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Direct Photon sources in heavy ion collisions

Magnetic field, Glasma?
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direct photons

Extracting thermal photon requires the systematic uncertainty of decay photons and
prompt photons subtractions less than 10 %



Direct photon challenge

- Large yield and large anisotropy
is observed at PHENIX —> €
challenge to theoretical models: €

(a) Invariant yield

— Fireball, Primordial 1
-~ Fireball, Primordial 2

0.2}

_ o < a —— Semi-QGP w/o viscous 0_15:
- Large yield -> Early emission q"j" 1 :
. 0.1}
- Large v2 -> Late emission 1 & -
| 107 0.05
In order to understand this, - :
PHENIX has measure data in: 1072} 0
- Large systems: Au+Au 200, 0.2}
10°F :
62, 39 GeV and Cu+Cu at 015
200 GeV ol :
10 E Au+Au 20-40% 0.1} n
- Small systems: p+p, p+Au, - \5,,=200GeV | +B
d+Au (MB) at 200 GeV 10°F 0.05 N
: Yleldlls fromlPRC 9110649041
o 1 2 3 4 oo....1.. 2....3...4...
p. (GeV/c) P, (GeV/c)



Photon measurement techniques in PHENIX

Measuring energy deposited by
photons in Calorimeter

Good resolution at high pt

Low pt contaminated by hadrons
Internal photon conversions

Measure virtual photons

Reduction in background from
hadron decay by a factor of 5

Low pt reach is limited(~1 GeV)
as well as high pt

External conversions
Measure real photons

Extends pt<1 GeV and good
resolution

High pt reach is limited
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External conversion method

Photon convert in :

@ HBD backplane (~60 cm)(2008- 2010
data).

@ VTX layers (2011- 2016 data)
Sample purity >98 %

Double ratio tagging method:
cancelation of systematics
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e Measured raw yields
e Conditional tagging efficiency
e Simulated based on hadron data

,Ydirect — ( RY . 1) ,Yha.dron



External conversion method

Photon convert in :
@ HBD backplane (~60 cm)(2008- 2010 50

data) v N TR

@ VTX layers (2011- 2016 data)
Sample purity >98 %

Double ratio tagging method:
cancelation of systematics

\ y )Sim

y -2 ete”

mass distribution of different conversion radius

O~1cm, 342 - 1.5-2.4cm, 105
2.4-3.6om, 572 4.8-6.2cm, 645
T e 10-150m, 2821 — 15~21cm, 3969

o] e 20-280m, 675

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

00 002 004 0.06 008 Oé 0,12 0.14 0.16 0.18 0.2

- Measured raw yields
¢ Conditional tagging efficiency
¢ Simulated based on hadron data
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External conversion method

y 2 ete”

Photon convert in :
HBD b kol ( 6 O c ) ( 5 008 201 O 50 mass distribution of different conversion radius
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Double ratio tagging method: --------- 1% ; I (@) IR

u-‘ n l']' '4.‘*,' Ii1.'l‘ i E \ §iel’ "‘l bn i | |
00 0.02 0.04 0.06 0.08 é 0.12 0.14 0.16 0.18 0.2
Myry (GeV)

- Measured raw yields
- Conditional tagging efficiency
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External conversion method

Photon convert in :

@ HBD backplane (~60 cm)(2008- 2010
data).

@ VTX layers (2011- 2016 data)
Sample purity >98 %

Double ratio tagging method:
cancelation of systematics
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- Measured raw yields
- Conditional tagging efficiency
¢ Simulated based on hadron data
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Large systems




Direct photon in Au+Au 200 GeV

Phys. Rev. C 91 064904(2015)
lol = T T T T T T T ]

¢ pp da ] - Direct photon yield is well
10° 4 CPRL98 012002 established
I v PRD 86, 072008 |
10_1 3 \ - pp fit E
\ 4 ; - pp consistent with pQCD
= 1072k \ g AutAudata -
Py A \ g s PRL 104, 132301
Y « PRL 109, 152302
> 1073} ¢ o Present data 5 - AuAu follows Ncoll scaled pp
2 0 y —Non-scaled pp fit | above 4 GeV
g 1, V5NN =200GeV
BS 107 - Significant excess below 3 GeV in
|5 10-6 | Au+Au 200 GeV
e}
107 | :
- Excess has nearly exponential
108 | shape
0 2
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Direct photon in Au+Au 200 GeV

T T I T : T T T T E|
Phys. Rev. C 91 064904(2015) @) (b) s
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There is no strong centrality dependence

In the slope »



Update: Direct photon v2 in Au+Au 200 GeV

0.3

0.2

Ydir
2

| AutAu, |s,, = 200GeV e PRCY4, 064901

v, nl<0.35, 0-20% : 2’;54182;;22302 (BBC)
__ N
i PH <ENIX
u preliminary
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- We improved v2 measurement
* v2 high pt compatible with zero (direct photon source is hard scattering)
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Cu+Cu 200 GeV

arXiv:1805.04066
- (a) Cu+Cu MB (b) Cu+Cu 0-40%
—o— Cu+Cu '
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*Consistent with Au+Au 200 GeV

results at similar Npart
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Au+Au 62.4 GeV and 39 GeV

