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» Small systems (pp, p—Pb) vs. Pb—Pb — not so trivial (see S. Porteboeuf-Houssais' plenary
talk on Wednesday at 11pm)
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» Small systems (pp, p—Pb) vs. Pb—Pb — not so trivial (see S. Porteboeuf-Houssais' plenary
talk on Wednesday at 11pm)

Experimental approach

> Measure many observables in the three systems and compare (e.g. Rpa. Raa)

» Many hard probes (Z. Conesa del Valle's talk) — among them, direct photons (including also
a valuable soft component)
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Motivation and method

Direct photons in hadron collisions

» Produced at every stage of the collision, not affected by QCD medium — valuable probe

Ydecay
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Yprompt

Y2—2 + Virag + Vthermal = Yinc — Vdecay

Ydirect
Prompt photons (pp, p—Pb, Pb—Pb)

» Dominant at high pr

> Very good description within pQCD at NLO
> Access to parton energy loss (correlations)
» Test p—Pb and Pb—Pb binary scaling

Thermal photons (Pb—Pb)

>
>
>
>

N\ Ydecay ~ 1/pr (exp (—p1/T) +1/p?)

d3N/ dy d?pr

Yenermal ~ exp (—p1/T)

“Yprompt ~ l/p?
Pt

Dominant at low pr

From QGP/hadron gas thermalisation
Access to medium properties

Sensitive to QGP space-time evolution (flow)
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How to extract direct photons?

Low/intermediate-pt component (< 10 GeV/c) — subtraction method

» Direct photons — all photons except from particle decays R g M gt 4
. — (1 “Ydecay — (1 1 4F
“Ydirect = Yinc — VYdecay — - Yinc = - Ri “Yinc ol
Yinc % wb
7 % F
) . i i d )
» Direct photon excess ratio R, = —1°_ = — / — E
Ydecay Tparam / Tparam :;: T e e
. . .. — (P2 ¢
» Ratio advantage — cancellation of some uncertainties [ S

T

B (Geviey
[PRC 99, 024912 (2019)]
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How to extract direct photons?
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High-pt component (= 10 GeV/c) — isolation method
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The ALICE Experiment

EMCal

PHOS

Calorimetry
EMCal Lead/scintillator sampling layers
In| < 0.7,80° < o < 180°
PHOS Lead tungstate crystals
In] < 0.12,260° < ¢ < 320°
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Motivation and method Direct photons at low py Direct photons at high py

The ALICE Experiment

EMCal

ITS

PHOS

Tracking (|n| < 0.9, 0° < ¢ < 360°) Calorimetry
ITS Primary/secondary vertex determination EMCal Lead/scintillator sampling layers
TPC Tracking and particle identification (PID) |m| < 0.7,80° < ¢ < 180°

PHOS Lead tungstate crystals
In] < 0.12,260° < ¢ < 320°

Direct photon measurements in different collision systems with the ALICE experiment at the LHC - Erwann Masson



Motivation and method Direct photons at low py Direct photons at high py

The ALICE Experiment

EMCal

ITS

PHOS

Tracking (|n| < 0.9, 0° < ¢ < 360°) Calorimetry

ITS Primary/secondary vertex determination EMCal Lead/scintillator sampling layers
TPC Tracking and particle identification (PID) |m| < 0.7,80° < ¢ < 180°
Triggering PHOS Lead tungstate crystals

Vo Minimum bias, luminosity and centrality measurement |n| < 0.12,260° < ¢ < 320°

+extended pr reach thanks to EMCal and PHOS triggering capabilities
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ALICE

Photon reconstruction techniques

Photon Conversion Method (PCM)

» Based on photon conversion in detector
material (ITS, TPC)

» Small conversion probability < 9% but
very good energy resolution ~ 1.6 % at
low pt
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ALICE

Photon reconstruction techniques

Photon Conversion Method (PCM) PHOS and EMCal (EMC)

» Direct measurement of photon deposited
energy in adjacent calorimeter cells —

o grouped in clusters for reconstructing
» Based on photon conversion in detector photon energy

material (ITS, TPC)
» Poorer energy resolution at low prt

» Small conversion probability < 9% but (3.3/VE ® 1.1% for PHOS, 11/VE @ 1.7%
very good energy resolution ~ 1.6 % at for EMCal) but higher statistic at high pr
low pt (v triggers)

