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Probing the QGP with
Direct Photons and Di-Leptons

Can we determine the point where the QGP switches on?
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Direct Photon in pp(p) collisions @

F. Bock (CERN)
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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 =0.2, 2.76, 7 & 8 TeV
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Direct Photon in pp(p) collisions @m
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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 =0.2, 2.76, 7 & 8 TeV

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

All pp data seem to align on a common x7-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

F. Bock (CERN)
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(Virtual) Direct Photons in pp at low p, @m

ALICE
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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 0(0.1-1%) in pp

@ Similar size of u

ncertainties 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

F. Bock (CERN)
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Direct Photons in p—Au at RHIC at low p,

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

@ New: 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

Electroweak Probes May 14, 2018
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Direct Photons in p—Au at RHIC at low p;
Increasing the system size

2

New: 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 pr 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

May 14, 2018



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

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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Ditvaet: Plhsten Ssesmn ot RUIC - BES & Cu-Co )

o1 ® Au+Au, Y5, = 62.4 GeV, 0-86% VS = 200 GeV: ¢ Pb+Pb, 5 = 2760 GeV, 0-20%
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O p+p, V5= 62.4 GeV
0 p+p. V5 =63 GeV

" ® __ pQCD, s = 62.4 GeV
10 ... PQCD, {5 = 39 GeV

® AusAu, |5, = 62.4 GeV, 0-20%
+ CusCu, {5, = 200 GeV, 0-40%
— pQCD, 15 = 2760 GeV

... PQCD, 15 = 200 GeV

® Au+Au, 20-40% -
A Au+Au, 40-60%
0 P+p. ¥s = 200 GeV L
= p+p it, V5 = 200 GeV
... PQCD, 15 = 200 GeV

PHENIX

E (o) (c)
1020 b e L H e b e e
0 5 10 0 5 10 0 5 10
[N [GeV/c] P, [GeV/c] o [GeV/c]

@ New: Direct photon yield in Au-Au at /5, = 39&62.4 GeV &
Cu-Cu at /5, = 200 GeV

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

@ Spectra follow similar behavior at low pr
F. Bock (CERN) Electroweak Probes May 14, 2018
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@ New: Direct photon yield in Au-Au at /5, = 39&62.4 GeV &

Cu-Cu at /5, = 200 GeV

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

@ Spectra follow similar behavior at low pr

F. Bock (CERN)
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Direct Photon Spectra at RHIC - BES & Cu-Cu
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Other scaling relations possible

as well!

Needs further thought
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@ New: Direct photon yield in Au-Au at /5, = 39&62.4 GeV &

Cu-Cu at /5, = 200 GeV

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

@ Spectra follow similar behavior at low pr
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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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ALICE

Direct Photon Spectra - N, scaling?
Integrated photon yield pr > 1 GeV
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Why does the low p; direct
photon yield appear to scale with
(dNen/dn)*?
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Direct Photon Spectra - N, scaling? @m

Integrated photon yield pr > 1 GeV
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Why does the low p; direct
photon yield appear to scale with
(dNen/dn)*?
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Direct Photon Spectra - N,
Integrated photon yield pr > 1 GeV

scaling?

A+Alp+p -y _+X

Pb+Pb, [y = 2760 GeV
Au+Au, |5y, = 200 GeV

AutAu, Sy, = 62.4 GeV

N, scaled prompt photons
p+p fit, /s = 200 GeV/

—pQCD, \s = 2760 GeV

—pQCD, Vs = 200 GeV

=
(@]
)

Au+AU, Sy, = 39 GeV —pQCD, Vs = 62 GeV

Cu+Cu, sy, = 200 GeV

d+Au, |Sy = 200 GeV

p+Au (PHENIX Prel.), {s,,, = 200 GeV
p+p, Vs = 200 GeV

¥ Au+Au (STAR), (S = z;o GeV
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Why does the low p; direct
photon yield appear to scale with
(dNen/dn)*?

F. Bock (CERN)

10t
= Prompt
S *  Thermal (./“
[ o
10 /
9 slope~1.68 .~ &
A -
»
& i
-1
.E- 10 '
3 slope = 1.32
T
102 0-5% centrality only
10t 102 103
dN™/dy

Electroweak Probes

Only very approximate!

dNY/dy(pr> 1GeV)

9

@ Story not as clear, when looking at STAR data in
addition
@ Theoretically not easy to understand scaling across
different /5
@ Prompt and thermal photons should scale with
different slopes at one /5,

Works!
10!
=  Prompt ,
* Thermal e
«
10° » m
slope = 1.58 » ’,’
s
/y ,"
10-1 o
‘,//./ slope = 1.35
b
1072 VSnn =5020 GeV only
10 102 103
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

[ A+AIpp — y +X N, scaled prompt photons O
[ mm Pb+Pb, (S, = 2760 GeV p+pfn,‘(@:200 Gev addition
r , (S =200 G =pQCD, Vs = 2760 GeV . .
—~12 o e 2 o ZPQCD! 12 - 200 Gev @ Theoretically not easy to understand scaling across
O |5 10w Au+Au, Sy, = 39 GeV —PQCD, 5 =62 GeV diff t
2% F v cu+Cu, {5y, = 200 GeV irrerent /s,y
olg" | e o o = 200 Gev @ Prompt and thermal photons should scale with
o Vs =200 GeV 1 </
A 'c L (e} p"’pY S
— \'5 v Au+Au (STAR), sw:z;oeev *<¥++'F + different slopes at one Sun
A é 10 T ‘ ¥ ' | e Can we learn something about admixture from
S5 r " |y different p; cuts?
2|2 [ ]l Y ¥ ¥
= 3] [ !
Z|e F T Prompt Photons Thermal photons
o N
o 1= % ® pr>0.6GeV Slopes ® pr>0.6GeV Slopes
C 101 *  pr>1.0GeV Lul49 10! %  pr>1.0GeV
C v  pr>1.4GeV - 158 v pr>1.4Gev
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w L 135
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Why does the low p; direct e
. . 10-2 ’/ ’A/ 102
photon yield appear to scale with g~
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@ Central points for direct photon yield and
by most theoretical calculations

