Direct photon overview

G. David
Stony Brook University

The Relativistic Heavy lon Group at Stony Brook University is looking for graduate student(s)
(PhD) starting the Fall semester 2018. If you are interested, please talk to me!
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The educational slide

hadronic gas

- described
mixed phase = by hydrodynamics
QGP

> pre-equilibrium stage

> initial prompt photons
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The educational slide

Jet in-medium
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High pT direct photons
standard candle for “centrality”
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PRD 86 072008

High pT photons are well behaved in p+p
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High pT (isolated) photons are immune to the medium @

§2'4 PHENIX Au+Au, ys,, =200 GeV, 0-10% most central
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directyR,, directyR,,

direct v Ry,

High pT (isolated) photons are immune to the medium @

In A+A collisions, while hadrons are strongly suppressed,
and in a pr-dependent way, photons appear to be unaffected

PRC 87, 054904 (2013)
PHENIX PRL 109, 152302 (2012)
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ATLAS, Pb+Pb D

At midrapidity, consistent with 1; fw some depletion

ATLAS, PRC 93, 034914 (2016) PbPb — includes isospin effect (n/p) - EPSO09 includes
neutron skin effect
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ATLAS, Pb+Pb W
ATLAS, PRC 93, 034914 (2016)

Forward / central rapidity ratios: many sys. uncertainties cancel (efficiency, bin-by-bin correction, T,,)
All calculations consistent, but those taking isospin effect into account are closer.

q 1- T T T T T LI | 1 1 1 1 1 1 L) | i 1 1 1 1 L) 1 1 | 1 1 1 1 1 LI I
& [ 40.809 —JETPHOXgp 20-40% ATLAS - 10-20% Fowand: L+ p.q0%
T — JETPHOX PhuFo PB4PY {5,276 TeV ] 152|237 ]
0.8[ JETPHOX EPS08 o T Cantral: i
5 L,, =014 nb 5 injc1.27 i
0.6f + -+-
+JF¢-E+| | “+ ii*ﬁ :
! ! -+
- r(c) - (d) ]
D- L L L L0 a1 1 1 1 L1 1 1l [ 1 1 1 L1111 L L L PR T | i
20 50 100 30 &0 100 30 &0 100 30 80 100

Photon p_ [GeV) Photon p_ [GeV] Photon P [GeV] Photon P [GeV]

“...demonstrates that photon yields in heavy ion collisions scale as expected with the mean
nuclear thickness”
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ALICE, Pb+Pb QW

ALICE PLB 754 (2016) 235
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PbPb dN/dE,/ <T, > (pb/GeV)

CMS, PbPb QW
CMS PLB 710 (2012) 256
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CMS, PbPDb D

CMS PLB 710 (2012) 256
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d*N/(2rp,_dp_dy) ((GeVie)?)

10"
1” 11
"
107
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At high p; no surprises, T,, scaling, R,, (not shown) would be around unity
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Now an observation and an Ansatz:

1/ Observation: Glauber model (and the connection between geometry — multiplicity) works in A+A well
(logical: only a few participants have "extreme" collisions, this is swamped by the regular particle
production of the remaining “average” binary collisions)

2/ Assumption: whatever effect (IS, FS, modifying R,,) does NOT exist in A+A,
will not exist in p+A, p+p (doesn't mean it is necessarily measurable in A+A)

-> Corollary a/ if photons prove to be "standard candle” in A+A (p+p), they will be standard candle in p+A

3/ for all we know, photon (W? Z2?) IS a standard candle (SC) at high p; (pQCD region) —
modulo isospin (pp, pn, nn, calculable)

-> Corollary b/ since photons are not modified in A+A (where centrality is unambiguous),
there’s little reason to assume they will be modified in p+A

Disclosure: the only new mechanism able to spoil high p; ISOLATED photon spectrum is jet-photon

conversion, but this 1/ is small in current calculations 2/ could in principle be measured in the
back-to-back isolated photons channel
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A truly experimental way to “centrality”

Assume that high p; photons are indeed standard candle of N,

Feel free to play with any phenomenological model of hard/soft production, bias,
specifics of frozen initial conditions, generalized PDFs, fluctuations of
interaction strength, nucleon size, diquarks... etc., try anything you want, but...

