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Probing the QGP with
Direct Photons

Can we determine the point where the QGP switches on?
Pl




Direct Photon in pp(p) collisions
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Let’s start with the base-line!

@ Large variety of results available from 19.4 GeV - 13 TeV
for (isolated) direct photons
— New results at /s = 13 TeV
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Direct Photon in pp(p) collisions %
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Let’s start with the base-line!

Large variety of results available from 19.4 GeV - 13 TeV
for (isolated) direct photons
— New results at /s = 13 TeV

Decent agreement at large /s & high p; between pQCD
& data

All pp data seem to align on a common xr-curve within
+(20 — 50)%, if scaled with (1/s)" with n = 4.5

Intriguing number:
Pure vector gluon exchange: n =4
Scale breaking effects in QCD could increase this number

Closer look needed if data could be described even better
by slightly different n - could help pin down prompt
photon contribution even at low p;
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(Virtual) Direct Photons in pp at low p,
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@ New: First results on virtual photon measurement in pp collisions at 7 TeV & 13 TeV

o No large thermal component expected O(0.1-1%) in pp
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(Virtual) Direct Photons in pp at low p, %
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@ New: First results on virtual photon measurement in pp collisions at 7 TeV & 13 TeV
o No large thermal component expected O(0.1-1%) in pp
@ Similar size of uncertainties of real & virtual photon measurements (O(5%)) at LHC at low pr

@ Measuring 7q4ir for low pr @ LHC energies very challenging
© RHIC energies possible for pr > 1.5 GeV/c
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Increasing the system size
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ALICE

d-Au MB

p-Au MB
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Direct Photons in p—Au at RHIC at low p;
Increasing the system size

@ Measured direct photon excess

ratio in MB &

collisions at /5, = 200 GeV

@ Reevaluated the pp reference data

p—Au

%

including external conversions in fit

@ No clear excess yield at low p; seen

in d-Au MB & p-Au MB collisions

with respect to pp, well described by

pQCD calculation
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Direct Photons in p—Au at RHIC at low p;

%

Increasing the system size

Measured direct photon excess
ratio in MB & p—Au
collisions at /5, = 200 GeV

Reevaluated the pp reference data
including external conversions in fit

No clear excess yield at low p; seen
in d-Au MB & p-Au MB collisions
with respect to pp, well described by
pQCD calculation

Excess of low p; direct photon with
respect to pp seen for

Indication for thermal contribution
also in
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How about at LHC?

@ Combination of 4 reconstruction
techniques via BLUE method

o Individual sys uncertainties

0(5-10%), combined total O(4-5%)
@ Upper limits at 90% C.L. (arrows)

determined where R, with total

uncertainties consistent with unity

Theory calculations from:

Direct Photons in p—Pb at LHC at low p,
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How about at LHC?

@ Combination of 4 reconstruction
techniques via BLUE method

o Individual sys uncertainties
0(5-10%), combined total O(4-5%)

@ Upper limits at 90% C.L. (arrows)
determined where R, with total
uncertainties consistent with unity

@ 0-20% central collisions don't show
a significant excess

@ NLO & thermal (swenetar) calculations
consistent with measurements

Theory calculations from:

Direct Photons in p—Pb at LHC at low p,
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How about at LHC?

Combination of 4 reconstruction
techniques via BLUE method

Individual sys uncertainties
0(5-10%), combined total O(4-5%)

Upper limits at 90% C.L. (arrows)
determined where R, with total
uncertainties consistent with unity

0-20% central collisions don’t show
a significant excess

NLO & thermal shenetar) calculations
consistent with measurements

Theory calculations from:

Direct Photons in p—Pb at LHC at low p,
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@ Direct photon yield in Au-Au at /s, = 39,62.4,200 GeV &
Cu-Cu at /5, = 200 GeV & Pb-Pb /5, = 2.76 TeV follow
similar behavior at low pr

@ Spectra normalized by (dNe»/dn)®, where o = 1.25 £ 0.02 obtained
from simultaneous fit to Ny vs dNcn/dn for all collision systems
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@ Direct photon yield in Au-Au at /s, = 39,62.4,200 GeV &
Cu-Cu at /5, = 200 GeV & Pb-Pb /5, = 2.76 TeV follow

similar behavior at low pr

@ Spectra normalized by (dNe»/dn)®, where o = 1.25 £ 0.02 obtained
from simultaneous fit to Ny vs dNcn/dn for all collision systems
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Direct Photon Spectra at RHIC - BES & Cu-Cu

Other scaling relations possible

as well!
Needs further thought
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Direct Photon Spectra at RHIC - BES & Cu-Cu
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@ Direct photon yield in Au-Au at /s, = 39,62.4,200 GeV &
Cu-Cu at /5, = 200 GeV & Pb-Pb /5, = 2.76 TeV follow
similar behavior at low pr

@ Spectra normalized by (dNe»/dn)®, where o = 1.25 £ 0.02 obtained
from simultaneous fit to Ny vs dNcn/dn for all collision systems
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Other scaling relations possible

as well!
Needs further thought
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Why does the low p; direct
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photon yield appear to scale with

(dNgp/dn)*?
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Direct Photon Spectra - N, scaling?
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Direct Photon Spectra - N, scaling? %