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

29 | |

R

;L ]
- 1= E
& E
107
102
10° E
E -- Paquetetal. x10° 3
F arXiv:1509.06738 1
[ - Linnyk et al. =
107E arXiv:1504.05699 - Chatterjee etal. . 3
E --v.Hees etal. PRC 85(2012) 064910 3
[ NPA933(2015)256  +JHEP 1305(2013) 030
DT I I R NI I A I
05 1 15 2 25

by factors of 2-5

PLB 754 (2016) 23-248

pT (GeV/c)

F. Bock (CERN)

~,dir
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Direct Photon Yield and Flow - At the LHC

underestimated
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ALICE

o Central points for direct photon yield and v,
by most theoretical calculations .. mw"‘_mw‘Wmi’fﬂv??"f’;‘?“??§

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

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. e
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 (CERN)

y
Ve
;

~,dir

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

05 ) AN ]

underestimated AL 1

L v %°, ALICE simulation i

£ r » ]

05 0-20% Pb-Pb, 5, =2.76 TeV B 0.4 v, hydro, Paquet et al. 1

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

r VE %2, ALICE simulation ] r ./gf"" PHSD, Linnyk et al. ]

0.4l V19" hydro, Paquet et al. B 0.3~ Boxes indicate total uncertainties -

4 e . A - r ]

[ == 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 o 7

o III b of .

r 1 :HH\HH\HH\HHMmmmm?

0 1 2 3 7

r — ] (GeV/c)
S I B B S DU N D
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

setu ps
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ALICE
o
@ Photon vyield increased by
~ factor 2 for p; <3 GeV/c
@ T appears to change
PLB 754 (2016) 23-248
§ T
% [ [*]ALICE l
g % 0-20% Pb-Pb {5, = 2.76 TeV 7
J> — Aexp(-p/ Tep) 3
= ':._ s T =304 % 11 + 407" MeV
% B 1k [5] PHENIX E
o 0-20% Au-Au |5, =02TeV 3
A2 —Aepp/Ty) b
g Ty = 239 + 255 +7%° MeV
§10F E
3 3
E EI |
i = 19
=]
0k .
E =]
oL 1=
107 3
pT(GeV/c)

F. Bock (CERN)

Biec: Pheien Viekl sl Slem = Carmpeifieon o [EHIENB &)

L L L = BN

[ 1% [ ]
- S, € — - S, e —
05 0-20% Pb-Pb, {5y = 2.76 TeV 05 20-40% Pb-Pb, (S, = 2.76 TeV
[ [e]vi®, ALICE ] [ [*]vi® ALICE ]
. 4i 0-20% Au-Au, {5y = 200 GeV E . 4i 20-40% Au-Au, [y, = 200 GeV E
i v @, PHENIX conv. ] i V4", PHENIX conv. ]
r vi ", PHENIX calo. ] r vy %", PHENIX calo. ]
[ 2 ] [ 2 ]
03l Boxes indicate total uncertainties - 03l Boxes indicate total uncertainties -
02 4 02 E
0.1~ E 0.1~ ‘ E
| 1 ik
:HumHmummmm‘m++m: :HH\HH\HH\HHMmmmm?
0 1 2 3 4 5 7 0 1 2 3 7
arXiv:1805.04403 (GeV/c) (GeV/c)

vp 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
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ALICE
o
@ Photon vyield increased by
~ factor 2 for p; <3 GeV/c
@ T appears to change
PLB 754 (2016) 23-248
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F. Bock (CERN)

Biec: Pheien Viekl sl Slem = Carmpeifieon o [EHIENB &)

L L L = BN
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- S, € — - S, e —
05 0-20% Pb-Pb, {5y = 2.76 TeV 05 20-40% Pb-Pb, (S, = 2.76 TeV
[ [e]vi®, ALICE ] [ [*]vi® ALICE ]
. 4i 0-20% Au-Au, {5y = 200 GeV E . 4i 20-40% Au-Au, [y, = 200 GeV E
i v @, PHENIX conv. ] i V4", PHENIX conv. ]
r vi ", PHENIX calo. ] r vy %", PHENIX calo. ]
[ 2 ] [ 2 ]
03l Boxes indicate total uncertainties - 03l Boxes indicate total uncertainties -
02 4 02 E
0.1~ E 0.1~ ‘ E
| 1 ik
:HumHmummmm‘m++m: :HH\HH\HH\HHMmmmm?
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arXiv:1805.04403 (GeV/c) (GeV/c)

vp 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
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Biec: Pheien Viekl sl Slem = Carmpeifieon o [EHIENB I@
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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 =
Is there a way to disentangle the contributions of the
| | | | |

T, Gevi two phases at RHIC & LHC?
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Dileptons at RHIC &)

[ Muon Candidates Run15 p+p at {s=200 GeV
2 Nunio sign = 435079 . : +,,—
E N = S16758 @ New: STAR - First results on "y~ in

pp & p-Au @ 200 GeV using MTD & DNN

—— unlike-sign
—— like-sign

0o Tos TTHTTTis T2 Es s Tas
M (GeV/c?)
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Dileptons at RHIC

dN/dM (GeV/c)'

[ Muon Candidates

Run15 p+p at {s=200 GeV
N

= 435079
=316758

unlike-sign

N,

like-sign

—— unlike-sign
—— like-sign

2 25 s TTas 4
M (GeV/c?)