...once you came up with a model to connect geometry to observables, test it against
production of high p;photons, and over the largest p; range available

If you find that the photon “nuclear modification factor” (defined with your method) is not unity,
your model is wrong.

(Small deviations from being a “standard candle” may exist, but they are testable.)
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“Thermal” photons
and the “puzzie”
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“Thermal” photons @

Everybody sees some excess (apparently exponential)
above simple scaled p+p — the argument is only
how much is it

STAR, PLB 770 (2017) 451
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ALICE, PLB 754 (2016) 235

EI T T | T T | T T | 'T T | ' TTT1 | ' TTT1 | 'T T | | IE
RS E Pb-Pb (s, =2.76 TeV Aexp(-p,/T,)
% E (=] 0-20% ALICE — 0-20%
g 105 [120-40% ALICE ~ —20-40% =
= | +]40-80% ALICE ]
sle ¢ .
= [a | . i}
o :n- 1D§_ % —§
2 T I
e TE E
~NE x10° 3
10 15_ L o 1',-_.1__‘_*!E
- x10"
=1 ""u.,___ —
10 E g e @ ] ;
- TS
10% =
£ -~ Paquet et al. il x10° 3
- arXiv:1509.06738 ! S N .
Py .- Linnyk et al. e < +] ]
107 arXiv:1504.05699  -.- Chatterjee etal. - oz
- -.-v. Hees et al. PRC 85(2012) 064910 ™3
- NPA 933(2015) 256 + JHEP 1305(2013) 030 1
1 ﬂ = = 1 1 | | 1 1 11 | 1 1 11 | 1 1 11 | 1 11 1 | 1 11 1 | 1 1 11 | | —H
0.5 1 1.5 2 2.5 3 3.5 4
P, (GeV/c)

Zimanyi School — Dec. 4-8, 2017, Budapest, Hungary — G. David, SBU



PHENIX, Cu+Cu, 200GeV, internal conversion <y

Relatively new results from PHENIX, internal conversion
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PHENIX, Au+Au, 62, 39 GeV, external conversion <«

Relatively new results from PHENIX, external conversion, on HBD backplane (same as PRC 91, 064904 (2015))
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“Temperature” vs temperature
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“Temperature” — whatever it means <D,

T« vs. collision energy
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“Direct photon puzzle” in a nutshell QD

- Thermal photons (HG+QGP),

pQCD with fireball scenario
* H.van Hees, C. Gale, R. Rapp PRC 84 054906 (2011)
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Hidaka and J-F. Paquet 10 E Au+Au 20-40°% 0.1 :_
* Semi-QGP is the QGP near T, C y's_,m=20ﬂﬁﬂ‘-’ [
* Anpnihilation and Compton processes around -”}—5 - 0.05 :—
hadronization time are naturally included F Yield is from PRC 91. 064904 r
-IIII IIIIIIIIIlIIIIIIII D_.... ra M B PR
0 1 2 3 4 o 1 2 3 4
pT (GeV/c) pT (GeV/c)

* G_Basar, D E. Kharzeav, V. Skokov, PRL 109 202303 (2012)

= Initial strong magnetic field produces anisotropy of
photon emission

* magnetic field + thermal photons (lattice QCD)
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Direct photon puzzle: is there any?
(A deliberately provocative slide)

Does the QGP radiate at all?

Are the “thermal” yield measurements correct?

Are the elliptic flow measurements correct?
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Does the QGP radiate at all?

If it exists, it should. But how much?

1D1E T T T T T T T T T T ? '1|:| E T
B—a AFTm ¥
0 #—a PHSD, OGP i
o 10°F - _ BAMPS.o_runing  § o 40"k
= F : : = F
5 I — BAMPS, o =03 i E :
— 1':'-15 _E — -1_
- - . & 10 F
= ' I
S 107 E >
S : T 10°F
o 107F E &
g E 8
T gtk  RHIC 200 4GeV J — 10 F

F Au-Au 20-40% ;

s | 4 .