Integrated photon yield pr > 1 GeV
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Direct Photon Spectra - N, scaling?
Integrated photon yield pr > 1 GeV

@ Story not as clear, when looking at STAR data in
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r N =200 Gi =pQCD, Vs = 2760 GeV . .
—~12 o e 2 o ZPQCD! 15 - 200 Gev @ Theoretically not easy to understand scaling across
O |5 102 w0 Aurau, {50, = 39 Gev —PQCD, 5 =62 GeV diff t
% < E v Cu+Cu, {5y, = 200 GeV Irrerent /Sy
olg" | e o o = 200 Gev @ Prompt and thermal photons should scale with
o | ‘o p+p, Is=200 GeV H
o Qg v Ael (STAR), {5 = 388 Gev s different slopes at one /5.,
AZ 10 ; ﬁ t |
g8k .
> | O r V‘ ¥ N Y
Sl | ‘ ! ;
zZ|e r _,_T Only very approximate! Works!
Cls b 10! 10!
E = Prompt = Prompt ,
F *  Thermal e *=  Thermal e
Lol Ll | | % 10° /’/.{' % 100 ,/' .
1 10 102 10° 9 slope~1.68 - 9 slope=1.58 = ~»
AN,/ | n iy " P
T g o g S
. %‘ 101 1 %, 10-! ’/ "/
Why does the low p; direct z slope~1.32 | ‘// slope~1.35
photon yield appear to scale with s ! s b
(dN /d )a_' 102 0-5% centrality only 10-2 /7 = 5020 GaV only
ch 7 {
} 10t 102 103 10t 102 103
dN™/dy dN™/dy
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Direct Photon Spectra - N, scaling?
Integrated photon yield pr > 1 GeV

@ Story not as clear, when looking at STAR data in

T A+ApHp .y +X N, scaled prompt photons O
[ mm Pb+Pb, (S, = 2760 GeV p+pfn,‘(@:200 Gev addition
r X =200 G =pQCD, Vs = 2760 GeV . .
|8 o e 2 o ZPOCD: 15 - 200 Gev @ Theoretically not easy to understand scaling across
L= 102? o1 AutAu, sy, = 39 GeV —PQCD, 5 =62 GeV diff t
2| % F v ocurcuis.=200Gey Irrerent /Sy
olg" | e o o = 200 Gev @ Prompt and thermal photons should scale with
o +p, |s = 200 GeV 1
— Q'& r 3 ZugAuS(STAR),esNN=z 0 GeV *<¥++l? ' different slopes at one /San
A é 10 "} T | ¥ ! | e Can we learn something about admixture from
e\5 g " I different p; cuts?
g3 | L |
Z|©e F Prompt Photons Thermal photons
o 1? = pr>0.6GeV Slopes " pr>0.6GeV Slopes
E 10! *  pr>1.0GeV Lul49 10! %  pr>1.0GeV
C | ‘ ‘ | I pr>1.4GeV ,1‘1,.1.53 v pr>1.4GeV 135
L L L L pr>1.8GeV A e A pr>1.8GeV -135
> 3 100 Thermal A 10° | Thermal t R
1 10dN /dn | 10 10 3 ermaly P ”/;,1:/‘1.73 3 ermal+promp! A T
ch =0 = AT A = o
g 10! P g 10!
Why does the low p; direct ' -
. . 10-2 & e 10-2 *
photon yield appear to scale with g~ T e - 5020 Gev only
dNgp/dn)*? -3 3
( / ) 10 10% 102 103 10 10* 102 103
dNT/dy dN™/dy
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Direct Photon Yield and Flow - At the LHC

o Central points for direct photon yield and v;’dir underestimated

by most theoretical calculations
by factors of 2-5

PLB 754 (2016) 23-248

§ FTTTTTTTTTTITTIIT I e T
« £ Pb-Pb (5, =276 TeV Aexp(-p /T, |
L F . o) g
° [e] 0-20%ALICE  — 0-20%
S 10°e [#]20-40% ALICE ~ —20-40% 3
B F [+]40-80% ALICE 3
S9- L ]

29 | |

R

L ]
= L 4
& |
107
102
10°% E
E -- Paquetetal. El
F arXiv:1509.06738 1
[ - Linnyk et al. SR
107E arXiv:1504.05699 - Chatterjee etal. . 3
E --v.Hees etal. PRC 85(2012) 064910 3
[ NPA933(2015)256  +JHEP 1305(2013)030 ]
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ALICE

o Central points for direct photon yield and v,
by most theoretical calculations ..

Direct Photon Yield and Flow - At the LHC

by factors of 2-5

<

LA B L L B 1 e A AL S AL B

 (GeV2c?)