‘r‘
% AutAu - 7+ X, |y|<0.35 5 Au+Au— 7y + X, |y|<0.35
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- Clear direct photon signal in Au+Au at 62.4 GeV and 39 GeV
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Integrated Yield vs Npart

10°F S~
= PH ENIX
n preliminary
- Au+Au -7+ X, |yl <0.35
10 ® VYo, At Sy, =200 GeV PRC 91, 064904
= 7, at |Sy,=624GeV
~ - A Yy, at \'s,, =39 GeV
O _ CusCu—y+X, ly|<035
1 )
Z = v Y. - at |'s,, = 200 GeV ?"
-D - dir " prompt o*
10
- p, >1.0 GeV
- Fit=A x N:m
10k o =1.35+0.09
=2 1 1 1 1 | 1 1

10°

—
o

Noart

Similar increase with Npart for different systems
Npart saturates at same value for similar size systems at different beam energies

—> Limitations to compare different collision energies "



Interplay between soft and hard scale

arXiv:1805.04084
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Direct photon scaling

arXiv:1805.04084

® Au+Au, s, = 62.4 GeV, 0-86%

2L
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Direct photon scaling

arXiv:1805.04084

® Au+Au, |5, = 62.4 GeV, 0-86% V5 = 200 GeV:

¢ AusAu, {5 =39 GeV,0-86% | ¥ B Au+Au, 0-20%
O P+p, 15 =624 GeV [ ® Au+Au, 20-40%
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Direct photon scaling

arXiv:1805.04084

3 ® Au+Au, fs,, = 62.4 GeV, 0-86%
107 ¢ Au+Au, [s,, = 39 GeV, 0-86%
O P+p, Is =62.4 GeV
L ] P+p, 15 =63 GeV
4 — PQCD, s = 62.4 GeV
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8
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S I
S
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)
-
Q 10°®
o
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107'°
107"

fs;, =200 GeV:
B Au+Au, 0-20%

i ® Au+Au, 20-40%

[ A Au+Au, 40-60%

- O P+p, ¥s =200 GeV
== p+p fit, ¥s = 200 GeV
.... pPQCD, s = 200 GeV

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

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

.... PQCD, ¥s = 200 GeV

PHENIX

Universal behavior at low pT
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Direct photon scaling

arXiv:1805.04084
102

A+Alp+p =y + X a=1.25
¥ Pb+Pb, s, = 2760 GeV PHENIX

=~ W Au+Au, \s,, = 200 GeV
® Au+Au, \s, = 62.4 GeV
0 Au+Au, sy, = 39 GeV

¥ Cu+Cu, |s,, = 200 GeV
O p+p, Vs =200 GeV
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N, Scaled prompt photons

p+p fit, Vs = 200 GeV
—~pQCD, s = 2760 GeV
—~pQCD, Vs =200 GeV
—pQCD, Vs =62 GeV
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small systems
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Direct photon scaling

_1;A+A/p+p—~y_+x -
10 = | Pb+Pb, \s,,, = 2760 GeV PHENIX a=1.25
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Small systems



p+p 200 GeV

= p+p — v +X = p+p = v+X
/s =200 GeV: F | /s = 200 GeV
— 107 3 . Int. conv. m— 107 & . Int. conv.
O - Ext. conv. O :\\ i Ext. conv.
Q : % B 2
= > = - _ Py "
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New fit using three different data sets
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New result p+Au 200 GeV

1.3
- A+B — vy +X o
I \/STJN = 200 GeV, Ext. conv: <8yf>( Nro ]
_ 5o y" Ny ™)
L | ®m | p+Au, 0-5% R, = v - hadm’n D
<[ & | p+Au, 0-100 % (7 - }
- e pep 7 Jom
E - i dzrect ( Ry . 1) ,yha.dron
——
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preliminary
|
4 6
P. [GeV/c]
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p+Au 200 GeV

p+Au —y+X
1& VSnn = 200 GeV:
— ; = 1 0-100 %, Ext. conv.
LT
S 10
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© e
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p+Au 200 GeV

i A+B — v +X
16 * VS = 200 GeV:
— E .d+Au, 0-100 %, Int. conv.
™ i ]
NO 1 I' ® ' p+Au, 0-100 %, Ext. conv|
L 107 :
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p+Au 200 GeV

i A+B — y +X
16 * VS = 200 GeV:

— E " . d+Au, 0-100 %, Int. conv.
(ap] B [ ]
q;O 101 & I' ' " | p+Au, 0-100 %, Ext. conv
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R_p+Au 200 GeV

5
5r (5 =200 GeV, Il <035 I /Sy = 200 GeV, Il < 0.35
! = p+Au, 0-100 % = p+AU, 0-5%
4k ar |
5 3 - 2 3 _ + —~———
3 P ! PH.ENIX
5 0 PH ~ENIX &0 reliminar
o preliminary o oL + P y
2 B N ]
! + "
LT A —
0 : | 1 | | oL | | 21 | é é 10
0 D 4 6 8 10 0 2 GeV/]
p. [GeV/c] S
d*N* / dp,dn
R = I NENP  dp,d
< coll> pT 77
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R_p+Au 200 GeV