10° : ' 5 107

PRC 96, 014914 (2017)

D,

RHIC 200 4GeV
Au-Au 20-40%

m  PHENIX
— = |P-Glasma + hydrmo
- == PHSD
m— AFTm + Prompt + HG

2
p; [GeV]

pr [GeV]

BAMPS: gluon dominated initial state, quarks only by inelastic scattering (delayed radiation) — HG not treated
AFTm: fast decay of initial fields, “bottom-up thermalization”, increased pre-equilibrium radiation
There are other models giving very early production (and flow) or very late production
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Are the “thermal” yield measurements correct? @

PHENIX, PRC 81, 034911 (2010) STAR, PLB 770 (2017) 451

1 | | | | | | | I
i ] ] : AutAu 200 GeV 0-80"% || i
- T * ] || - theory scale U l].SIJl1 .
oo— (8 pep -+ (b Au+Au(MB) ¢ . = I , - —]
i i 1 > 0.8 - theory seale u=1.0p_ ]
i ] } b iE | === theory scale _Ll=I.l'l1:|nT i\ M -
- . E W - h H|
-~ 0.15 — - | = 1 P
: T ] = s 06 S|
R ] £ L ]
= o T I - 7
E B = = ﬂi-4 [ I
a
’ - ] E — n
1 { A+ = - 7
- ;___,.-' __.:__-.-___ ! - — -
i i _£_ _ L -’ft} | i R — "'llbl L -:_ ]
[1: I | | | | | | T l l l l l l l ] | E E ‘.;‘.J _--— s .I.h,!.. }f I]QL:'D dirﬁﬂ ﬂ|'. —]
ool b by by b b b by b b s b by b aa g Ta] E oS In.l.:lu&“'l'_"j" =
1 15 2 25 3 35 4 451 15 2 25 3 35 4 45 0 L=== l l l l I l
P, (GeVic) P, (GaVic) 1 2 3 4 5 6 7 8 9 10
p_l,{G eV/ie)

There is an obvious “tension”. Both measurements are virtual photons, y* 2 e*e
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Are the “thermal” yield measurements correct?

PHENIX, PRC 81, 034911 (2010)
10*

4 4 AuAu MB x10°

@+ AuAu 0-20% x10°

3 " Aufu 20-40° x10

—h
o

p+p

=k

—h —
a 9
[ (=]

3 3
IIII|T|'1 IIII|T|'| IIIII|'|'| II.-'III|'|'|'1 IIII|'|'|'1.'.IIII|'|'|" IIIII|'|'| IIII|'|'|'|]I IIII|'|'|T| T TTTIm

Ed’N/dp”(GeV2c?) or Ed’s/dp” (mb GeV2c?)

10° %1“'11; i
1D‘T Lovv v v by v by by |‘:I‘-;:_‘-FIF:
o2z 3 4 5 6 7
P, (GeVic)
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STAR, PLB 770 (2017) 451

10° 1 1 T T T T T
i, S +  0-20% =10’
10 E5 AutAu 200 GeV r 2rdne s
1 5 ® 0-80% «10°
- 1“1 O dl-a0% 10"
N . ¥ G084 a0
2 10 Paguet culculation
E ”:'—3 —---- Rapp calculation
= 10k
-E‘ -5 ?
= 10
S 106
= 10
g
& 10
z 107 . L
107 [ E
1071 o l
1“ 11 T
i1 11l ] T
1 2 3 4 5 6 7 1 9 10
P, (GeV/c)
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Are the “thermal” yield measurements correct? @
STAR, PLB 770 (2017) 451