&N,
2t N, p dp.dy

=)

1

10°

10°

1072

PLB 754 (2016) 23-248

Pb-Pb {s5,,=2.76 TeV A exp(-p,/ Ter)
[e] 0-20% ALICE — 0-20%
[#120-40% ALICE —20-40%
40-80% ALICE

PTTT] R TTTY AT RETTIY MARTIT:

Paquet et al.
arXiv:1509.06738

TR RS

- Linnyk et al. T
arXiv:1504.05699  -.- Chatterjee etal. = _
-v. Hees et al. PRC 85(2012) 064910 ™4
NPA 933(2015) 256 + JHEP 1305(2013) 030 1
\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\ﬂ»
p (GeV/c)

F. Bock (ORNL)

y
Ve
;

~,dir

H [ 20-40% Pb-Pb, |5, = 2.76 TeV 7

o5 ) S A

underestimated AL 1

arXiv:1805.04403 L V1% ALICE simulation ]

L B B L L B BB L 2 ]

o5 0-20% Pb-Pb, 5, = 2.76 TeV ] 0.4 i, hydro, Paquet et al. ]

b [e]vre, ALICE 4 [ === vt hydro, Chatterjee et al. ]

L v %, ALICE simulation ] r ; Vi ", PHSD, Lilnnyk etal. 1

0.4; V;" ﬂw’ hydro, Paquet etal. 1 0_377 oxes indicate total uncertainties -

[ == vE% hydro, Chatterjee et al. ] r ]

r - v %", PHSD, Linnyk et al. ] F g

03[~  Boxes indicate total uncertainties 3 0.2~ -

0.2 4 o1 7

o III b of .

r 1 :HH\HH\HH\HHMmmmm?

0 1 2 3 7

r — ] (GeV/c)
P N I P PR I 0 N
0 1 2 3 4 5 6 7
( eV/c)

New:v;"™" compatible with v;"* = 0 within 1.4(1.0)c in pr range
(0.9 < pr < 2.1 GeV/c)

No deviation beyond 20 from theory observed for spectra or v»

Similar observations for all theoretical calculations despite very different
setups
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Photon yield increased by
~ factor 2 for p; <3 GeV/c
Tefr appears to change
PLB 754 (2016) 23-248
R e e R RRRAR R
[ [*]ALICE l
0 0-20% Pb-Pb {5, = 2.76 TeV 7
5§ — Aexp(-p/Toy) 1
r T =304 £ 1154 £ 407 MeV
= [5] PHENIX E
E 0-20% Au-Au |5, =0.2TeV 3
[ — Aexp(-p/Te) ]
. Toi= 239 + 25 + 7% MoV
107 E
102 L] |
E [=] 3
[ IIIlII ]
10’35— [ - E
£ [
10 E
pT(GeV/c)

F. Bock (ORNL)

~
w

Direct Photon Yield and Flow - Comparison to PHENIX

AR R R R R I N R s AR AN RN RS
05  0-20% Pb-Pb, {5 = 2.76 TeV | 05/  20-40% Pb-Pb, {5 = 2.76 TeV. |
[ [e]vi® ALICE ] [ [*]vi® ALICE ]
[ 0-20% Au-Au, (S, = 200 GeV 1 [ 20-40% Au-Au, {5, = 200 GeV 1
04 v @, PHENIX conv. il 04 V4", PHENIX conv. il
[ [*]vi®, PHENIX calo. ] [ [*]vi®, PHENIX calo. ]
03l Boxes indicate total uncertainties - 03l Boxes indicate total uncertainties -
02 E 02 E
0.1~ E 0.1~ E
ol | 07 | |
:HumHmummmm‘m++m: :HH\HH\HH\HH\‘Jmmmm?
0 1 2 3 4 7 0 1 2 3 7
arXiv:1805.04403 (GeV/c) (GeV/c)
v at LHC compatible with v, measured at ,/s,,, = 0.2 TeV

@ Similar scaling behavior of direct photon v, as for charged hadrons

=

Many photons produced in late stages of collision - HG-phase

Photons

April 14, 2021 10



ALICE

@ Photon vyield increased by
~ factor 2 for p; <3 GeV/c

@ T appears to change

PLB 754 (2016 ) 248

~ T e
‘*: 0 El
> E [+]ALICE 3
) r 20-40% Pb-Pb 5, = 2.76 TeV ]
NES —Aexp(-p /T ) 1
=l 1 N Ty = 407 £ 615 £ 967 MeV _|
S [e f N [ PHENIX E
e h 20-40% Au-Au |s,, = 02 TeV ]
Ny - Aexp(r T ]
NS R 4= 260£33% £ 87 Mev |
N F _“ E|
102 E
107 E
10 iII?
’HumH‘guu:\iuu\uumu

P, (GeVic)

F. Bock (ORNL)

Direct Photon Yield and Flow - Comparison to PHENIX

U AR R A E e s T I o A S A A AR RA R RRRRE
05  0-20% Pb-Pb, {Sy = 2.76 TeV 4 05  20-40% Pb-Pb, (5, = 2.76 TeV 4
[ [e]vi® ALICE ] [ [*]vi® ALICE ]

[ 0-20% Au-Au, (S, = 200 GeV 1 [ 20-40% Au-Au, {5, = 200 GeV 1
04 v @, PHENIX conv. il 04 V4", PHENIX conv. il
[ [*]vi®, PHENIX calo. ] [ [*]vi®, PHENIX calo. ]
03l Boxes indicate total uncertainties - 03l Boxes indicate total uncertainties -
02 E 02 E
0.1~ E 0.1~ E
1 | 1 u | |
:HumHmummmm‘m++m: :HH\HH\HH\HH\‘Jmmmm?
0 1 2 3 4 5 7 0 1 2 3 4 5 7
arXiv:1805.04403 (GeV/c) (GeV/c)