dN/dM,,, (GeV/c?)'
= T IIIIIIII T TTTTm

3

P> 1.1 (GeVie), Il < 0.5
P> 0.0 (GeVic), Iy, | < 05

2015 p+p at Vs = 200 GeV.
— MixedLS — Corr BG
— Data p'y * Signal

o

F. Bock (CERN)

PEPEPEF EPEPRPE BN
0.5 1 15

e
M., (GeV/c?)

i

pp & p-Au @ 200 GeV using MTD & DNN

o New: STAR - First results on ;"™ in

@ New techniques developed to cope with low
purity/statistic in pu*pu~
— may benefit future dilepton analysis also in eTe™

Electroweak Probes May 14, 2018 11



Dileptons at RHIC &)

ALICE

o New: STAR - First results on ytp™ in
pp & p-Au @ 200 GeV using MTD & DNN

@ New techniques developed to cope with low
purity/statistic in pu*pu~
— may benefit future dilepton analysis also in eTe™

--cCouu (PYTHIA)  STAR Preliminary
--bbspp (PYTHIA) P+p at Vs =200 GeV

_ v, 1<0.5 &p" > 0.0 (GeVic)
- q@-nu (PYTHIA) In1<05& p:'> 1.1 (GeV/c)
i Data '

dN/AM,, 1/N, g (GEV/CP)!

4 B 1 L L
FSTAR p+p at Vs = 200 GeV
EPreliminary I:l Cocktail Uncertainty

7 Data (Stat. Uncertainty)
5] Data (Sys. Uncertainty)

Data / Cocktail
N W s O

U LARANRAARNRARRNRRAN)

—

OO

3 35 4
M, (GeV/c))
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ALICE

Dileptons at RHIC

— 10° -

GeV/c?
3
|
e

9

2

3
BRRLLU SRR SR e

dAN/AM,,, 17N (

9

-m  --cCopp (PYTHIA)  STAR Preliminary

- --bb—>pp (PYTHIA)  Minimum Bias

_ e p+Au at |sy, =200 GeV.
Jy @t (PYTHIA) ly 1<05& p:“> 0.0 (GeV/c)

—y(2S) —sum 1} Data Inf<0.5 & p!>1.1 (GeV/c)

TR

Data / Cocktail
N W s O

T

o

\:| Cocktail Uncertainty
Data (Stat. Uncertainty)
|:’ Data (Sys. Uncertainty)

o

F. Bock (CERN)

New: STAR - First results on ptpu™ in

pp & p-Au @ 200 GeV using MTD & DNN

New techniques developed to cope with low
purity/statistic in pu*pu~
— may benefit future dilepton analysis also in eTe™
Low muon purity in Au+Au collisions makes pu™p™
measurements very challenging
New datasets for STAR that are ideal for low mass and
continuum eTe™ and/or uTpu~ measurements at STAR!
o Au+Au @ 27 GeV: ~1.5B triggered MB events
o Au+Au @ 54 GeV: ~1.3B triggered MB events
o Isobar (Ru+Ru and Zr+Zr) @ 200 GeV: ~3B triggered
minimum bias events for each species!
o BES Phase Il: several more datasets with Vo< 19.6
GeV

Stay tuned!

Electroweak Probes May 14, 2018 11



ALICE

(mb / (GeV/c?))

Ratio to cocktail
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Dileptons at LHC

ALICE —— Light meson decays
pp: p, > 0.2 GeVic, In,| < 0.8 — = G e
Pb-Pb:p >04GeVic, || <08  — - bb s ee
B=05T Total cocktail E
g
a0 pp 15 = 13 TeV x 3000 B
C]
-
s J, 3
L — — - * =
9 — ST E
. - 3
o pp {5 =7 TeV x30 ~ ‘:‘?_;
= =1 =~ N ?
o ey 5
e Pb-Pb |5, = 2.76 TeV, Cent. 0-10% E
Lt = 3
= — 4
sl b by by byl LENA L e T
0 0.5 1 15 2 25 3 3.5 4
M (GeV/c?)
=~ R Rapp. Adv. HEP 2013 (2013) 148253 | ® Daa )
= and PRC 63 (2001) 054907 e Cocktail sum
= e PHSD, arXiv:1803.02698 [nuck-th]
= ALICE Pb-Pb, |5, = 2.76 TeV, 0-10%
P QRO 08,
0 01 02 03 04 05 06 07 08 09

1
mg, (GeVic?)
F. Bock (CERN)

@ New: Low Mass di-electons in
pp @7 & 13 TeV and
Pb-Pb @ 2.76 & 5.02 TeV

o Pb-Pb @ 2.76 & 5.02 TeV:

o

o Agreement of Data & cocktail (w/o vacuum p° ) for

150 < mee < 700 MeV/c?