. g ) 10 — 5
Validity of y* (for y) irrelevant here: E e w1, GeVR a) 3
both measurements use virtual photons S 1L S omm tom s Govimena ; I
(a discrepancy of 15%, as predicted in 3 M El“"’ ,,_;;_;;?-ﬂ 5
PRC 82, 054909 (2010) can not be § v'E - /ff@’ﬁ E
excluded by PHENIX — but irrelevant here!) 2 JI ol i
“ER: i - e E
Both use the same S(m_.,p;) process- :oF 2 '* -
d epen d ent faCtOI’ 1» §_ Thermal Only AusAu 200 GeV (Min. Bias) _E
| -+ -
: : : g b 3
Difference looks more like a difference on [ e, @ Gev ]
absolute scale than shape (similar powers of N ;) Z [ TENNIde,asGak . s
= - & ot i
.%_ 10'E ﬂ},;-""”" . ﬂ =
Adopting the PHENIX way to get low p; 1 doesn'’t help P
E 10 * E_EE ? | E
Electron identification / contamination from hadrons? : P - Rapp 1<p, <3 Gevic
ﬁ wte Rapp 1.5{11]{3.0 GeVie
E — Paguet l<p, <3 GeVic
[ Thermal + Primordial - - Paquet 15<p,<3.0 GeVic
10 | 1 1 Lo |
10 10
I"‘-pa:-:
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Are the “thermal” yield measurements correct? @
STAR and PHENIX MB different _ 4

; ST T T[T T T T[T T[T T[T T[T T I [ TT T[T ITT[TTT T TT1T1g
© n n Hagedorn fit ]
Limited n measurements: extrapolation to low p;? > 107 n Hagedormn fit m_scaled E
o - STAR data scaled by 0.75 -
— 10 e (" + )2 TOF —
E B T T T T T 1 T T T T T T 1 T ] D—I— 3 o (n*+ )2 TPC 3
© C ]
= 1| data — = L PHENIX data _
- o 1/n AuAu 200GeV (PRC75(2007)24909) . S o n° (PRLO1(2003)72301) 3
~ e 1 AuAu 200 GeV/ & fit (PRCS2(2010)11902) ] oF oL o (v + w2 (PRCE(04)34209) ]
08 * 1 pp 200 GeV (PRD83(2011)32001) — - « n° (PRL101(2008)232301)  :
- —— m. scaling - & n = 0 (PRC87(2013)034911 ’
™ wamaa syst. uncertainty ] . = 10°¢ o (" + m)/2 (PRC88(13)24906) =
N Eﬁhﬁa"‘e B - & © n (PRC75(2007)24909) .
. - o ] AR aSSLJmptiDn " EETELTE i — 10_3 E_ b"., - e 11 (PRC82(2010)11902) _E
0.4 ] 10%— E
{ 7 1055— =
0.2 — - _
- 10°g . S
:I‘ IFI ] III| | | | 1 1 1 II| ] | 10’T_|||||IIII|IIII|IIII|IIII|IIII|IIII|IIII|III-;:T?.I:{:-#£-:‘:[-&_
0 1 0 0 1 2 3 4 5 6 7 8 9
P, [GeV/c] P, [GeV/c]
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PHENIX, PRC 94, 064901

Are the elliptic flow measurements correct?

D,

ALICE, J. Phys. Conf. Ser. 446 (2013) 012028

(not published as final yet)

:[a} n-Em.-D :{b] 2&4{}%; :{c} 40-6%‘6 _'E—E_H I T T T T I T T T .I | T T T T | T T T T | T T T T I i
03[ Direct photon v [ PHENIX 2007 and 2010 - > 0-40%, Pb-Pb, vs,, =276 TeV .
[« Conversion method [ Au+Au 200 GeV [ 0.2 VZERO Ewvent plane 7]
- = Calorimeter method g - @ H i
0.2 ]
_ ; Eﬁ@@ : EEH}H onsh T ALICE ]
01k E—il H] E@E - & ﬁ [%] - *ﬁﬁ@ ' | +_ PRELIMINARY 4
- B Hﬁ i m ' | ]
_HEE ............. IE...I...I...I....I I I N R . P N 'i"{'
015F (d) 0-20% " (e) 20-40% - (f) 40-60% 0.1 % % _ 7
a . B Ll 4} _% n
f ; } B l; 0.051 : ]
o + WU | "1
: T [ L. 0
T T e e R T :
P; (GeVic) —D.'DS'-— h
s | L | A I
0 1 2 3 1 3
p. (GeV/c)

PHENIX: two different techniques, but same R,
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Are the elliptic flow measurements correct? @