» Possible combination to reduce uncertainties and cover a broad pt range
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Motivation and method Direct photons at low pt Direct photons at high

Direct photons at low pr, pp at /s = 2.76 TeV [PRC 99, 024912 (2019)]

£ [e]ALICE pp, (s =276 TeV

= NLO pQCD, PDF: CT10, FF: GRV

---NLO pQCD, PDF: CTEQ6.1M, FF: BFG2
[-JJETPHOX, PDF: NNPDF2.3QED, FF: BFG2
E-1POWHEG, PDF: NNPDF2.3QED + PYTHIA8 PS

> At low pr, no excess observed within uncer-
tainties — supports Pb—Pb medium-induced en-
hancement scenario

» For pr > 7GeV/c, ~ lo deviation consistent
with pQCD at NLO (prompt photons)
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Direct photons at low py, pp at /s = 2.76 TeV
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> At low pr, no excess observed within uncer-
tainties — supports Pb—Pb medium-induced en-
hancement scenario

» For pr > 7GeV/c, ~ lo deviation consistent
with pQCD at NLO (prompt photons)

Direct photons at low pt

Direct photons at high py

[PRC 99, 024912 (2019)]
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» 90% C.L. (arrows) — points where R., agrees
with unity within uncertainties

» Consistent with pQCD (Paquet terc 93 (2016)1, VO-
gelsang erp 67 (20031, JETPHOX, POWHEG)
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Motivation and method ALICE Direct photons at low pt Direct photons at high py

Direct photons at low py, pp at /s = 8 TeV [PRC 99, 024912 (2019)]
~ T
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> At low pr, no excess observed within uncer-
tainties — supports Pb—Pb medium-induced en- » 90% C.L. (arrows) — points where R., agrees
hancement scenario with unity within uncertainties
» For pr > 7GeV/c, ~ lo deviation consistent » Consistent with pQCD (Paquet terc 93 (2016)1, VO-
with pQCD at NLO (prompt photons) gelsang rerp 67 (2003)1, JETPHOX, POWHEG)
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Motivation and method ALICE Direct photons at low pt Direct photons at high py

Direct photons at low p1, p—-Pb at ,/syy = 5.02TeV

o 10CFT T L — T3
% NSD p-Pb, |s,, = 5.02 TeV 1
O 105 ALICE preliminary 5
e e T~ Norm. unc. 3:1% |
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> At low pr, no excess observed within uncer-
tainties — supports Pb—Pb medium-induced en- » 90% C.L. (arrows) — points where R., agrees
hancement scenario with unity within uncertainties
» For pr > 7GeV/c, ~ lo deviation consistent » Consistent with pQCD (Vogelsang (prp 67 (2003)1)
with binary scaled pQCD at NLO and a hydrodynamic model (Shen erc 95 (2017)1)
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Motivation and method
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Direct photons at low pt

Direct photons at low pt, Pb-Pb at ,/syy = 2.76 TeV

Direct photons at high py

[PLB 754, 235-248 (2016)]

» Two reconstruction technigues combined
(PCM, PHOS) — covering very low pr,
0.9 < pr < 14GeV/c

» For pr > 5GeV/c, R, excess consistent
with binary scaled pQCD prompt photons
in each centrality class

» Atlow pr, 10-15 % excess observed in cen-
tral collisions — another source of pho-
tons
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Motivation and method Direct photons at low pt Direct photons at high py

Direct photons at low pt, Pb-Pb at ,/syy = 2.76 TeV [PLB 754, 235-248 (2016)]
§ FTTTTTTTTTTTTTTTTT . . A
< f Pb-Pb \/?;03.7:&?; Aexp(-%yzze;) 3 » Two reconstruction technigues combined
8 107 F5 20-40% ALICE —20-40% 3 (PCM, PHOS) — covering very low pr,
43 L4080 ALICE ] 0.9 < pr < 14GeV/c
% S 10k -
a 3
z"); r 1 » For pr > 5GeV/c, R, excess consistent
& 1; with binary scaled pQCD prompt photons
F ] in each centrality class
HT‘g
10k > Atlow pr, 10-15 % excess observedin cen-
F tral collisions — another source of pho-
10k 4 tons
E -- Paquetetal. 3
F arXiv:1509.06738 3
[ - Linnyk et al. i} . .
10°E arXiv:1504.05699 - Chatterjee et al. N » Comparison to several hydrodynamic
F -v.Heesetal. PRC 85(2012) 064910 =4 H H H
E " NPA933(2015) 256+ JHEP 1305(2013) 030 | moqel_s — yield consistent with a thermal
L I radiation