— Limited sensitivity to low-mass excess due to low statistics

Electroweak Probes
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Dileptons at LHC @AV

@ New: Low Mass di-electons in
pp @7 & 13 TeV and
e Pb-Pb @ 2.76 & 5.02 TeV

T LI T T T T T T El
Dat: 3
(§ ALICE Prelminary =2 Cockai e Pb-Pb ©@2.76 & 5.02 TeV:
> 0-20% Pb-Pb {5, = 5.02 TeV — n0yye‘e N . 0
S 10 6op <sevic <08 —noree E o Agreement of Data & cocktail (w/o vacuum p° ) for
3 ? — n'ye’e, nowe’e 3
£ et —poee ] 150 < mee < 700 MeV/c?
ke i — o-e'e, o-onle'e - . . . )
= 8 — oe'e, oome'e, oon’e'e E o Pb-Pb 5 TeV results indicate necessity of charm suppression
° s — cce'e (PYTHIA 6 + EPPS16) x N,y ] . ktail
J AT — bbe'e (PYTHIA6 x N,,) B In cocktai
2o L — Uyose'e, Jy—re'e -
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i |
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5 3 M E
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o E|
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ALICE

Ratio to cocktail

Dileptons at LHC

ALICE —— Light meson decays 1:
PP p,, > 02 GeVic, In,| < 0.8 G e 3
Po-Pb: p, >04GeVic, 1 <08  — - bb— et .
B=05T Total cocktail E
g
= ) pp 15 = 13 TeV x 3000 3
-
s 4 3
L] — — L E
- i o] =
- T~ E
wer | o (527 Tev <20 N T
== 5~ - E
o ey 5
ey Pb-Pb {5,y = 2.76 TeV, Cent. 0-10% E
Lt = 3
:Iﬂ‘f e ]
oo bbb b b b L ENA L e b T
0.5 1 1.5 2 2.5 3 3.5 4
m,, (GeV/c?)

" RRapp, Adv. HEP 2013 (2013) 148253 ' ® Daa )

and PRC 63 (2001) 054907 e Cocktail sum

PHSD, arXiv:1803.02698 [nucl-th]

 ALICE Pb-Pb, 5 = 270 Tev,0-10%

- Py, 04 Gevie |n | <

01 0.2 03 04 05 06 07 08 09 1
o (GeVic?)

F. Bock (CERN)

o

@ New: Low Mass di-electons in

pp @7 & 13 TeV and

necessity of charm suppression

pp © 7 & 13 TeV:

o Constraints on oce & o,

e Enhanced di-lepton
production in 13 TeV high
mult events consistent with
cocktail expectations
— Still statistics limited

o Extracted upper limits on
~dir production

More data to come soon!

Pb-Pb @ 2.76 & 5.02 TeV
@ Pb-Pb © 2.76 & 5.02 TeV:
o Agreement of Data & cocktail (w/o vacuum p° ) for
150 < mee < 700 MeV/c?
o Pb-Pb 5 TeV results indicate
in cocktail
s g 8 ALICE pp (5 = 13 TeV ® Daa _;
% = p,,>02GeVic, I < 0.8 Cocktail 1
E: %Q ch,/deM)/(ch,/dn(lNEL)>:62710.22 _:
z|3 p._<6GeVic E
ST 4p -]
S E
52° E
#5 %J% 5
z: é :&j E
1: E
T e R SR S T-a
M, (GeV/c?)
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Light-by-Light Scattering
in Heavy lon collisions

Can we test QED in these collisions?

F. Bock (CERN) Electroweak Probes May 14, 2018 13



ALICE
Ph

ATLAS

EXPERIMENT

Evidence for light-by-light
scattering
in UPC HI collisions!

F. Bock (CERN) Electroweak Probes

Pb®

Light-by-Light Scattering in heavy ion collisions

Ph

Pb

PLY

Phe
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Light-by-Light Scattering in heavy ion collisions

ALICE

ATLAS

EXPERIMENT

Pb Ph©

Evidence for light-by-light /
scattering
in UPC HI collisions!
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Light-by-Light Scattering in heavy ion collisions

ALICE

ATLAS

EXPERIMENT

ATLAS

EXPERIMENT

Evidence for light-by-light /
scattering
in UPC HI collisions!
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Light-by-Light Scattering in heavy ion collisions

ALICE

ATLAS

EXPERIMENT

ATLAS

EXPERIMENT

.

i~ -as probes of the
magnetic fields?

F. Bock (CERN) Electroweak Probes May 14, 2018

Evidence for light-by-light /
scattering
in UPC HI collisions!



ALICE
S 14 +Da\a 480 ubt ATLAS
S [ Ow-wMc
2 120, EEy-e'emC Pb+Pb s, =5.02 TeV
‘ﬂ":J [| [ZCEPyyMC ]
@ 10F {
Signal selection

Events / (0.005)

no Aco requirement

% 001 002 003 004 005 006
yy acoplanarity
PbPb 390 pb™ (5.02 TeV)

16 —=— Dpata

CcMS
14 [ tbLyy - yyMC)
[ cEP(gg - v ) + other bkg
12 [ Qedyy - e (M)

E —
0 002 004 006 008 01
Diphoton A

F. Bock (CERN)

Evidence of Light-by-Light scattering in 5.02 TeV Pb-Pb ()

o Evidence of LbL scattering:
ATLAS 4.4(3.8)0 & CMS 4.1 (4.4) o observed (expected)

@ Measured fiducial cross section:
ATLAS oy = 70 + 24 (stat.)£+17(syst) &
CMS o4y = 120 + 46 (stat) +4 (th) nb

Electroweak Probes May 14, 2018
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Evidence of Light-by-Light scattering in 5.02 TeV Pb-Pb @

8 1l Towmaomiatias ] o Evidence of LbL scattering:
S b, R ewc POYPD [5,=502Tev] ATLAS 4.4(3.8)0 & CMS 4.1 (4.4) o observed (expected)
S [| EZCepyymC ] . . .
© 10- E @ Measured fiducial cross section:
[ Signal selection ] A—
8 o Aco requrement ATLAS ofg = 70 £ 24 (stat.)£17(syst) &
o0 E CMS o4y = 120 + 46 (stat) +4 (th) nb
aF e @ New: Axion limits from CMS
2 E — No significant excess in m,., distribution
© 0oL 002 003 004 005 006 Competitive limits on axion-like particles.
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A

UPC scenario normal collisions

” Di-lepton UPC events in non UPC collisions @m
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dN/AM,, ((GeV/cd)™)

Data/Cocktail

102

0

...
S

10

P < 0.15 GeV/e
[ Solid: Au+Au 200 GeV

© 0 60-80%

* ¥ 40-60% x 10
0 10-40% x 10°
—— Au+Au Cocktail _|

25 3 35

M., (GeV/c?)