~,1N¢ ~,dec
R.v — v,

~dir r 2 2
R, — 1

Crucially dependent on R,

PHENIX, PRC 94, 064901 (2016)
ALICE data, J. Phys. G. 44 (2017) 025106

)| T T T ) T T T
1.0 | + |

(Asymmetric) errors: Ll

«10°

Systematic uncertainty of v (0-20%:)
1<p_<1.5 GeVlc 2

R
b
|_=.|I-.-|
e - o
gy
—_—
|t
= ——
—_
e ——
| |
s ¥
=
P
=]
_
| |

5 150~ . f 0-20% 20-40%
: - | — oV II {C]II | j | }I 1 j :
1.1 S [ owne ! o PRL 104, 132341
3 - ! [ 1.6 LAutAun 1 p ¢ dat _
o 1':"]' - == FI'I' , I : ,-'_T  — EGDGE\'f'r ® Fresen ara
1.05 © — gy 1 PHENIX Lal o 1 _
1 Ll AusAu200Gev :
S0r A 12 F giechy 1 §
n.ssn 71 : IH H E I &ﬁﬂl {
: N ] 0f = e == 2 5 S T
—0.05 0 0.05 0.1 0.15 40-60% 60-92%
Direct photon v, I 2 3 4 . 2 3 4
pr[GeV/c]
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Unofficial ALICE caveat

J. Phys. G: Nucl. Part. Phys 44 (2017) 025106

~.dec

— 1. I
Vy

R, — 1

~.1NC
g .R - 1} '
1,'“,-.£|u' o P2
s —
:_:,_-‘ | 1

0oz E

o

m PP R
& I A0 PP h)

o 0=A0%, Pb-Pb,vs,,, =276 TeV
ozf VZEROD Event plane

ﬂ-|||||||||||||||||||||||||-

0 1
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2

3

4 5
P, (GeVic)

A few % hadron contamination can change the
direct photon flow by large amount!

o8-
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1 2
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PHENIX has more than 10
times the statistics of the
published data in the analysis
pipeline

Inclusive photon elliptic flow
via external conversion
on the VTX detector

Calorimeter measurement

repeated, too, on much
larger dataset

33

incl

= Y
=

New method, new data

0.3
— ., Incl i o uncertainty from plD and EP
0.25 | ", Mmi<0.35, 20 - 40% uncertainty from bremsstrahlung
B » calorimeter method
— uncertainty from plD and EP
0.2 [ + PRC94, 064901, conversion method
B ;; i ] « PRC94, 064901, calorimeter method
o5 g o HE
Ao z PH--ENIX
o preliminary
01:_ 3 { ]
N t {
0.05F :
D B | ] ] | ] ] ] | ] ] ] ] | | | ] | | ] ] | | ]
0 2 4 6 8 10 12
P, [GeV/c]
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Thermal photons -- scaling with N N.p?

part?
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200 GeV Au+Au, scaling with N

PHENIX, external conversion, HBD backplane

{a) ' b Yk — T T
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o 1 2 3 4
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3

part PRC 91, 064904 (2015)

Slopes: a ~ 1.38 (independent of integration limit)

10! | - 4
= -
-
I’ _.__,"’ ,-r‘.ﬂ{
- — - -
.-*P - - "I
- ""H!-r"' - -
'.F',..-"' '...r__.
’_:,.-

o pT }U4GEVrE
mpr > 0.6GeV/c ]
apr>08GeV/c ]
vpr > 1.0GeV/c :
apr > 1.2GeV/c
b-p;r > 1. 4GEV;E 1

IU‘

ihi"rp art

The shape appears to be the same down to
the lowest measured p;
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Model or scaling with N, N¢p, D,

PRC 89, 044910 (2014)
(Shen, Heinz, Paquet, Gale)

part?

yield with respect to the QGP photon yield. We find the HG
photon yield above p; = 0.4 GeV to scale as a function of

Npare With power 1.46 and as function of d N, /d n with power Model calculation (no data points)

1.23; the corresponding scaling powers for the QGP photons inspired by the orelim. data leadin

are larger, 2.05 and 1.83, respectively. QGP photons thus have P y b ' J
to PRC 91, 064904 (2015)

10° . . .
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Scaling with dN_,/dn, different systems and energies <D,

a=1.196

Uhm... what was it?
“In terms of dN,,/dn
hadron gas part
should go with
power 1.23”
(QGP would give
higher power)