> Effective QGP temperature (0-20%) — TLI® ~ 304 MeV > THHI® ~ 239 MeV measured by
PHENIX in Au—Au collisions at \/syny = 0.2 TeV rere 91, osas04 (2015)]
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Motivation and method Direct photons at low py Direct photons at high py

Direct photons at high pr, pp at /s = 7 TeV arkiv: 1906.01371]
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» Syst. unc. ranging from 19% to 24% — dominated by the isolation method

» ALICE data compared to pQCD at Next-to-Leading Order (JETPHOX (pro 73, 094007 (2006)1 With
CT14 PDF terp 93, 033006 (2016)1 anNd BFG II FF tepac 2, s520-537 (1998)1)

» Good agreement between this measurement and theory within stat. and syst. uncertainties
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Motivation and method

Direct photons at low py

Direct photons at high pr, pp at /s = 7 TeV
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Direct photons at high py

[arXiv:1906.01371]
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» Consistent data-to-theory ratiosamong ALICE, ATLAS tero 83, 052005 (2011)] aNd CMS (ere 106, 082001
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v

v

lisions mee 860, 311-338 (2012)]

Extending the p}’ reach down compared to other LHC experiments — access to lower xt

Compatible with isolated photon data at different centre-of-mass energies in pp and pp col-
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Motivation and method
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Direct photons at high pr, p-Pb at \/syy = 5.02TeV

(

>
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Binary nucleon collision scal-
ing — nuclear overlap factor
<TpA) =0.09923mb~?! [ALICE-PUBLIC-2018-011]

JETPHOX pQCD calculations at Next-
to-Leading Order [PRD 73, 094007 (2006)]
using EPPS16  (eric 77, 163 201m1  and
NCTEQ15np (ero 93, 0ss037 (20161 NPDFsS

Good agreement between this measure-
ment and theory within stat. and syst.
uncertainties for the two nPDFs
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Motivation and method

Direct photons at high pr, p—Pb at ,/syy =
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JETPHOX pQCD calculations at Next-
to-Leading Order [PRD 73, 094007 (2006)]
using EPPS16  (eric 77, 163 201m1  and
NCTEQ15np (ero 93, 0ss037 (20161 NPDFsS

Good agreement between this measure-
ment and theory within stat. and syst.
uncertainties for the two nPDFs
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Conclusions and outlook

Direct photons at low p7, subtraction method

» Measured from pr = 0.3 GeV/c to pr = 32GeV/c in pp, p—Pb and Pb—Pb collisions at differ-
ent centre-of-mass energies thanks to the ALICE independent reconstruction techniques

» Results compatible with pQCD calculations at NLO for pt > 7 GeV/c — prompt photons
» Low-pt excess observed in Pb—Pb collisions — compatible with a thermal radiation

» QOutlook — LHC Run III (100 times more Pb—Pb data and improved detector knowledge) to
better constrain thermal models and unravel the direct photon puzzle
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Conclusions and outlook

Direct photons at low p7, subtraction method

» Measured from pr = 0.3 GeV/c to pr = 32GeV/c in pp, p—Pb and Pb—Pb collisions at differ-
ent centre-of-mass energies thanks to the ALICE independent reconstruction techniques

» Results compatible with pQCD calculations at NLO for pt > 7 GeV/c — prompt photons
» Low-pt excess observed in Pb—Pb collisions — compatible with a thermal radiation

» QOutlook — LHC Run III (100 times more Pb—Pb data and improved detector knowledge) to
better constrain thermal models and unravel the direct photon puzzle

Direct photons at high pr, isolation method

» Measured in the 10-60 GeV/c pt range in pp at v/s = 7 TeV and p—Pb at \/syy = 5.02 TeV
» Results compatible with pQCD calculations at NLO and in agreement with ATLAS and CMS

» ALICE extends the py reach to lower values compared to ATLAS and CMS — valuable result
to get a good understanding of pQCD towards the thermal photon region

» Outlook — «-jet and y-hadron correlations to investigate parton energy loss

Direct photon measurements in different collision systems with the ALICE experiment at the LHC - Erwann Masson
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Direct photons at low p7, subtraction method

