p+p collisions
. 1.3 X
» New measurement of Ry in p+p at 200GeV 00 Gev
direct __ . hadron - =] Int. conv.
Y T (R'Y 1)7 1.2 | e | Ext. conv.
= | p+p = 7v+X I ?
| (s = 200 GeV o1 % "'
102 £ | ® | Int. conv. I :
'%' E\ — S +.+|..I...! .......... * ......................................
(oY) B _*® | Ext. conv. . -
5 B 2 o i PH-ENIX
D 2 —f(pT)=A 1+p_0 i preliminary
G N
c preliminary T
o » Fitting function
el P\
95 106 L b 6.74x10° 2.10 -3.30
LLJ N :
pQCD inspired function
: Systematic errors include the fit
10_8', ol L errors, different functional forms

03/03/2020

0 2 4 6
P, [GeV/c]

8 10
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Thermal photons in Au+Au collisions

— 10°
a L L
g Au + Au — vy + X, \s,, =200GeV, 0-20% | Au+Au — y +X, \s,, =200GeV, 20-40%
8 [ PRC 91, 064904 (conversion) | PRC 91, 064904 (conversion)
z> 10 ¢+ PRL104, 132301 (virtualy) [ ¢+ PRL 104, 132301 (virtual y)
% -g_l— (Ul + PRL 109, 152302 (calorimeter)_ ¢ PRL 109, 152302 (calorimeter)
-:_" [ " ° 2014 conversion method [ % ° 2014 conversion method
| el o’ p2in Pr
S\ N, scaled pp fit: A 1+p—(T) —— N, scaled pp fit: A 1+p—;
107
107°
10—7 - \\//— |- \\//_
- PHENIX - PHENIX
| preliminary _ preliminary
5 10°T -
g Au +Au — v +X, \/s,, =200GeV, 40-60% Au +Au — y + X, VSNN =200GeV, 60-93%
[0) 3 L
O] PRC 91, 064904 (conversion) PRC 91, 064904 (conversion)
= 10 n
pd %"_ ¢ PRL 109, 152302 (calorimeter) ¢ PRL 109, 152302 (calorimeter)
q
gelffel N .
-g_»— [ ° 2014 conversion method [ o 2014 conversion method
~ 107 p2ln = p2 o
N —— N, scaled pp fit: A 1+p—O | — N, scaled pp fit: A 1+p—0
107
107
107 oY en N
- PHENIX - PH<ENIX
| preliminary _ preliminary
10—9 | [
0 2 4 6 8 10 2 4 6 8 10

p, [GeV/c] p. [GeVic]
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Thermal photons in Au+Au collisions

& 107 T
— 1 _ o 1 1 _ o 1
§ 7Au +Au — y i X, \isNN =200GeV, 0-20% I7Au +Au — vy i X, \/sNN =200GeV, 20-40%,
8 Il N + : PRC 91, 064904 (conversion):’ + :PRC 91, 064904 (conversion):
:> 10 . + yPRL 104, 132301 (virtualy) 1. 4 ¢ gPRL 104, 132301 (virtualy) 1§
% g._ | » * :PRL 109, 152302 (calorimetei, " * :PRL 109, 152302 (calorimeteq
-g_" [ ’0 ® ;2014 conversion method 1 9‘ ® ;2014 conversion method 1
D g1 0_1 1 p2 nll $ ] p2 nll
o —1 Ny scaled pp fit: Al 145 | g ——1 Ny scaled pp fit: Al 14" | 4
N § ! N 1 °/
1 — 1 # 1 - 1
10 1 - I
1 | 1
- 1 1— 1
L ' . s [
10—5 - 1 1 1
1 " [
L 1 [ | [
r 1 N |
_ 1
107 F o oY en :
PH-<ENIX! PH-<ENIX!
| preliminaryd I_ preliminaryl 1
L 1 1 1 [
3 i Ll i i l i Ll i i !
i 10 B I 11 il I I I i I 11 il I | I i
§ 7Au +Au — y g X, \s,, =200GeV, 40-60%|7Au +Au — y X, |s,, =200GeV, 60-93%
1 1 1 [
> i L
0] ¢ 1PRC 91, 064904 (conversion)i ¢ 1PRC 91, 064904 (conversion)l
= 10 1 - 1 N
=z %‘ s ¢ g PRL 109, 152302 (calorimeten ¢ gPRL 109, 152302 (calorimeten)
o Q.'_ L s 1 - 1 1
O ” ® 12014 conversion method LI ® 12014 conversion method 1
— 2'1 0—1 i " 1 p2 n Ij - 1 p2 nll
S\ 4 ——# N, scaledppfit Al 145 | B ¢ — N, scaled pp fit: A| 14350 | 1
Po/ u- B 1 Po/
_ " i*; 1 I
-3 ™\ 't 1 1
10 ;. . '
[ 1 [
- 1 1
_5 L 1 1
10 1- 1 |
1 1
[ 1 1
1 1 |
107 prves U pn END '
- PHENI + PHENIX :
| preliminar . — preliminary:
i 1 1 1 I
1 0—9 I ‘ 11 i. ‘ I ‘ I ‘ I i‘ I ‘ 11 i. ‘ I ‘ | ‘ I -
0 2 14 6 8 10 2 14 6 8 10
B m mmm wmom omomom d o m mmmm momom
P, [GeV/c] P [GeV/c]