@ v, at LHC compatible with v» measured at /s, = 0.2 TeV
@ Similar scaling behavior of direct photon v, as for charged hadrons

= Many photons produced in late stages of collision - HG-phase

Photons April 14, 2021 10



Direct Photon Yield and Flow - Comparison to PHENIX

ALICE
AN T T I I T e T T T
. . [ 0-20% Pb-Pb, {5y = 2.76 TeV 1 5| 20-40% Pb-Pb, (S, = 2.76 TeV 1
@ Photon vyield increased by S il R B s Al 1
~ factor 2 for pr <3 GeV/c 0_4i 0-20% AU-AU, (S, =200 GV E o_4i 20-40% Au-AU, (3, = 200 GeV E
L [+ 1v5 ", PHENIX conv. ] L [+ 1vE ", PHENIX conv. ]
Y TefF appears to cha nge [ [*]vi®, PHENIX calo. ] [ [*]vi®, PHENIX calo. ]
03l Boxes indicate total uncertainties - 03l Boxes indicate total uncertainties -
PLB 754 (2016) 23-248 A p 3¢ p
§ [T c 1 c 1
S F [+]ALICE El 02l d 0 o2 -
8 20-40% Pb-Pb 5., = 2.76 TeV | [ ] [ ]
> — Aexp(-p/T ) 1 L ] L ]
= .::- 1 1 Ty = 407 £ 615 £ 967 MeV _| 01— — 01— —
$ 5 h [ PHENIX E r ] r ]
o E 20-40% Au-Au |, = 0.2 TeV ] r ] r ]
K \ — AR /T 1 0 o !
S0 A 4= 260£33° £ 87 MoV | r E [ ]
N |‘ e e SR IS B Wrurl I ]
0 1 2 3 4 5 7 0 5 3 7
arXiv:1805.04403 (GeV/c) P, (GeV/c)
10%= -
@ v, at LHC compatible with v» measured at /s, = 0.2 TeV
10k 4 @ Similar scaling behavior of direct photon v, as for charged hadrons
1 = Many photons produced in late stages of collision - HG-phase
107 E|
Is there a way to disentangle the contributions of the
| | I | |

S, e two phases at RHIC & LHC?
F. Bock (ORNL) Photons




Photons as probes for the
initial state & scaling properties

What can we learn about the scaling properties
when going from pp — p-A — A-A
from ~ spectra?
Photons




Direct Photons in p—Pb at LHC at high p,

Isolated direct photon S 16F 1,09 ¢ " < 1.90 + 184 <y <091 T+ 283¢y <202 1

measurement in p—Pb collisions

at ./s,, =8 TeV by ATLAS T - 1
] = =
§Ri==t-oh EE
@ N,y scaling works at mid T = 616 ToV psPb, 165 nb” e SEreHOK. ot EEEE .
idi 06 Extrap. {s = 8 TeV, pp * T "
ra Pld Ity Spata 1} JETPHOX + CT14 + EPPS1
0.4f + I ]
M 1 1
° Prompt phOtOh pl’OdUCtIOﬂ at 30 40 50 12}2 2x10° Y 30 40 50 10? 2x10° N 30 40 50 10° 2x10° N
Iarge P in forward and EX[GeV] EY[GeV] EY[GeV]
T o : — ey —— :
o 8 1.09 < n* < 1.90 T -1.84<n* <091 T -283<n<-202 E

backward region could
constrain nPDFs & energy loss
scenarios significantly

] , ]
o Current precision not yet 3 B 1 E
o 08 ATLAS s
sufficient to do so V5 = 8.16 TeV p+Pb, 165 6" 4 ==+ no E-loss
08F Extrap. /s = 8 TeV, pp - U=035GeV, ) =15fm T 5
o Slight preference for no energy o ==Pata 4 - us0ssGeyrc1m £ . i
H et \2 2 2 \2
loss in p—Pb collisions 30 4050 107 2x10 £ (Gov] 30 40 50 100 240 £ (GeV) 30 40 50 100 20 £ (GeV)

JHEP 10 (2019) 203
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Isolated Photons as
calibration & tagging objects for
jet modification studies 7
in p-A and A-A collisions 4G




v-h and ~-jet correlations in p(d)-A & A-A collisions

PRC 102 (2020) 054910 PRC 102 (2020) 044908

E5.0<p;<9.0GeV/cx0.5<p:<7.0<3ewc @ = 510‘» ! ‘xalndf‘=29.1/‘7,p=0f76— ‘\H‘m“m‘m‘m‘m‘m‘m‘m‘w
g re e mt Oe >[5 ' 0.5 < p < 10.0 GeV/c 9 < Er” < 11 GeV, p™ < 15 GeV/e
izm o %l *Etl 12 < pf <40 GeVic 2 E El
2 S = 200GeV 2 z £ ’ ]
N Ol o i = . ]
z7 + dvAu (2008) 0-100% R_<0.4(£-0.05) S | 10°- 1 ‘ E E-_§ [ ]
Za © Au+Au (2007+2010+2011) 0-40%  —= 107 Au+Au 200 GeV, 0-15%
- = =ha E anti-k; R =0.2 3
__ Op+p (PRDB2072001)R_ <04 (- 0.1) - - £ 3
'(b)é .p_Pb o »‘H\‘\H‘\"\‘g\‘\\\‘\\\‘\\\‘\H‘\H‘\H‘H:
: . ol T PP | 11 <Ef®<15GeV  STAR Prelimi
} = --- PYTHIA 8.2 Monash ® 1= E
<. {‘ L E ALICE, /5, =5.02 TeV < 3 ’ 3
= # t 25 c-08as011s010] g I ]
Y d = o 20 p=0551 << f70+jet