» Measured from pr = 0.3 GeV/c to pr = 32GeV/c in pp, p—Pb and Pb—Pb collisions at differ-
ent centre-of-mass energies thanks to the ALICE independent reconstruction techniques

» Results compatible with pQCD calculations at NLO for pt > 7 GeV/c — prompt photons
» Low-pt excess observed in Pb—Pb collisions — compatible with a thermal radiation

» QOutlook — LHC Run III (100 times more Pb—Pb data and improved detector knowledge) to
better constrain thermal models and unravel the direct photon puzzle

Direct photons at high pr, isolation method

» Measured in the 10-60 GeV/c pt range in pp at v/s = 7 TeV and p—Pb at \/syy = 5.02 TeV
» Results compatible with pQCD calculations at NLO and in agreement with ATLAS and CMS

» ALICE extends the py reach to lower values compared to ATLAS and CMS — valuable result
to get a good understanding of pQCD towards the thermal photon region

» Outlook — «-jet and y-hadron correlations to investigate parton energy loss

Merci pour votre attention !
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Backup



PCM reconstruction technique and ALICE central barrel

nl<0.9

- L L ey
E, — Mg conversion candidstes
~ MC true primary conversion

EE 1 Mcwe secondary conversion]

°
—|z-5 E MC true combinatorics i

BN MC true hadronic bek

6F + Support Structures

TPC
sPD drift gas

. TPC inner TPC inner
field cage containment
vessel TPC Rods vessel

100 50 50 100 6 80 100 120 140 160 180
ALT-PUB-72606 X (cm) R (cm)
[IJMPA 29, 1430044 (2014)] [IJMPA 29, 1430044 (2014)]

» “y-ray tomography” used to determine the material budget — ~ 4.5 %in PCM measurement
systematic uncertainties
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EMCal, the ALICE ElectroMagnetic Calorimeter

Specifications

» 12 supermodules — 3072 modules — 12288
cells with a 6 x 6.cm? area

» Each cell — 153 lead/scintillator alternat-
ing layers (24.6 cm thick in total)

» Energy/position resolutions — 4.8%/E @
11.3%/VE®1.7%and 5.3 mm/vE® 1.5 mm

» Covers |ny| < 0.7 and 100° in azimuth ()

» Used as trigger detector (v/jets)

Clusterization 1
—_—

T NN\NNNN
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Photon reconstruction techniques, 7° reconstruction performance

PCM PHOS EMC

10° o 10° o 10°
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[EPJC 78, 624 (2018)]

» 70 mesons enter R, computation through Wgaram — reconstructed with the same techniques
as inclusive photons

» Best resolution on the 79 mass peak with PCM
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Subtraction ingredients =

“Yinc

T T gal

“Ydecay

T —
ALICE simulation
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e
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ko

7]

=0 o e ep?
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[PRC 99, 024912 (2019)] [PRC 99, 024912 (2019)]

» Inclusive photon vyield mea- »

Decay photon spectrum
sured with different techniques

— cocktail simulation

» Systematic uncertainties domi-
nated by pr-independent mate- >
rial budget (PCM), global E scale
(PHOS) or clustering (EMC)

Mother particle abundances
based on parametrised mea-
sured spectra (or mt scaling)

Direct photon measurements in different coll

[EPJC 78, 263 (2018)]

» Measured through 7° — ~~ de-
cay channel with the same tech-
niques as vinc for cancelling un-
certainties

» 7% spectrum parametrised with

different models
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Photon reconstruction at high py

Neutral clusters (charged particle veto)

» Candidate clusters must not match a track
spatially (ALICE ~gireot Parametrisation)

|A7| < 0.010 + (pirack 4 4.07)=25
|Ag| < 0.015 + (pi"a°k 4 3.65)~2

Rejected
cluster,

EMCal

Accepted
cluster
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Photon reconstruction at high py

Neutral clusters (charged particle veto) Candidate photons (shower shape cuts)

» Candidate clusters mustnot matchatrack » Clusters shower shape Ulzong is used to re-

spatially (ALICE vgirect parametrisation) ject the Ygecay COMponent
|An| < 0.010 + (plrac + 4.07)=2° 0.1 < ol < (U%ng)
max

|Ap| < 0.015 + (pi + 3.65) 2

©
ALICE Performance, 2018/03/29 g
p-Pb |5, =5.02 TeV E
Run 1 data (2013) L
EMCal L1 photon trigger 2
- —— seloction ===y selection 2
o 2 : = g
long §
70 Oy 5
o
VYdecay
» u 2
T ANNANNN ol