|

‘l

. At high pr1, Au+Au data consistent |

with Ncoi scaled p+p =» the
dominant photon source is hard
scattering
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Thermal photons in Au+Au collisions

&_‘103:.----! 1-----=
g 1 Au + Au —>: v+ X, VsNN =200GeV, 0-20% & Au + Au —i y +X, \/sNN =200GeV, 20-40%
0 r
8 ; N 4 PRC 91, 064904 (conversion) § 4 PRC 91, 064904 (conversion)
= 1 1
s 10 . 4 PRL104, 132301 (virtualy) Ty 4 PRL104,132301 (virtual y)
n 1
% -g_l— . L] L PRL 109, 152302 (calorimeter)g i 4 PRL 109, 152302 (calorimeter)
-g_" n ’0 0: 2014 conversion method 1 9‘ 0: 2014 conversion method
— —1 e 2
2107 F 1 ) p2i\n E 1 . pZ in
i L —5—— Ngy scaled pp fn:A<1+p—; @!E —5— N scaled pp fit: A 1+p—;
n 1 1
10° ¢ :
. I
N ' L
' 1 ! 1
-5 L 1 r .
10 1
" 1 " 1
- 1 = 1
! 1 ! 1
n 1
107§ prreas T b EN
: PH-_ENIX 1 PHENIX
r preliminary - prelimingry
r 1 r 1
1
3‘1lllllllllllllllllll‘llllllllllllllllllll
g 107k 1 E 1
g eru +Au 5 v +X, VsNN =200GeV, 40-60% :Au + Au v+ X, VSNN =200GeV, 60-93%
[0} = 1 = 1
0] ! % PRC 91, 064904 (conversion) : % PRC 91, 064904 (conversion)
= 10F 1 r 1
= %"_ ", {  PRL 109, 152302 (calorimeter)! 4 PRL 109, 152302 (calorimeter)
N i | B
o] foX 1 1
'g_._ n Q’ § 2014 conversion method o § 2014 conversion method
— =y L
108y, ey A
Al —1— Ny scaled pp fit: A| 145~ . TT —1—— Ny scaled pp fit: Al 1+5-
1 : RN A ’
=10 : E: e |
1077 B 1 !
" 1 " 1
- = 1
L] 1 L}
5 1 !
10°) , r
4 ' 1
" . r
I ' 1
10—7 - Y T \\//—
i PHENIX i PHENIX
g preliminkry g preliminbry
L ] b 1
i 1
10—9lllll:llllllllllllll‘llllll:llllllllllllll
d 2 4 4 6 8 10 2 4 4 6 8 10
P, [GeV/c] P [GeV/c]

i
|
|

. At high pr1, Au+Au data consistent |

with Ncoi scaled p+p =» the
dominant photon source is hard
scattering

At low pr, Au+Au data shows a |
clear enhancement wrt the
prompt contribution below 3GeV
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Direct photon scaling with new 2014 results
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What’s next — onset of QGP?
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What’s next — what is the source of low pr direct photons?

» Looking into the centrality dependence of low pr direct photons
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Summary

» Presented a new measurement of low pr direct photon yields in Au+Au
collisions at 200 GeV for different centrality bins with 2014 dataset
A new reconstruction algorithm is developed to analyze this dataset, which can
also be used in all other collision systems

Consistent with previous published results, confirming the universal scaling
behavior of direct photon multiplicity

Higher statistical precision, a full overlap with the published low pr and high pr
measurements

» Ongoing analysis to measure low pr direct photon in finer centrality classes
to study the source of the photons in more detail
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