= Slg1s @ =o'k Ll J
= oaley ok ; l‘ 107 et 3
o y F 1
. . X L 0.5 ¢ ? "H‘H‘H‘H‘\H‘\H‘\H‘\H‘\H‘\V

i 15 2 25 00 01 02 03 04 05 06 2 4 6 8 10 12 14 16 18 20

zr=phipf p??e( [GeV/c]
o Base-line measurements in pp & p-Pb 5 TeV (ALICE)

@ Access to intermediate photon pr triggered correlation (10-40 GeV/c¢) functions even @ LHC
energies

o No significant modification of jet fragmentation observed in p-A collisions

® v, +jet and 70 +jet show similar level of suppression of recoil jet, stronger for R = 0.2 than for
R=05
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ALICE,

Constrammg quark—Jet modlflcatlon
g, EATLAS T Vo -631796<Eev_§_ ‘ ‘ p‘—100158@ev_
= + =+ -
S . Ad > T8 ES Inclusive E
3 ine & o E & o 1
= *E 2 [5] 0-10% Pb+Pb  f [ 0-10% Pb+Pb  J
= Ad > 34 E3 Leading 3
E=Sr \m_,_ﬁ’q + pp E3 + pp E
o + 0-10%PbsPb + 0-10% Po+Pb
B 3 - 3
; T E

Xw

F. Bock (ORNL)

L i Tre—
12 14 16 18

o

Modification of jet properties in Pb-Pb collisions %

~v+jet p;-balance & ~-tagged jet FF
o pp-like peaked xy, in peripheral Pb-Pb,
smeared in central Pb-Pb
— Variation in jet-by-jet E-loss
@ ~-tagged jet frag. functions different
modification in central evts. than inclusive jets

ATLAS: PLB 789 (2019) 167
CMS: PLB 785 (2018) 14, PRL 121, 242301 (2018)
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ALICE

Modification of jet properties in Pb-Pb collisions

Constrammg quark—Jet modlflcatlon

Py > 1GeV/c, antik jetR =03 pf'> 30 GeVic, [n| < 1.6
p‘)SUGeV/c \n\uum >

~ T T = T
<16 ATLAS p! 63,1796 Gev T p‘ 100158 Gev ]
o =5
= 16F + * =
S F AQ > n/8 E Inclusive
=14F . : = :
2 ,E g ;}4 (5 pp E3 (5 pp E
b [ 0-10% Pb+Pb  F [ 0-10% Po+Pb 3
E 9 A > 3n/4 E3 Leading E
08E B \m_,_ﬁ’q + pp E3 + pp E
0.6¢- & 4 0-10% Pb+Pb 4 0-10% Pb+Pb
0.4f - ES E
02t =+ 3
T = E e g ]
04 06 08 1 12 14 16 18 T4 16 1.8
XJ'I

(S =502TeV  PbPb404 ,m‘ pp 27.4 pb
antik_ jet R =0.3, p! > 60 GeVic, By > 30 GeVie, Ag > ¢ =

%

| 7+jet pr-balance & ~-tagged jet FF

o pp-like peaked xy, in peripheral Pb-Pb,
smeared in central Pb-Pb

— Variation in jet-by-jet E-loss

@ ~-tagged jet frag. functions different
modification in central evts. than inclusive jets

£} & gamma-tagged Jet shape from CMS
@ Central PbPb collisions — enhancement of

Cent. 0-10%- ent. 0 - 109 i i
CMS ey en *1 nglpMPEmemary c % Iko—pT part. and a depletion of high-p; part.
. oae N ;gg; chony £ modified stronger compared to et
Q24+ b - =L ien-Vitev
S T back reacton T [—uwr’ @ Larger enhancement at large r &
o W/ back reaction ' Smaller depletion at intermediate r
0.
ol -
x compared to di-jets
F T R 51D .
Increased quark fraction (70-80%)?
%’%{iﬂ?{ Lower jet p threshold (higher fraction of
‘ ‘ fats)?
1 2 3 7y g o ' ola quenched jets)?
e r ATLAS: PLB 789 (2019) 167
T CMS: PLB 785 (2018) 14, PRL 121, 242301 (2018)
Photons



Thanks to all speakers & the organizers
for making this conference possible!

Questions?

F. Bock (ORNL) Photons
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Direct Photons in pp at LHC at low p, %

arXiv:1803. 09857 arXiv:1803. 09857
- T

®IPCM " ALICE, pp, (5= 2.76 TeV 3 15 (s1pm ALICE, pp, {5 = 8 TeV |

o

1.

iy

1.

w

¥

o

0.