10 20 30 40
o E; (GeV)
A Not discriminant for Er 2 20 GeV
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Underlying event estimation in p—Pb collisions (high-pt photons)

A Larger contribution from the underlying event (UE) in p—Pb than in pp collisions

Hard parton

Underlying
event

p Pb

Y22

» Underlying event — all processes but the hardest LO parton interaction
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Underlying event estimation in p—Pb collisions (high-pt photons)

» UE estimated and subtracted before isolation, event-by-event — p¥° — pyg x Acone < 2GeV/c

n-band

0.87 R
Ry TPC

Ny

77 _b d
727 p-ban

Jet

—0.87
2m
Method Pros Cons
1 cones —Farfrom the isolation cone — Neutral part not measurable
— Can be crosschecked with ALICE PHOS
n-band - Neutral and charged parts both measurable - Affected by a hard contribution from cone
¢-band - Neutral and charged parts both measurable - Affected by a hard contribution from cone

— Possibly sensitive to the opposite jet

» Charged UE measurement in perpendicular cones then “neutral + charged” extrapolation
— isolation using neutral + charged particles
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Isolated photons, signal extraction

2

“max, sig

2
min, bkg

2
Tlong

limit 10-12 12-16 16-18 18 -60

narrow min  0.10
narrow max  0.40

wide min 0.60
wide max 2.10

0.10
0.35

0.45
1.95

0.10
0.32

0.35
1.85

0.10
0.30

0.33
1.83

» Isolation crit. (@), @) — p2° < 2GeV/c

» Anti-isolation crit. (@, @) — p'°

3GeV/e

>

The ABCD method eep 83, 052005 (2011)]

» Mainly signal region
Q =isolated narrow clusters (iso, n)

» Mainly background regions
@ =isolated wide clusters (iso, w)
@: non-isolated narrow clusters (iso, n)
® = non-isolated wide clusters (iso, w)

article quantities

> S = Ydirect signal
» B =background (7°, n, their vgecay. 6tC.)
» N =S + B — what is measured

» Part of region @ clusters truly induced by
~Ydirect — Purity of the N5° sample

Pag = S3°/NE° = 1~ BN

» Background B° estimated with data and
corrected with MC
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Isolated photons, purity estimation

» Data-driven background estimation in signal region @

iso __
By® =

NIEO x NiSO Bis° (Nﬁo X NE")
—————— = Pgg=1- =1-| =
Nis° N&° NSO x NSO J 4o

» Possibly signal contamination in background regions @, @ and @ and non-constant back-
ground isolation probability — purity must be corrected using MC simulations

> Jet-jet (JJ, background) + v-jet (GJ, signal) — mixed and used to compute a correction factor
«

real bkg.
——
(Bi”SO)JJ Bi° x Niviio Ni/%/o X N'n?O
«= (B\so> - P=1- NiSO s NiSO % NISO 5 Niso
n MG mix w n M w n data

estimated bkg. «
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Isolated photons in pp collisions at /s = 7 TeV - Purity and efficiency

[arXiv:1906.01371]

Specifications

» 2011 data sets, EMCal Level-0 trigger (5.6 GeV) — photons measured in 10-60 GeV/c
» Integrated luminosity — Li = 473 & 28 (stat.) & 17 (syst)nb~ !
» Photons selected in |n7| < 0.27 and Agp” = 0.9 rad

0 L

F ] 8s T ]
[ ALICE, pp Vs =7 TeV b W L ]
1— ¢ Statistical uncertainty - 08 [ a
[ [ Systematic uncertainty ] =L i
08— . [ ]
: L e ] - T
0.6 + { 4 L i
F ] 0.4— ]
04— — L ]
[ ] 0.2 ALICE Simulation, pp Vs =7 TeV 4
021 In"1<0.27 [ ¢ Statistical uncertainty In"|<0.27 -
I~ R =04, p?’ <2GeVic - : [ Systematic uncertainty R =04, pf" <2 GeVic :
] P Y IS AN SRR oL P N R R R
10 20 30 40 50 10 20 30 40 50

60 60
P, (GeVic) P, (GeVic)

ALI-SIMUL-318386

» Purity ranging from 20% to 60% — interplay between physics and detector effects