F. Bock (CERN)

Di-lepton UPC events in non UPC collisions

Multiple ways to look at these events:
a) Di-lepton measurements in peripheral events
— Excess yield in peripheral events above hadronic cocktail

Electroweak Probes

o
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Di-lepton UPC events in non UPC collisions @

Multiple ways to look at these events:

1 Contrality: 60-80% | e 0 0.4-0.76 GeV/ic ] a) Di-lepton measurements in peripheral events
Lot | S0lid: Au+Au 200 GeV - %77 076-12 GeVie? x10” ] — Excess yield in peripheral events above hadronic cocktail
[ Open: U+U 193 GeV ¢ 0 1.2-2.6 GeV/c® x10
~ E —— Au+Au Cocktail E — Excess concentrated at low prfor all mee
— 3 ] 2 - . . . .
2w e — pf distribution widens, not described by models
Z A .
% 10° F E
2 N v N
= B >
S Y 4
> 107
= L, .
F o—o N o
107 Y =
g STAR p;>0.2 GeV/c, Ihel<1, [y*l<1 o
ol . ‘ ‘ ‘
[} 0.2 0.4 0.6 0.8 1
Py (GeVl/c)
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Di-lepton UPC events in non UPC collisions @

Multiple ways to look at these events:

1 Contrality: 60-80% | e 0 0.4-0.76 GeV/ic ] a) Di-lepton measurements in peripheral events

Lot | S0lid: Au+Au 200 GeV - %77 076-12 GeVie? x10” ] — Excess yield in peripheral events above hadronic cocktail
[ Open: U+U 193 GeV ¢ 0 1.2-2.6 GeV/c® x10
E —— Au+Au Cocktail E — Excess concentrated at low prfor all mee

5
)

dN/dp, ((GeV/c) D)
- ‘A‘\ ,
-
b <
}
X

— p% distribution widens, not described by models

b) Search for UPC like pp-events in A-A events & do template fits
— Such events found in all centralities

107 E — Acoplanarity widens for more central events, can't be explained by event
0o L Fo—= = = generators
E STAR p$>0.2 GeV/e, i<, ly“|<1 -
101 02 04 06 08 1
Py (GeVl/c)
2lﬁeuo : . ; :
ol T ATLAS 0-10% > 80 %
2 [ (s =5.02Tev - Data
“0[-PbiPb,0.49nb" T~ Background
L aussian +
I " background
I ..., Convolution +
200 |- T background
Y Setetetetetaivtelitne’ Mehabel & 500.0.0.0.0.0.0.0.0 o
1 L 1 L
0.005 0.01 0.005 0.01 0.015
a a
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Di-lepton UPC events in non UPC collisions @

ALICE
Multiple ways to look at these events:
10 = T T T T - . .
0;cgm.-amy; 60-80% ©0 0.4-0.76 GeV/c* 1 a) Di-lepton measurements in peripheral events
Lot [ Solid: Au+Au 200 GeV x3r 0.76-12 GeVie™ x10° ] — Excess yield in peripheral events above hadronic cocktail
[ Open: U+U 193 GeV ¢ 0 1.2-2.6 GeV/c® x10
E — Au+Au Cocktail E — Excess concentrated at low prfor all mee

5
)

— p-% distribution widens, not described by models

== -
?—_ﬁ 1 b) Search for UPC like pu-events in A-A events & do template fits

dN/dp, ((GeVieyh)
3

w * v — Such events found in all centralities
107 1 — Acoplanarity widens for more central events, can’t be explained by event
[f F= ¢ + generators

i =
p;>02 Gevre, Ini<t, i<t + Measurements indicate deflection of the leptons in these events

PR e e T ee 08 1 Can we measure the strength of the source?

2
T
172}
|
Ly
=

P, (GeVic) S 70ET . . ) S 100p T
2lﬁeuo : : . . 3 Centrality: 60-80% 2 90F arras Gaussian + 3
oS [ATLAS  0-10% >80%] @ f 18 80F Er-s02Tev background 3
-z | szN =5.02 TeV —e— Data E i < 70E S . Convolution + o
400 -1 ] - = Background 4 ~ Pb+Pb, 0.49 nb background ‘.
Pb-+Pb, 0.49 nb Backar = | naann 1 eob
r aussian + ] -
3 " background = 1 - s0b . 3
F ..., Convolution + ] _I J |
200 - T background - 1 4F E
L Ed 3
® Au+Au200Gev 4 ¥
b = = (00.0.0.0.0.0.0.0.0 o O U+U 193 GeV T 122: :
oo 0T oos 30 Y T S obr Lo Lo b o b o oo
a 0.5 1 L5 2 S, 5 100 150 200 250 300 350 400
Mee (GeV/c?) (N
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Isolated Photons as
calibration & tagging objects for
jet modification studies
in p-A and A-A collisions




50<p] <90 Gevrcxn_‘s<p:<7.n Gevic ) "
186 - 7l < w2 o oz
M<03s .4 *
o pHpIA+AU/AUFAY — ¢ +h+X
' @200 Gev
+ d+AU0-100% R, < 0.4 £-0.05) ]
o AutAu 0-40% (2007+2010+2011) ER 1
E ! Preliminary 0 p+p R < 0.4 (PRD82,072001) (3:0.1) 1 2w
" 75 ¥ 15 3 75 S
AutAu 0-40% (2007+2010+2011)
d+Au0-100% R, < 0.4 (3-0.05) ‘*I
20 i "
T hi ] §W
- 75 ¥ 75 3 75

e

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

Integrated y-Hadron Correlation: 2m/3 < Ap <, |An| < 0.6

= = ALICE Preliminary
pp Vs =5TeV
4 p-Pb /5 =5TeV

[ pp Systematic

— [ p-Pb Systematic
+ Normalization +25%

:@:

0.2 03 0.4

27 :P}T]/P%

0.5 0.6 0.7

o New: Base-line measurements in pp & p-Pb 5 TeV (ALICE)

@ ALICE: Usage of fast read-out cluster with only ITS, EMCal & PHOS and tracking based purely on
ITS in pp & p-Pb to increase inspected luminosity

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

energies

0.06

9

0.05

1Ny dNpairs

ALICE Preliminary

4 ppvs=5Tev

4 p-Pb Sy =5TeV
piEf" > 10 GeV/c, Anti-kr R=0.4
20 < p¥ < 30 GeV/c

+
4

+

0.02
0.01
e
0.00=8= $
0.0 0.5 1.0 1.5 2.0 25 3.0
[Ag]

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

Modification of jet properties in Pb-Pb collisions @m

Constraining quark-jet modification

New: v+jet p;-balance & ~-tagged jet FF from

(1/Ny)(aN/dx )
5 5o

S o 9o 9o
M 2

= T
E ATLAS

T
p! =63.1-79.6 GeV

+

A > 7n/8
(&4 pp

N
}“[ *E : [ 0-10% Pb+Pb
- A0 > 34
E "[;ﬁm_rﬁ’q +
ez

+ 0-10% Pb+Pb

g
p} = 100-158 GeV

ATLAS

ene @ pp-like peaked x; in peripheral Pb-Pb,
B 010 Poury smeared in central Pb-Pb
oy — Variation in jet-by-jet E-loss

+ 0-10% Pb+Pb

@ 7-tagged jet frag. functions different

modification in central evts. than inclusive jets

L L L Lo
04 06 08 1 12 14 16 18
X

F. Bock (CERN)
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12 14 16 18
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' Constrammg quark—Jet modlflcatlon

Modification of jet properties in Pb-Pb collisions @m

New: v+jet p;-balance & ~-tagged jet FF from

ATLAS

-t

(1/Ny)(aN/dx )
BE B B

o o9
2 ® o
T

o
)
S

T+ *:Dﬁ
i

T

T 5
p‘_631 Te6Gev T

A9 > T8
(& oo E3
[ 0-10% Pb+Pb 3
A¢ > 31/4 E
4+ pp E
+ 0-10% Pb+Pb E!

p‘ 100-158 Gev

Inclusive

+ 0-10% Pb+Pb

3 ATLAS
3 o pp-like peaked x;, in peripheral Pb-Pb,

(& pp E K

£ 0-10% PosPb 3 smeared in central Pb-Pb
Leading 3 . . . . .

+ pp 7 — Variation in jet-by-jet E-loss

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

L L L
04 06 08

1

L i
12 14 16 18
X

pI* > 1GeVic, antik jetR =03 p > 30 GeVic, || < 16

p‘>suGevlc | < 1.44, A¢ >

7

S = 5.02 TeV

antik_ jet R =0.3, p! > 60 GeVic, By > 30 GeVie, Ag > ¢ e

PbPb 404 ub”  pp 27.4 pb

“ New: £} & gamma-tagged Jet shape from CMS

CMS Cent. 0-10% -
Supplementary ]
W Data a
—— CoLBT-hydro o
& 2 T Hybrid 4 ‘3
= 53 w/o back reaction “a
o w/ back reaction +
0
ol
al
S TR R 2. =
S

Sy = 5.02 TeV -
PbPb 404 pb’"'
pp27.4 pb ! 1

CMS
B Data

— LBT

+ Supplementary

Cent. 0-10%

[ SCET, Chien-Vitev

@ Central PbPb collisions — enhancement of
low-p; part. and a depletion of high-p; part.
£7 modified stronger compared to &jer
@ Larger enhancement at large r &
Smaller depletion at intermediate r
compared to di-jets
Increased quark fraction (70-80%)?

— Lower jet p threshold (higher fraction of

F. Bock (CERN)

0.3 quenched jets)?
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Photons and Bosons 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 ~, Z&W spectra?

F. Bock (CERN) Electroweak Probes May 14, 2018 20



Isolated direct photon
measurement in p—Pb collisions
at /5, =8 TeV by ATLAS

@ N,y scaling works at mid
rapidity

@ Prompt photon production at
large pr in forward and
backward region could
constrain nPDFs & energy loss
scenarios significantly

o Current precision not yet
sufficient to do so

@ Slight preference for no energy
loss in p—Pb collisions

F. Bock (CERN)

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

o L8f
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1
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0.4]
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I. Vitev et al.
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Sensitivity of W* & Z° production on nPDFs & N @

A
< L T 214p e e R R oS AR R AR RRRRRERERERE R R SR RRRE
< [ CMS\sy=276TeV 1 P p+Pb 2013, 29 nb’ 0-90% Centrality -10% Centrality ATLAS Preliminary 3
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CM
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180~ W'~ P+, CMS
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Sensitivity of W & Z° production on nPDFs & Nco”

T T T T T aARE|
% Centrality ATLAS Preliminary 3

T T T T
p+Pb 2013 29 nb‘ F 40~ 50% Cemraluy
p+p 2015, 24.7 pb

{5y = 5.02 Te

1
1
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Data, statistical uncertainty |:|Data syslemallc uncenalnly Luminosity uncertainty E|
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o Established: W* & Z° can serve as calibration probe for .,

o New: Differential study of W* production in p-Pb collisions

— Stronger constraints on nPDFs than previous measurements
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Sensitivity of W* & Z° production on nPDFs & Nco” @
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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 567891,[3 (GeV/c) 0‘.30.‘4‘ ' ‘HW 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+ (73° - Neolt)/ 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,