©

0.

o

0.‘30.‘4‘ — 1 é 3 4 56789‘,{3 (GeV/c) 0‘.30.‘4‘ ' “‘1 é 3 4 567891,(3 (GeV/c)
@ Systematic uncertainties of individual meas.
— dominated by pr-independent material unc. of 4.5% PCM, 2.8%
EMC & global E-scale unc. 3% PHOS
@ Combination of 3 reconstruction techniques via BLUE method
@ NLO prediction plotted as
Ruio = 1+ (3° - Neon) /Yaee
@ Upper limits at 90% C.L. (arrows) determined where R, with total
uncertainties consistent with unity
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Direct Photons in pp at LHC at low p,

~ ‘ arXiv:1803.00857 ‘ arXiv:1803.00857 arXiv:1803. 09857
&, FT T R R Pl F T o ATy P S e
15— [#]ALICE pp, (s=2.76 TeV | ™ 1.5 [¢]ALICE pp, F 8TeV o « F ALICE pp, 15 = 8Tev 3
] 4:, NLO pQCD, PDF: CT10, FF: GRV E ; 4:7 NLO pQCD, PDF: CT10, FF: GRV =R 2N 26% 2
"t ---NLO pQCD, PDF: CTEQ6.1M, FF: BFG2 3 "t ---NLO pQCD, PDF: CTEQ6.1M, FF: BFG2 3 % norm. unc. ° 3
4.3 [ JJETPHOX, PDF: NNPDF2.3QED, FF: BFG2 3 4.3 [ JJETPHOX, PDF: NNPDF2.3QED, FF: BFG2 El == ]
F E-]POWHEG, PDF: NNPDF2.3QED + PYTHIA8 PS 3 F E-]POWHEG, PDF: NNPDF2.3QED + PYTHIA8 PS 3 -g_ = E
1.2 =4 12E 4 = = ]
£ ERNI E [
1.0 I = —[I s, =
E E E E s £ E
0.9 3 o9 - I > n
08 ElY: = 3 E
oFoa PR R RN T o - - E
p. (GeVic) p. (GeVic) 3
. L. .. - Elyd" data o 3
@ Systematic uncertainties of individual meas. NLO pQCD S ]
— dominated by pr-independent material unc. of 4.5% PCM, 2.8% -~ PDF: CT10, FF: GRV : E
-- PDF: CTEQS.1M, FF: BFG2 ]
EMC & global E-scale unc. 3% PHOS JETPHOX E
@ Combination of 3 reconstruction techniques via BLUE method E NP 2. 3GED, FF: BrG2 ]
@ NLO prediction plotted as £ [CIPDF:NNPDF2SQED + PYTHIASPS
L L | L L L |
Ruio = 1+ (3° - Neon) /Yaee 03 1 2 3 4567810 _ 20

@ Upper limits at 90% C.L. (arrows) determined where R, with total Py (GeVie)

uncertainties consistent with unity
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Constraints to FF from RHIC

arXiv:1403:2290

e —————— Lo P IXA Bz GeIn 035 pp — v X at IS = 200 GeV with |y| < 0.35
—-BFGI PDF: GT10, FF: BFG I E 10%: =
P bty E e R T A
WS —BFGI | B =P =20, ] =
10 E- GRV NLO 085 - =k =P, =08p, oo 3 -
1, =2GeV 507 E 10%E =
%o.e 2\ — £ 3
g0 o 10°F E
§0.4 . 7 E% F -
ELE: 3 % 106? E
oz 4 E =
93 son 3 o7l N
1 1 1 1 1 1 1 1 I\ (J‘“"“‘J““J““J““'E b-op— E E
01 02 03 04 05 06 07 08 09 1.0 10 2 Tla F -
z P, (GeV) > 108 -
< E =
,_ll;' E o
. . (o) ol i
@ pQCD calculation depend on fragmentation component 109; CT10 withys ~1,~0.5 p .1, 2, E
. .. . C — —BFGI J
@ High precision data from PHENIX further constrains FF 1010k — BFGI N
E GRV NLO z
@ Data favor BFG Il FF over BFG | and GLV E 1| PHENKwihsiat eror 3
. . 10—11 L1 L1 L1 L
— BFG Il FF has largest gluon contribution 5 10 0 (6;3) 20 25
.
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Direct Photons in pp at LHC at high p,