» Total efficiency ~ 60% — correcting data from reconstruction, ID and isolation inefficiencies
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..
Isolated photons in pp collisions at \/s = 7 TeV - Efficiency

[arXiv:1906.01371]

Specifications

» 2011 data sets, EMCal Level-0 trigger (5.6 GeV) — photons measured in 10-60 GeV/c
» Integrated luminosity — Li = 473 £ 28 (stat.) £ 17 (syst.) nb—1t
» Photons selected in |n7| < 0.27 and Ap” = 0.9 rad

o Lo or LR T T T A R RS R R S R
2 = 4 c L i
W L il 2 L *eeo, i
L 4 _a L 4
08 — £ o8- —
L i |5 L i
L il o L il
[ 1 R R ]
0.6/ 1] . . — “ 06+ - ]
L ] L Lot — ]
0.4— - 04— —
L ] [ ALICE Simulation, pp Vs =7 TeV ]
r . . b I —e— Isolated generated photon fraction (') b
0.2 ALICE Simulation, pp Vs = 7 TeV - 0.2 Remnsuguclion (Ereg) « —
¢ Statistical uncertainty In"l<027 o I —+— Reconstruction + Identification ("¢ Cg'd) b
T [ Systematic uncertainty R =04, pf" <2GeVic | [ —e— Reconstruction + Identification + Isolation (¢"e¢ [g'd C£!S0) 7
] S S S S o) L S S S S M |
10 20 30 40 50 60 10 20 30 50 60
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» Total efficiency ~ 60% — correcting data from reconstruction, ID and isolation inefficiencies
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T
Results in p—Pb collisions at ,/syy = 5.02 TeV - Purity and correction

Specifications

» 2013 data sets, EMCal Level-1 « triggers (7/11 GeV) — photons measured in 10-60 GeV/c
» Integrated luminosity — Liyy = 4.54 +£0.37 nb—t
» Photons selected in [n7| < 0.52 and A" = 1.39 rad (enlarged acceptance)

o T T T T T ] S [T T T T T ]
[ ALICE Preliminary, p—Pb \s, =5.02 TeV ] gl ALICE Preliminary, p-Pb s, = 5.02 TeV B
1j + Statistical uncertainty - [ —e— Neutral + charged isolation (p:" <2GeVic) |
[ [ Systematic uncertainty ] [ —e— Charged-only isolation (p° < 1.3 Gevic) i
L ] 16— —
o E : ——
L ] 1.4 .
0.6— , r — i
L ] 128 —— b
0.4 . [ oo T ]
L B [ oo ]
L 4 J
L 4 T e ]
02 <052 ] o= ]
L R=04,p*<2Gevic - os—= ]
Clov v v v b v v b e v e v v e 1] CL. P R EE I RVERI BRI I
%o 20 30 40 50 60 10 20 30 40 50 60
ALI-PREL-316160 p, (Gevic) [T p, (Gevic)

» Purity ranging from 27% to 67% — interplay between physics and detector effects

» « correction factor different from unity — raw purity Pyq does need this MC correction
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Isolated photons in p-Pb collisions at \/syy = 5.02 TeV - Efficiency

Specifications

» 2013 data sets, EMCal Level-1 v triggers (7/11 GeV) — photons measured in 10-60 GeV/c
» Integrated luminosity — Liny = 4.54 +0.37nb~"t
» Photons selected in |n7| < 0.62 and A¢”Y = 1.39 rad (enlarged acceptance)
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» Total efficiency 2 60% — correcting data from reconstruction, ID and isolation inefficiencies
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The direct photon puzzle [PRC 94, 064901 (2016)] [PLB 754, 235-248 (2016)]

¥
2
T

T
0-20% Pb-Pb, 5y, = 2.76 TeV
[e]vk®, ALICE

0-20% Au-Au, {5, = 200 GeV
[ ]vE®, PHENIX conv.
] v}“", PHENIX calo.

> ~direct Yields are well reproduced by hy- 05
drodynamic models in a variety of sys-
tems (Au—-Au at RHIC, Pb—Pb at LHC) o

Boxes indicate total uncertainties

> However, the non-zero direct photon flow
coefficient v;'d'r observed by PHENIX (ere
94, 064901 (2016)1 aNd ALICE (pLs 754, 235-248 (2016)1 o1
is underestimated by these models
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