37

10°e -

= Au+Au—y_ +X, lyl<0.35 N

oy, = 205 cev PC PH-"ENIX

— WS, =200 GeV PRC 91, 064904 e
> 10 B Sy = 200 GeV PRL 104, 132301 preliminary &
S —  ®\s,, =624 GeV PHENIX Prelim. et
> Lo VS = 39 GeV PHENIX Prelim. - f -8
0] = .H'
o Al -
™ 1[] E_ —_--""-.f
A — o ? -

— ] :

a 10%
~ = Pb+Pb — 7y _ +X, Iyl <0.5
> a #\s,,, = 2760 GeV PLB 754, 235
L 107 Cu+Cu—7y _ +X, lyl<0.35
vl = ¥ \S,,, = 200 GeV PHENIX Prelim.
T

= v =1.196 = 0.052

1[}—5_ | | 1 | 1 1 1 1 | | | | | 11 11 | | | | | 11 1 1 | E
10 10° 10

Did the Grinch

More to come
very soon!

dN, /dn |

steal the QGP???

Zimanyi School — Dec. 4-8, 2017, Budapest, Hungary — G. David, SBU



Before we get carried away... QW

We are talking about 2 orders of
magnitude in integrated yield,
about the same in dN_,/dn

Could you (or the data) differentiate
between these two curves?
(one is x2, the other x + x*3
suggesting two completely
different underlying scenarios)
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10°

10?

10

10

10° 10
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Advertisement oD

The Relativistic Heavy lon Group at Stony Brook University, Stony Brook, USA,
Is looking for graduate student(s) (MSc, PhD)
starting the Fall semester 2018. If you are interested, please talk to me!

https://www.usnews.com/best-graduate-schools/top-science-schools/nuclear-science-rankings

1 Michigan State University East Lansing, Ml

#2 University of Washington Seattle, WA

#3 Massachusetts Institute of Technology Cambridge,
MA

4 Stony Brook University—SUNY Stony Brook, NY

5 Indiana University—Bloomington Bloomington, IN

#6 California Institute of Technology Pasadena, CA

#6 Duke University Durham, NC

6 University of California—Berkeley Berkeley, CA

#6 Yale University New Haven, CT

#10 Columbia University New York, NY
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https://www.usnews.com/best-graduate-schools/top-science-schools/nuclear-science-rankings
https://www.usnews.com/best-graduate-schools/top-science-schools/department-of-physics-and-astronomy-171100
https://www.usnews.com/best-graduate-schools/top-science-schools/department-of-physics-236948
https://www.usnews.com/best-graduate-schools/top-science-schools/department-of-physics-166683
https://www.usnews.com/best-graduate-schools/top-science-schools/department-of-physics-and-astronomy-196097
https://www.usnews.com/best-graduate-schools/top-science-schools/department-of-physics-151351
https://www.usnews.com/best-graduate-schools/top-science-schools/division-of-physics-mathematics--astronomy-110404
https://www.usnews.com/best-graduate-schools/top-science-schools/department-of-physics-198419
https://www.usnews.com/best-graduate-schools/top-science-schools/department-of-physics-110635
https://www.usnews.com/best-graduate-schools/top-science-schools/department-of-physics-130794
https://www.usnews.com/best-graduate-schools/top-science-schools/department-of-physics-190150

Summary

High pT direct photons behave in all known cases as “standard candle”
no surprises in pp, AA, neither in theory, nor in experiment
—> try to think about them as the definition on “centrality” in questionable cases

“Thermal” photons — while defying initial expectations — resulted in a plethora of
models, some seriously questioning what we thought of the QGP

The “thermal photon puzzle” is alive and well — but unclear whether part of it is
an experimental issue or not (at the moment); more data coming soon

“Thermal” photons show interesting scaling — rich field for new phenomenology?

Isn’t it a shame pity, that direct photons never got a dedicated experiment?
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Backup
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Direct photon overview

G. David
Stony Brook University

High p; direct photons — standard candle
Thermal photons — and the “puzzle”

Thermal photons -- scaling
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