ALICE

arXivi1709.04154 PP - v+ Xat (5=13TeV
me oo | oo | evow e cmont T — - ‘
< cuomarirr - - S " ) e
x{ 1.5 F—— cMspPb5.02TeV ~—}— POWHEG+PYTHIA pPb 5.02 TV o 2 +. W <1s 1 ‘4_#* b os<ml<raTeaoy [
° - e - 1Py > 30 Gev . 4156 <hl <181 (0% fa T
%} 10 - i# b o> < 10 #¢'L_L b o181 <237(00F . o
. Hiaght S
: SR A P | e )
T o £ kS A T - 12" To *
S o T - v & . - -
i i:& i i*\ ; ; ‘3 ! +* - -;4'*' #+J_‘ 0.._‘—-
00 Loeat. . . . . . | 0 . - . -
3 ATo - = - s . T . "
2 o bl l + 1 e e
41 | he TR 1] " e - .
1 **"‘?”‘if#‘ SR e T x?} 4 10 “* *4+ 1 T
05 1.0 15 15 05 1.0 15 0.5 107 | —+ PYTHIA 8 Monash 2013 1. —+- POWHEG + PYTHIAB 1§ —+ JETPHOX with BFG I 1
0 200 400 1000 200 400 1000 200 400 1000
Pl (GeV) Pl (GeV) p; (GeV)
. . . — y+Xat is=13TeV
@ More differential data available from ATLAS & e
. . . . 0.6 < | < 1.37 156 < '] < 1.81 1.81 < | < 2.37
CMS for inclusive direct photon production at
7,8 & 13 TeV (isolated) .
|
@ Reasonable agreement with different pQCD B
calculations & event generators "

w0 0 a0 e w00 w0 4w 0 w0 e 1000
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AT Direct Photons in pp at LHC at high p, %

arXiv:1709.04154 arXiv:1611.06586

AL — — —— S S
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@ More differential data available from ATLAS &
CMS for inclusive direct photon production at

7,8 & 13 TeV (isolated)

@ Reasonable agreement with different pQCD

calculations & event generators

o New results on isolated v + N jet production

test pQCD up to O(aemas?)

Direct Photons in pp at LHC at high p,
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ALICE
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Direct Photons in d—Au at RHIC %

P, (GeV/c)

F. Bock (ORNL)

arXiv:1208.1234

d+Au e virtualy
VS\w=200GeV o  n’-tagging
Cronin+Isospin

25

Cronin+lsospin+Shadowing
- Cronin+lsospin+Shadowing+AE, ,

R

BOuURITNT A

4 6 8 10 12 14 16pT Z&GV;(%

@ Measured direct photon excess ratio in d—Au collisions at
/Sy = 200 GeV over wide p; range

@ Small hint at suppression at high p;, statistical precision
not sufficient

— Rya slightly better described if Cronin, isospin and
shadowing effect are included

@ No significant low pr Rga
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Direct Photon Spectra in Au—Au at RHIC - 200 GeV (1)
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@ High p; ~v4ir scale with Nc¢oy - f 1075 40:50% x 10°
. . . N r
@ No indication of nuclear effects 107°C 50-60% x 107
= hadronic suppression = Final State Effect 10_222— 60-70% x 10"
@ Indication for relevance of photons from jet-plasma j 70-80% x10™
interactions for p; < 6 GeV/c 107 80-92% x 107
L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L
@ 20-30% reduction of direct photon R expected due to 0 2 4 6 8 101214 16 18
energy loss p; (GeV/c)
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Direct Photon Spectra in Au—Au at RHIC - 200 GeV (II) %

ALICE
(@ e PRL 104, 132301 (2010)|(® Au+Au © @ (a)g (b)
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@ Nearly no centrality dependence in R, peripheral still 5
~ 5% excess, although not statistically significant - o
anymore o © @ Ny-scaled pp ft
. ¢ 2007,2010
@ Excess ~ 20% in 0-20% Au-Au, systematic uncertainties wp
b

0(5%)

@ Strong excess above extrapolated pp measurement (green
curve) seen in all centrality classes

4 5

@ Slope of excess depends very little on centrality
(Tesr ~ 235 + 40 MeV/¢) : ' prlGeviel
arXiv:1405.3940
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Direct Photon Spectra in Au-Au at RHIC - 200 GeV (111)
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ALICE

Direct photon excess measured with combined
PCM + PHOS in 3 centrality classes with 2010
Pb—Pb data

R, excess at high p; for all centralities

dec

0
¢ suppressed by ~ Rz,
— larger excess in central collisions
Low p; ~ 15% excess in 0 — 20% and
~ 9% in 20 — 40%
In agreement with NLO pQCD, JETPHOX
above 5 GeV/c

No low p; excess seen in pp collisions at same
center-of-mass energy

Scaled pp spectrum & upper limits fully
consistent with Pb—Pb results

F. Bock (ORNL)

Direct Photons in Pb-Pb at LHC

Photons

[ 0-20% Pb-Pb \Sw =2.76 TeV

] ALICE

— NLO pQCD PDF: CTEQ6MS5 FF: GRV
JETPHOX PDF: CT10, FF: BFG2
JETPHOX nPDF: EPS09, FF: BFG2

(all scaled by N, np':.‘ll-

I
f ; f

20- 400‘/0 Pb-Pb \s,, = 2.76 TeV

[+ ALICE

— NLO pQCD PDF: CTEQ6M5 FF: GRV
JETPHOX PDF: CT10, FF: BFG2
JETPHOX nPDF: EPS09, FF: BFG2

(all scaled by N

n
I T L R B B B

40 80% Pb-Pb \s,, = 2 76 TeV

JETPHOX PDF: CT10 FF: BFG2
JETPHOX nPDF: EPS09, FF: BFG2
(all scaled by N

10
P, (GeV/c)

PLB 754 (2016) 23-248



@ Direct photon excess measured with combined
PCM + PHOS in 3 centrality classes with 2010
Pb—Pb data