. X 1808.00857 2 Xy:1803.00857
© [sJALIGE op, (52,76 TeV 3 155 [s]ALICE pp, 5= 8TeV ]
; NLO pQCD, PDF: CT10, FF: GRV E ; 4; NLO pQCD, PDF: CT10, FF: GRV E
£ ---NLO pQCD, PDF: CTEQS.1M, FF: BFG2 3 "t ---NLO pQCD, PDF: CTEQ6.1M, FF: BFG2 3
F [ JJETPHOX, PDF: NNPDF2.3QED, FF: BFG2 3 430 EJJETPHOX, PDF: NNPDF2.3QED, FF: BFG2 3
F E-]POWHEG, PDF: NNPDF2.3QED + PYTHIA8 PS 3 F E-]POWHEG, PDF: NNPDF2.3QED + PYTHIA8 PS 3
= 4 12 E
2 3 3
2 ERRES E
2 4 o E
2 4 o 4
= M L = = 3
0.3 0.4 2 3 4 567890
p. (GeVic) p. (GeVic)

@ 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

Rwo =1+ ('deirLO - Ncoit) /Vaee

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

uncertainties consistent with unity
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Conaiis e 52 S [REIE @V

arXiv:1403:2290

. . N X
@ pQCD calculation depend on fragmentation component 10°E CT10 with - 0.5 p 1 =2,

—— BFG |
— BFGII
GRV NLO

t  PHENIX with stat. error |
| | | |

5 10 15 20 25
P, (GeV)

@ High precision data from PHENIX further constrains FF
o Data favor BFG Il FF over BFG | and GLV
— BFG Il FF has largest gluon contribution

Photon fragmentation functions pp— ¥ X at /s = 200 GeV with |y| < 0.35 ppP—>Y X at {s = 200 GeV with |y| <0.35
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Direct Photons

ALICE

/N, dN, /dx

arXiv:1709.04154

in pp at LHC at high p;

T T T
40 GeV < p] < 50 GeV/

—O— CMSpp 276 TeV.

[ cMsppos.o2Tev

o

T T T
50 GeV < p| < 60 GeV.

T T T
60 GeV < p| < 80 GeV.
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Il < 1.44
<16
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b o>

] 3 #
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it %, o et H‘l % 44 bt
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X, Xy Xy

@ 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
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Direct Photons in pp at LHC at high p. )

ALICE
arXiv:1709.04154 s ¢ s arXiv:1611,06586
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ALICE

/N, dN, /dx

arXiv:1709.04154
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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

@ New results on isolated v + N jet production
test pQCD up to O(aemas?)

F. Bock (CERN)

Direct Photons in pp at LHC at high p,

)

arXiv:1611.06586
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ALICE
10%g
=\ (a) Spectra p+p d+Au at|s.,=200 GeV
10 . e virtualy
o o n-tagging
1 * statistical subtraction
1010 NLO pQCD
. % —_—u= 1.0pT
:o 102\ % e n=05p,
> E 1 =2.0p
& 10°E '
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E 10t
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Direct Photons in d—=Au at RHIC

P, (GeV/c)
F. Bock (CERN)

i

arXiv:1208.1234

d+Au .
VS\n=200 GeV o

virtual y
n’-tagging
Cronin+Isospin

25

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

- ] L)
X

10 12 14

i, Bevid
@ 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 R4a
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N

Direct Photon Spectra in Au-Au at RHIC - 200 GeV/ (1) (@)

Rpa(Pr > 6.0 GeVic)
(4]

o
1

energy loss

F. Bock (CERN) Electroweak Probes

185 T T T T T T T PRL 94:232301,2005
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O 200 GeV Au+Aun® AN -~ promp vih shadowing, o sospn, o s 1 10%F = 200 GeV Au+Au Direct Photon
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= 10 :: 30-40% x 10°

o High pr v4ir scale with Neoy - f 1076 40-50% x 10°
N I -

@ No indication of nuclear effects 107°C 50-60% x 107

= hadronic suppression = Final State Effect 1 0_22:: 60-70% x 107

. . E y “

@ Indication for relevance of photons from jet-plasma »sF 70-80% x10

. . 10°°- 80-92% x 107

InteraCtIons for pT < 6 GeV/C __\ L1 ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L

@ 20-30% reduction of direct photon R expected due to 0 2 4 6 8 10121416 18

pr (GeVic)
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Direct Photon Spectra in Au—Au at RHIC - 200 GeV (lI)

i

(@ e PRL 104, 132301 (2010)|(® Au+Au © @

@ Present data Vsnn =200GeV

bt % i i i

4 P 111 ¢
,,,,,,,, “% R ,,,,ifffﬁf,,f,,,,,,,,,f,zgiifﬂi,,{,,,,,,,,
0-20% 20-40% 40-60% 60-92%

T 2 3 4 1 2 4 1 3 1 2 3 4
prlGeV/c]

@ Nearly no centrality dependence in R,, peripheral still
~ 5% excess, although not statistically significant

anymore

@ Excess ~ 20% in 0-20% Au—Au, systematic uncertainties

0(5%)

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

@ Slope of excess depends very little on centrality
(Terr =~ 235+ 40 MeV/c)