5
ST Is\n = 200 GeV, iyl <0.35 i Sy =200 GeV, Inl < 0.35
! ® | p+Au, 0-100 % i = p+Au, 0-5 %
4~ — Thermal, Shen et al 4 I — Thermal, Shen et al
I pQCD, Shen et al B B N pPQCD, Shen et al
T PHENIX 50 + PH “ENIX
IQ' i preliminary oC . preliminary
2 B m " 2 -
AN N il i L I
1 - /.,_.\""'—#*- ......................... 1 :_...‘.‘.‘._._._._._._.__-..-.-.-.-:::::T:::..t ................................
O i coe e e ey - T T T T
0 2 4 6 8 10 % 2 4 6 8 10
p. [GeVi/c] p. [GeV/c]
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Direct photon scaling

arXiv:1805.04084
102

I BLRLLLL

A+Alp+p =y +X a=1.25
¥ Pb+Pb, s, = 2760 GeV PHENIX

=~ W Au+Au, \s,, = 200 GeV

® Au+Au, s =624Gev T i
9! Au+Au, {5y = 39 GeV s

¥ Cu+Cu, |Sy, = 200 GeV ™

O p+p, Vs =200 GeV
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N, Scaled prompt photons

p+p fit, Vs = 200 GeV
—pQCD, Vs = 2760 GeV
—pQCD, Vs = 200 GeV
—pQCD, Vs =62 GeV
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small systems
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Small system and scaling

[IRLLLL

| llllllll [IRLLLL

P(d.A) + p(A) - 7, + X T~ o=1.25
11 Pb+Pb, S, = 2760 GeV PH <“ENIX

W AurAu, [Syy = 200 GeV preliminary
® AutAu, (s, =624Gev T . 1

9! Au+Au, s, = 39 GeV s.--9
¥ Cu+Cu, |5, = 200 GeV ?_.r"

# d+Au, |s,, = 200 GeV -¥

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

N, scaled prompt photons

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

1 1 lllllll 1 1 Illllll 1 1 lllllll

3
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Summary and Outlook

- Well established measurements of low pT direct photons in Au+Au at 200 GeV :
- Large yield above expected in the low pT region
. Large anisotropy vo observed for the direct photons

- Theoretical picture still incomplete to describe large yield and vo simultaneously
* New results from Cu+Cu at 200 GeV,Au+Au at 62.4GeV & 39GeV and p+p,p+Au at 200 GeV

Discovered a scaling behavior in large systems:

- Across energies Ncoll is proportional to (chh/dn)1'25
- At the same center of mass energy, low at high pT scale with Ncoll

- At all energies, low pT yield scale with (dNch/dn)'2°

- Measure a excess of direct photon in central p+Au at 200 GeV
- Data suggest transition from p+p to A+A like scaling
* Future measurements from PHENIX :

- Search for direct photons in small systems: d+Au (2016) BES, SHe+Au (2014)
- High statistics (factor>10) Au+Au data from 2014 & 2016
- Data from different collision geometry Cu+Au (2012)
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Teff vs Collision Energy

T =
> 400 == ALICE \s,, = 2760 GeV, 0-20%
s - PHENIX |s,,, = 200 GeV, 0-94% Fitrange p_< [0.9 GeV, 2.1 GeV]
& - Fitrange p_« [1.0 GeV, 5.0 GeV] Pb+Pb T, =297 + 12 + 41 MeV/c
— 350— Cu+Cu T, =288 + 49 + 50 MeV/c Phys. Lett. B 754, 235 (2016)
300 - PHENIX |s,,, = 62.4 GeV, 0-86%
Es Fit range P, € [0.5 GeV, 2.0 GeV] ®
= Au+Au T, =211+ 24 + 44 MeV/c |
250~ =y '@ PHENIX s, = 200 GeV, 0-92%

Au+Au T, =242+ 28+ 7 MeV/c

| * Fit range p_e [0.6 GeV, 2.0 GeV]
Phys. Rev. C 91, 064904 (2015)

200 F—PHENIX \s,,, = 39 GeV, 0-86%
—Fit range P, € [0.5 GeV, 2.0 GeV]
150 Au+Au T =177 + 31+ 68 MeV/c

1 I 2760 GeV Pb+Pb: y subtracted

100 = Y 200 GeV Au+Au:y" " subtracted
= PH>/7\§E NIX 200 GeV Cu+Cu: ymmp' , Subtracted
50— relimin 62.4 GeV Au+Au:y unsubtracted
- p € a ry 39 GeV Au+Au:y mm:"unsubtracted
1 1 lllllll 1 1 lllllll L 1 lllllll 1 1 lllllll
1 10 10° 10° 10°
\s [GeV]

Possible increase of Teff with increasing beam energy
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