@ R, excess at high p; for all centralities
o 9 suppressed by ~ RKZ
— larger excess in central collisions
o Low p; ~ 15% excess in 0 — 20% and
~ 9% in 20 — 40%

@ In agreement with NLO pQCD, JETPHOX
above 5 GeV/c

@ No low p; excess seen in pp collisions at same
center-of-mass energy

@ Scaled pp spectrum & upper limits fully
consistent with Pb—Pb results

F. Bock (ORNL)

Direct Photons in Pb-Pb at LHC
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2 Direct Photons in Pb-Pb at LHC |,
@ Direct photon excess measured with combined 1.2
PCM + PHOS in 3 centrality classes with 2010 10
Pb—Pb data
0.8
@ R, excess at high p; for all centralities 1.6
o 9 suppressed by =~ RKZ 14
— larger excess in central collisions 12
o Low pr ~ 15% excess in 0 — 20% and 10
~ 9% in 20 — 40%
0.8
@ In agreement with NLO pQCD, JETPHOX 1.6
above 5 GeV/c i
@ No low p; excess seen in pp collisions at same 1
center-of-mass energy
1.0
@ Scaled pp spectrum & upper limits fully
0.8

consistent with Pb—Pb results

F. Bock (ORNL)

Photons
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F [#120-40% Pb-Pb, |s,, = 2.76 TeV =
F Copp, Vs=2.76TeV E
;%%HHW ]

[+140-80% Pb-Pb, |5, = 2.76 TeV

Ce1pp, Vs=2.76 TeV
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ALICE

Direct photon excess measured with combined
PCM + PHOS in 3 centrality classes with 2010
Pb—Pb data

R, excess at high p; for all centralities

dec

0
¢ suppressed by ~ Rz,
— larger excess in central collisions
Low p; ~ 15% excess in 0 — 20% and
~ 9% in 20 — 40%
In agreement with NLO pQCD, JETPHOX
above 5 GeV/c

No low p; excess seen in pp collisions at same
center-of-mass energy

Scaled pp spectrum & upper limits fully
consistent with Pb—Pb results

F. Bock (ORNL)

Direct Photons in Pb-Pb at LHC
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PHENIX Direct Photon 1,/1v3 Results - Au-Au %

arXiv:1509.07758

[ (a) 0-20% (b) 20-40% © 40-60%H
03f Direct photon v [ PHENIX 2007 and 2010 -

[ e Conversion method Au+Au 200 GeV

S 02 m  Calorimeter method E
. @lﬂ Ty ﬁﬂ i g
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@ Direct photon 1, & 3 comparable to that of other hadrons
@ Two independent methods give comparable result
@ Theory not able to reproduce large v, and even less v3
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7 Direct Photon Yield and Flow - At RHIC
< H (a) Invariant yield [
& 10¢ —— Fireball, Primordial 1 0.2 E
. . E —— Fireball, Primordial 2 -
@ Large yield and large anisotropy ,,Zl"_g. i — Semi-QGP wioviscous | 0 15[
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, 107 0.5
@ Challenge for theory to describe F U
both measurements simultaneously 10_2:_ ot
' N : 025 (©v, PHENIX
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Cocktail Simulation of Decay Photon v,
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-2 L L L L L L L
§ [ 020%PoPb,5,-276TeV 1§ [ 2040%Pb-Po, (5, - 276 Tev ]
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o v;"" measured with PCM & PHOS N3 14 ]
— Corrected for BG flow from impurities ; ] ; ]
[JPG 44 (2917) no. 2, 025106] 1 . i .

— Assumed to be independent oah 1 .F ]
— Consistent, p-values of f 1 F ]
0.93 (0-20%) & 0.43 (20-40%) T 1°% ]

Py (GeV/c) Py (GeV/c)
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Direct Photon v, 0-20 & 20-40 % Pb-Pb at LHC %

ALICE,
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vy = 2 ZR 12 F 0-20% @vz_ vy ]
1 0af  20-40% [0]vp™ v =
@ Measured R, often less than 204y deviation £ Boxesindicate total uncertainties 1
from 1 0251~ -
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simulation following Bayesian approach with E & e 1
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Direct Photon v, 0-20 & 20-40 % Pb-Pb at LHC %

ALICE,
Direct phOtOﬂ Vo: >~>N L B L L L R L L e \ao\(iv‘:l?O?O\M\Of
_ E ALICE Pb-Pb, {5, = 2.76 TeV ]
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R,Y,]_ 0 Si 20-40% @ VZ’ inc V«é, dec E V«é, dir j
@ Measured R, often less than 20y deviation £ Boxes "f'cate total uncertainties 1
from 1 025 [ — =
= Central value & unc. calculated using MC 02 M =
simulation following Bayesian approach with E # Xﬂ% ]
probability distributions of true values of 0.15F f i | 0] =
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@ Large direct photon v, for p; < 3 GeV/c OE L B 2 ]
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ALICE

Jet observables: a quick reminder %

Lk

ot

gje =In ptrack_pjet (1)
—Ip7/?

& =In ey ®
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