F. Bock (CERN)

Electroweak Probes

(g

0-20%

) Au+Au
VERN =200GeV

20-40%

@ Ny-scaled pp ft
¢ 2007,2010

4 5

2 3
prlGeV/c]
arXiv:1405.3040
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Direct Photon Spectra in Au-Au at RHIC - 200 GeV/ (11l) (@

arXiv:1607.01447

ALICE
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. . [ 0-20% Pb-Pb s, = 2.76 TeV 1

o &1 ALICE 1

ALICE Direct Photons in Pb-Pb at LHC | — NLO pQCD PDF: CTEQ8MS FF: GRV ]

1.5— =71 JETPHOX PDF: CT10, FF: BFG2 -

. : . L ... JETPHOX nPDF: EPS09, FF: BFG2 i

@ Direct photon excess measured with combined F (allscaled by N, 8

PCM + PHOS in 3 centrality classes with 2010 i 1

Pb—Pb data s ]

1 | | | oy | I

@ R, excess at high p; for all centralities [ 20-40% Pb-Pb |5, = 2.76 Tev ! 7

g . [ 7 ALICE ]

ec ~ P [ — NLO pQCD PDF: CTEQ6MS FF: GRV ]

® 7 suppressed l?y ~ Ria . 1.5— [ JETPHOX PDF: CT10, FF: BFG2 —

— larger excess in central collisions = r JETPHOX nPDF: EPS09, FF: BFG2 :

o (all scaled by N, -

o Low p; ~ 15% excess in 0 — 20% and B ]

~ 9% in 20 — 40% L = 7]

| 4 4 4 P 3

@ In agreement with NLO pQCD, JETPHOX © 40-80% Po-Pb (s <276 Tev | 7

[+ ALICE ]

above 5 GeV/c L — NLO pQCD PDF: CTEQ6MS FF: GRV N

. . 1.5— =1 JETPHOX PDF: CT10, FF: BFG2 -

@ No low p; excess seen in pp collisions at same I - JETPHOX nPDF: EPS09, FF: BFG2 g

center-of-mass energy [ (@lscaledby N ]

@ Scaled pp spectrum & upper limits fully L T e & -
consistent with Pb—Pb results . L

F. Bock (CERN) Electroweak Probes
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0-20% Pb-Pb (s,, = 2.76 TeV
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pp reference:
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Rel. error JETPHOX
nPDF: EPS09, FF: BFG2
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Direct Photons in Pb-Pb at LHC 1

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

o
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n
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0
@ ¢ suppressed by ~ R7,
— larger excess in central collisions
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@ In agreement with NLO pQCD, JETPHOX [ nPDF: EPS09, FF:BFG2 |

above 5 GeV/c ot .

@ No low p; excess seen in pp collisions at same £ ]

center-of-mass energy - 1

- 2 [+

@ Scaled pp spectrum & upper limits fully Fa ]
consistent with Pb—Pb results g P

pT(GeV/c)
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@ In agreement with NLO pQCD, JETPHOX 1.6 =

above 5 GeV/c e B
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F. Bock (CERN)
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PHENIX Direct Photon 1,/v3 Results - Au-Au

ALICE
arXiv:1509.07758
[ (a) 0-20% (b) 20-40% (c) 40-60%H
03[ Direct photon v [ PHENIX 2007 and 2010 -
[ o Conversion method AU+AUEZDO GeV ]
S ool ™ Calorimeter method o
_ . it g @ﬂ bl
T8, [y el R
Rt P | LY
0151 (d) 0-20% [ (e) 20-40% [ (f) 40- 60%
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g 0.05 HW[H + _ - ;
il : |
b I " 1 N N 1 1
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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

F. Bock (CERN) Electroweak Probes
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ALICE

Large yield and large anisotropy
have been observed in Au—Au at
200 GeV by PHENIX

Challenge for theory to describe
both measurements simultaneously

Large yield from early emission?

@ Large v, from late emission?

= Direct Photon Puzzle

F. Bock (CERN)

Direct Photon Yield and Flow - At RHIC

& [
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arXiv:1509.07758
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Cocktail Simulation of Decay Photon v, @
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v, Inclusive and Decay

o v;""™ measured with PCM & PHOS

— Corrected for BG flow from impurities
[JPG 44 (2917) no. 2, 025106]

— Assumed to be independent

— Consistent, p-values of
0.93 (0-20%) & 0.43 (20-40%)

F. Bock (CERN)

arXiv:1805.04403
Electroweak Probes
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ALICE

Direct Photon vs 0-20 & 20-40 % Pb-Pb at LHC @m

arXiv:1805.04403

Direct photon v;:

=

v'y,dir _ R’Y‘vz'y‘inc_vzfy‘dec
2 R,—1

Measured R, often less than 205, deviation
from 1

Central value & unc. calculated using MC
simulation following Bayesian approach with
probability distributions of true values of
R:(pr), vy %t (p,), vy " (p;) assuming R,
can't be smaller unity & partially pr correlated
unc.

=
>
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-0.05

\\‘\\\\‘\\\\‘\\\\‘\\\\\\\\‘\\\\
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ALICE

Direct Photon v, 0-20 & 20-40 % Pb-Pb at LHC

Direct photon v;:

v'y,dir _ R’Y‘vz'y‘inc_vzfy‘dec
2 R,—1

Measured R, often less than 205, deviation
from 1

Central value & unc. calculated using MC
simulation following Bayesian approach with
probability distributions of true values of
R:(pr), vy %t (p,), vy " (p;) assuming R,
can't be smaller unity & partially pr correlated
unc.

Large direct photon v, for p; < 3 GeV/c
measured

o Magnitude of vJ'®" comparable to hadrons

@ Result points to late production times of direct

photons after flow is established

F. Bock (CERN) Electroweak Probes
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Jet observables: a quick reminder @AV

e PP
gje =In ptrack_pjet (1)
Y |2
e il 2)
T pl;‘,r_ack'p;/_
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